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Abstract. The nonallelic gib-1 and gib-3 tomato
(Lycopersion esculentum Mill.) mutants are gibber-
ellin deficient and exhibit a dwarfed growth habit.
Previous work has shown that this dwarfed growth
pattern can be reversed by the application of a num-
ber of gibberellins and their precursors, including
ent-kaurene (ent-kaur-16-ene). This indicates that
they are blocked in gibberellin biosynthesis at a step
prior to ent-kaurene metabolism. The normal accu-
mulation of carotenoids observed in these mutants
suggests a functionally normal isoprenoid pathway.
Ent-kaurene is synthesized from geranylgeranyl py-
rophosphate in a two-step process with copalyl py-
rophosphate as an intermediate. In vitro assays us-
ing young fruit extracts from wild-type and gib-2
plants resulted in the conversion of geranylgeranyl
pyrophosphate to copalyl pyrophosphate, and the
conversion of copalyl pyrophosphate to eni-
kaurene. Similar assays using gib-I plants indicated
a reduced ability for synthesis of copalyl pyrophos-
phate from geranylgeranyl pyrophosphate, and thus
a reduced ent-kaurene synthetase A activity. Fur-
thermore, gib-3 extracts demonstrated a reduced
ability to synthesize ent-kaurene from copalyl py-
rophosphate, and thus a reduced ent-kaurene syn-
thetase B activity. These results establish the enzy-
matic conversion of geranylgeranyl pyrophosphate
to copalyl pyrophosphate, and copalyl pyrophos-
phate to ent-kaurene, as the sites of the mutations in
gib-1 and gib-3 tomatoes, respectively. We also
note that tomato fruit extracts contain components
which are inhibitory to ent-kaurene synthesis.

Gibberellins (GAs), in particular GA,, are thought to
have integral roles in seed germination and stem
elongation. Screening for mutants, which depend

on applied GAs for germination or have dwarf
growth habits that can be reversed by applied GAs,
has led to the selection of a number of GA-deficient
mutants. No evidence has emerged to suggest that
any of these mutants are GA-deficient as a result of
an increased catabolism of bioactive GAs. On the
other hand, a number of mutants have been shown
to be deficient in GA biosynthesis. These include
the di, d2, d3, and d5 mutants in maize (see Phin-
ney 1984, for review), the le and na mutants in peas
(Ingram et al. 1984, Potts and Reid 1983), dx and dy
mutants in rice (Kobayashi et al. 1989, Murakami
1972), and the gib-1, gib-2, and gib-3 mutants in
tomato (Zeevaart 1986).

Carotenoids and GAs are synthesized via iso-
prenoid pathways. While most cellular geranylger-
anyl pyrophosphate (GGPP) is converted into car-
otenoids, a small portion is metabolized into GAs.
The first committed step in GA biosynthesis is the
conversion of GGPP to copalyl pyrophosphate
(CPP), followed by the conversion of CPP to ent-
kaurene. The enzymes which catalyze these two
steps are known as the A and B activities of ent-
kaurene synthetase, respectively (Fig. 1). Ent-
kaurene synthetase activity was first described in
Echinocystis macrocarpa (Graebe et al. 1965). Both
GGPP and CPP were shown to be converted to ent-
kaurene in cell-free preparations of Gibberella fu-
Jikuroi (Shechter and West 1969) and the wild cu-
cumber Marah macrocarpus (Frost and West 1977).
Furthermore, the A and B activities of Marah ma-
crocarpus proved to be chromatographically dis-
tinct, but interacting enzymes (Duncan and West
1981). The A and B activities have also been de-
scribed in a number of additional species (see Cool-
baugh 1983, for review). Quaternary ammonium
compounds, such as Amo-1618 [2'-isopropyl-
4'-(trimethylammonium chloride)-5'-methylphenyl
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piperidine-1-carboxylate] inhibit A activity,
whereas B activity is more sensitive than A to in-
hibition by sulfhydryl-group-blocking agents, such
as N-ethylmaleimide (Fall and West 1971, Frost and
West 1977).

