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SUMMARY

The investigations reported here concern the tramnslocation
and metabolic relationships of gibberellins (GAs) in light-grown

seedlings of Phaseolus coceineus L., in which GAl’ GA4, GA5 and

GA,, are known to be endogenous components (Bowen et al., 1973).

These four GAs were equally effective in promoting subapical
elongation of shoot explants when applied exogenously to the
apical bud or stem base. The apical buds or stem bases of intact

seedlings were treated with [3H] ~GA GA&’ GAS, GAS’ GAg, GA

1? 12

aldehyde or GA The redistribution of radiocactivity from

14°
apically applied GAs differed considerably from that observed after
applications to the stem base. Apically applied GAs were retained
by the apical bud and underwent relatively little metabolism in a
24h period, whereas basal application resulted in extensive re-—
distribution of the [3H] GAs and of a high proportion of chromato-
graphically distinct radioactive metabolites. No evidence was
obtained for the export of f3H] GAs from cotyledons to the remainder
of the developing seedling.

The identity of the conversion products of applied [BH] GAs
was further investigated by analytical HPLC of extracts préviously
extensivély purified by gel-permeation and charcoal adsorption
chromatography and preparative—scale HPLC., Analysis of extracts
by analytical HPLC permitted the identification of a number of
metabolites by subsequent mass spectrometry. The apparent ratés
of conversion of [BH] GAs differed considerably, the most rapid
disappearance béing observed after féeding [3H] GAS’ Whéréas
recoveries of [SH] GA; were high relative to other GAs. Each
applied [3HJ GA was found to give rise to a characteristic array of

products, and there was thus no evidence for the accumulation of a

single terminal metabolite. Mass spectrometric evidence demonstrated

vi



conclusively that [3H]GA4 was converted to [3H:]GA1, and [3H] GA, to

9