The dwarf growth habit in the GA-deficient to-
mato mutants, gib-1 and gib-3, is overcome by the
application of ent-kaurene (Zeevaart 1986). This
suggests that their GA deficiency (Bohner et al.
1988) is the result of a block in the GA biosynthetic
pathway prior to ent-kaurene metabolism. In addi-
tion, since the observed carotenoid accumulation in
these mutants is similar to wild type, it would ap-
pear that isoprenoid biosynthesis through GGPP is
normal. However, the possibility cannot be ruled
out that GGPP biosynthesis for utilization in ent-
kaurene biosynthesis is limiting in the mutants, if
separate enzymes and pools of intermediates are
involved in carotenoid and ent-kaurene biosynthe-
sis (Gray 1987). Thus, the A and B activities, and
components which regulate their activity, are excel-
lent candidates for the mutation sites in gib-I and
gib-3 tomatoes. In fact, we now report that young
fruits of gib-1 are deficient in the A activity, and
young fruits of gib-3 are deficient in the B activity.
We also determined that components are present in
tomato fruit cell-free extracts which inhibit ent-
kaurene synthesis.

Materials and Methods

Plant Growth and Fruit Harvest

Seeds of wild-type tomato (Lycopersion esculentum Mill. cv.
Moneymaker) and GA-deficient mutants, gib-1 (W335), gib-2
(W270), and gib-3 (W182), in the same genetic background, were
obtained from Professor J. H. van der Veen, Department of Ge-
netics, Agricultural University, Wageningen, The Netherlands.
Mutant seeds were germinated in the presence of GA, (5 mg/L).
Following germination, seedlings were grown in a growth cham-
ber at 23°C with 20 h light for approximately 4 weeks, followed
by transfer to a greenhouse maintained at 23°C with 20 h of light.
In order to obtain normal fruits on the mutants, inflorescences
were sprayed weekly with GA, (5 mg/L). Fruits were harvested
when 1 cm in diameter and immediately frozen in liquid N,. A
comparison of flower, seed, and fruit development of the most
extreme dwarf, gib-1, following application of GA, . ,, and wild
type has been reported (Groot et al. 1987). Care was taken to
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Fig. 1. The two-step conversion of
GGPP to ent-kaurene via the in-
termediate CPP. Two distinct ac-
tivities, A and B, catalyze the
conversion of GGPP to CPP and
CPP to ent-kaurene, respectively.
The steps blocked in the gib-1 and
ent-kaurene  gib-3 mutants are indicated.

avoid harvesting parthenocarpic or fruits with few seeds, which
were recognizable due to their nonspherical shape.

Tissue Extraction

Frozen material (45-60 g fresh wt/preparation) was ground with
a pestle in a mortar to which liquid N, was periodically added.
Ali subsequent operations were conducted at 4°C. After tomato
fruits were finely powdered, 0.5 g of polyvinylpolypyrollidone/g
fresh wt was added, followed by additional grinding. Then 2.5 ml
of chilled extraction buffer A [50 mM Tes-KOH (pH 7.4), 5 mM
MgCl,, 5 mM 2-hydroxyethylmercaptan, 5 mM ascorbate, 0.1
mM NaS,0s, 10% (vol/vol) glycerol, 1 mM phenylmethylsulfo-
nylfluoride, and 2 uM leupeptin] per gram fresh weight of tissue
was added, followed by additional grinding. Extracts were
squeezed through six layers of chilled, prewetted cheesecloth,
then centrifuged at 25,000 g for 30 min. The resulting supernatant
was further centrifuged at 100,000 g for 90 min. The second
centrifugation step was necessary to remove, by pelleting, en-
zymes in the microsomal fraction. The 100,000 g supernatant
fraction would not be expected to include those enzymes in-
volved in the conversion of ent-kaurene to ent-kaurenoic acid
(see Graebe 1987, for review). This centrifugation did not result
in a measurable loss of ent-kaurene synthetase activity. The re-
sulting supernatant was then applied to a QAE-Sephadex A-25
column (Pharmacia, Piscataway, NJ, USA) (Duncan and West
1981), 0.25 mli/mg protein, preequilibrated in extraction buffer B
(buffer A without phenylmethylsulfonylfiuoride and leupeptin).
The column was then washed with three column volumes of
buffer B containing 0.1 M KCl, followed by the elution of the A
and B activities in three column volumes of buffer B containing
0.25 M KCI. The 0.10-0.25 M KCl eluate was concentrated to a
volume of <5 ml using a Amicon PM10 filter (Amicon, Danvers,
MA, USA), then dialyzed against two changes of 100 volumes of
buffer B, frozen, and stored at —80°C until used in activity as-
says.

Substrate Synthesis

The synthesis of *H]GGPP and [*H]CPP was performed as pre-
viously described (Coates et al. 1978, Upper and West 1967).
Briefly, all-trans-geranylgeraniol was synthesized from all trans-
farnesyl acetone (K and K Laboratories, Plainview, NY, USA)
by the addition of reduced trimethylphosphono acetate (Aldrich
Chemical, Milwaukee, WI, USA), followed by a lithium alu-
minum hydride (Aldrich) reduction of all-trans-geranylgeranyl
-methyl ester to all trans-geranylgeraniol. Geranylgeraniol and
copalol (a gift from Professor R. M. Coates, University of Illi-
nois, Champaign, IL, USA) were separately oxidized with acti-
vated manganese dioxide to their respective aldehydes, and then
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tritiated by reduction with sodium borotritide (155 mCi/mmol
for geranylgeraniol, Amersham Corp., Arlington Heights, IL,
USA; 600 mCi/mmol for copalol, E. I. Dupont DeNemours and
Co., Inc., Wilmington, DE, USA). Tritiated geranylgeraniol and
copalol were reactivated with trimethylchlorosilane (Aldrich)
and pyrophosphorylated with tris(tetra-n-butylammonium) py-
rophosphate (synthesized from tetra-a-butylammonium hydrox-
ide and tetrasodium pyrophosphate decahydrate, Aldrich) (Dav-
isson et al. 1985). Final specific activities were 38 mCi/mmol for
*HIGGPP and 75 mCi/mmol for [*H]CPP.

Enzyme Assays and Thin-Layer
Chromatography (TLC)

Assays for the conversion of GGPP to CPP (A activity) con-
tained 0.25-1.0 ml of tomato extract (adjusted to 1 mg protein/ml
extract, so that 1 ml of extract was derived from 10-15 g fresh wt
of tomato fruits) in buffer B, plus 5 mM MgCl,, 2 mM ATP, and
approximately 1.5 x 10° dpm [*H]JGGPP/0.25 ml final assay vol-
ume. Once mixed, assays were incubated 60 min at 30°C, then
acidified with 1 M HCI and incubated for 15 min at room tem-
perature. This acid treatment resulted in the conversion of the
assay product, CPP, into copalol. The copalol was then parti-
tioned into benzene:acetone (4:1), the organic phase collected,
dried under N, gas and redissolved into a small volume of hex-
ane. This hexane soluble [*H]copalol was then supplemented
with nonradioactive copalol, applied to an AgNO;-[4% (vol/vol)
in acetonitrile:ethanol (9:1)] treated Silica Gel 60 F,5, TLC sheet
(5 x 20 cm, 0.2 mm thick, EM Science, Cherry Hill, NJ, USA),
and developed sequentially for 15 cm with hexane:EtOAc (3:1)
and for 10 cm with benzene:EtOAc (9:1). Migration of geranylge-
raniol and copalol standards was determined. Standard lanes
were sprayed with 5% (vol/vol) H,SO, in ethanol, heat treated at
115°C for 10 min, and visualized under UV light. Geranylgeraniol
typically migrated 2 cm and copalol 6 cm under the described
conditions. Sample lanes were scraped in 1-cm wide bands cor-
responding to the migration of standard copalol. Copalol from
the scraped portion of the TLC plate was eluted with EtOAc,
then dried under N, gas, and redissolved in 100% MeOH, which
was made 70% aqueous-MeOH prior to high-performance liquid
chromatographic (HPLC) analysis.

Assays for the conversion of CPP to ent-kaurene (B activity)
were performed as for the A activity, except for the following:
ATP was omitted from the assay; 1.0 x 10° dpm [*HJCPP/0.25 ml
final assay volume replaced GGPP; and no HCI treatment or
TLC separation followed incubation. Following an organic par-
tition into benzene:EtOAc (4:1) and drying under N, gas, sam-
ples were redissolved in 100% MeOH, which was made 70%
aqueous-MeOH prior to HPLC analysis.

Assays testing tomato extracts for components which inhibit
ent-kaurene synthesis were performed as described above for A
activity, except that 5 x 10° dpm of [*“Clisopentenyl pyrophos-
phate (IPP) (56 mCi/mmol, Amersham) was substituted for
[*HIGGPP. Following incubation, an organic partition, and dry-
ing under N, gas, as described above, samples were solubilized
in a small volume of hexane and applied to a silica gel TLC plate
(as described above, without AgNO, treatment). The TLC plate
was developed 15 cm in hexane. Ent-kaurene standards
([™Clent-kaurene, 3.65 mCi/mmol, Amersham) migrated with an
R, of 0.66. Sample lanes were scraped in 1-cm wide bands cor-
responding to migration of the ent-kaurene standard, and radio-
activity was measured using a Beckman LS 5000TD counter.
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HPLC and Radiocounting

Quantitation of both radioactive copalol and enr-kaurene was
performed on a Waters M-6000A HPLC using a Waters 660 Sol-
vent Programmer and a Nova Pak C,g column (15 X 0.4 cm i.d.)
attached to a C,g3 Guard-PAK precolumn module (Waters, Mil-
ford, MA, USA). Radioactivity was detected using a Flo-One HP
radioactive flow detector (Radiomatic Instruments and Chemical
Company, Tampa, FL, USA). A ratio of 1:2.3, column effluent:
scintillation fluid (Flo-Scint II, Radiomatic), was used. Counting
efficiency was 26%. Column flow rate was 1 ml/min with a 2-min
delay between sample loading and gradient initiation. The gradi-
ent for copalol quantitation was 70-85% aqueous-MeOH, curve
no. 3 (i.e., initially rapid, then very gradual between 80 and 85%)
over 20 min. Elution time for the copalol standard was 12.2 min
and for the geranylgeraniol standard 13.0 min. The gradient for
ent-kaurene quantitation was linear at 70-100% aqueous-MeOH
over 10 min, followed by 10 min at 100% MeOH. Elution time for
the copalol standard was 13.2 min and for the ent-kaurene stan-
dard 16.6 min.

Results
Preliminary Results

Since it was difficult to obtain substantial amounts
of either A or B activity, a number of buffering
agents at a range of pHs, buffer components, col-
umns, and column elution schemes were tested.

“Also, a variety of tomato tissues were tested, in-

cluding green leaves, axillary buds, and 5-day-old
whole dark-grown seedlings, none of which yielded
measurable amounts of ent-kaurene synthetase ac-
tivity. Even in young fruits, the ability to obtain
substantial amounts of either A or B activity was
limited. Two factors were identified as problematic.
One was the presence of phosphatases in the ex-
tracts, which in the enzyme assays resulted in the
dephosphorylation of the substrates GGPP or CPP.
The inclusion of specific phosphatase inhibitors,
such as 50 mM KF, in the assay inhibited both these
contaminating phosphatases and the B activity,
thus proving counterproductive. Phosphatase con-
tamination was minimized by eluting the A and B
activities from a QAE-Sephadex A-25 column at a
0.10-0.25 M KCl step, which was lower than the
KCl concentration at which the majority of the
phosphatase activity eluted. Nevertheless, 5-10%
of the substrate was dephosphorylated during the
assay incubation period using the 0.10-0.25 M KCl
fraction. A second factor limiting successful quan-
titation of A and B activity was the presence of
inhibitory components. Extracts from the liquid en-
dosperm of Cucurbita maxima contain high levels
of A and B activity (Turnbull et al. 1985). Ent-
kaurene synthesis from [°PHJIPP in Cucurbita ma-
xima extracts was inhibited by adding tomato ex-
tracts (Table 1). Fractionated tomato extracts,
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Table 1. Inhibitory effect of tomato extracts on Cucurbita ma-
xima ent-kaurene synthesis.

KCl-step eluate Ent-kaurene (dpm)

Cucurbita maxima control 20,167
0.00 M (flow through) 714
0.0 M 3517
0.10 M 1429
0.15M 9857
0.20M 9571
030 M 4571
0.15 + 0.20 M 5714
0.15 + 0.20 M (100 uh) 43
0.15 + 0.20 M (100 pl heated) 857

The S,,, supernatant of crude, wild-type tomato extracts was
fractionated on a QAE-Sephadex A-25 column using a 0.00-0.30
M KCl-step gradient. Following dialysis, 10 pl (or 100 pl where
indicated) of each step eluate was added to a 250 pl Cucurbita
maxima assay. In the last three assays, 0.15 and 0.20 M fractions
were combined. The conversion of [PHJIPP to [*H]ent-kaurene
was determined as described in Materials and Methods.

eluted from a QAE-Sephadex A25 column using a
KCl gradient (from 0.00-0.30 KClI, in 0.05 M incre-
ments) and dialyzed against buffer B, all inhibited
Cucurbita maxima activity. Increasing the amount
of tomato extract added to the assay further re-
duced Cucurbita maxima activity, eventually elim-
inating it. The least inhibitory fractions were found
between 0.15 and 0.25 M KCl, which approximately
corresponded to the tomato fractions which con-
tained A and B activity. Heating tomato fractions
for 10 min in boiling water resulted in their being
slightly less inhibitory toward Cucurbita maxima
ent-Kaurene synthesis (Table 1). Similarly, the B
activity of Cucurbita maxima ent-kaurene synthe-
tase measured with [PH]CPP as the substrate was
inhibited by mixing with tomato extracts (data not
shown). These results suggested that both heat sta-
ble, as well as heat labile inhibitory factors, which
were not dialyzable, are present in extracts from
immature tomato fruits. These factors are thought
to have contributed to the difficulty in obtaining
substantial amounts of A and B activity in extracts
from tomato fruits.

Ent-Kaurene Synthetase Activity in Young
Tomato Fruits

The results of in vitro enzyme assays optimized for
the synthesis of CPP from GGPP and ent-kaurene
from CPP are shown in Table 2. The numbers given
are from a single assay performed on extracts pre-
pared and assayed simultaneously. Replicate assays
of these preparations, as well as other preparations,
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yielded similar relative values between the four ge-
notypes. A comparison of the amount of CPP syn-
thesized in the three GA-deficient mutants and the
wild-type fruit extracts clearly demonstrates a defi-
ciency of A activity in gib-1 fruits. In the experi-
mental results shown, as well as in other prepara-
tions, the gib-I extract consistently produced less
than 10% as much CPP as the wild-type extract. We
were unable to detect, by HPLC, any ent-kaurene
synthesis in assays using GGPP as a substrate (data
not shown). In contrast, CPP synthesis in gib-2 and
gib-3 extracts did not significantly differ from that
in wild type. The A activity in wild-type extracts
was reduced by 76% when 1 mM Amo-1618 was
included in the assay (data not shown).

The gib-3 extracts were clearly deficient in the
conversion of CPP to ent-kaurene (B activity). They
consistently produced less than 10% as much ent-
kaurene as the wild-type extract. The results shown
also suggest that gib-2 may have a reduced capacity
to synthesize ent-kaurene. This reduced capacity,
approximately 50% of the wild-type, was reproduc-
ible. A previous report demonstrated gib-2 to be
blocked in the conversion of ent-7a-hydroxy-
kaurenoic acid to GA,-aldehyde (Zeevaart 1986).
We believe this earlier report to be correct and are
unable to explain the apparent reduced B activity
observed here.

Discussion

Despite the number of reports of ent-kaurene syn-
thetase A and B activities, their purification has
proved to be difficult. Two patterns have emerged
from these studies. First, inhibitors of activity have
been reported in a number of species, including cas-
tor bean (Gafni and Shechter 1981), Helianthus an-
nuus (Shen-Miller and West 1982), and tomato
fruits (present study). However, whether or not
these inhibitors are specific or general, or if they are
significant in vivo, has not yet been demonstrated.
For example, factors inhibiting ent-kaurene synthe-
tase activity in vitro may be compartmentalized in
vivo such that they do not have access to ent-
kaurene synthetase. Second, for reasons hypothe-
sized to be related to GA function, A activity ap-
pears to be most abundant in immature tissues and
in tissues with high endogenous GA contents. This
may be the result of A activity being developmen-
tally regulated, or may result from the accumulation
of compounds, in mature tissues, to which A is sen-
sitive.

The GA biosynthetic pathway, from mevalonate
to bioactive GAs, has been elucidated (see Graebe
1987, for a review). Since the conversion of
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Table 2. The conversion of [*’H]GGPP to [PH]CPP (A activity) and [*H]CPP to [*H]kaurene (B
activity) in cell-free extracts of young tomato fruits from wild-type, gib-1, gib-2, and

gib-3 plants.
[*HIGGPP substrate (A activity) [PH]CPP substrate (B activity)
[*HICPP Specific activity [*H]Ent-kaurene Specific activity
Wild type 2198 102 1204 29
gib-1 166 6 1637 40
gib-2 2058 96 628 15
gib-3 1587 78 74 2

[*H] product given in dpm. Specific activities are in pmoles product/mg proteinh.

GGPP to CPP is the first committed step in the bio-
synthesis of GAs, it is an excellent point at which to
study the regulation of GA biosynthesis. Although
there has been little success in understanding the
regulation of the A and B activities, the use of
mutants presents a potentially rich source of infor-
mation. The d5 mutant in maize has been shown
by TLC to accumulate ent-isokaurene instead of
ent-kaurene when CPP was used as a substrate in
cell-free extracts (Hedden and Phinney 1979). This
accumulation was postulated to be the result of an
altered B activity which converted CPP to ent-
isokaurene instead of ent-kaurene. Using HPLC
analysis of assay products from wild-type and gib-3
extracts, we observed no difference in the accumu-
lation of products eluting with polarities between
those of copalol and ent-kaurene (i.e., where ent-
isokaurene would be expected to elute, although we
ran no standards of it). However, this lack of evi-
dence for ent-isokaurene accumulation may be due
to the already low amount of B activity in wild-type
tomato extracts. Therefore, a conversion, similar to
that proposed by Hedden and Phinney (1979),
would be difficult to detect and cannot be ruled out
for the gib-3 mutant.

In addition to the B activity deficiency reported
in gib-3, we have observed gib-1 to be deficient in
the A activity. Thus, gib-1 represents the first mu-
tant characterized as blocked in the A activity of
ent-kaurene synthetase. Our results do not, how-
ever, preclude the possibility that the mutations
may not be in the enzymes, but rather in compo-
nents which regulate the enzymes.
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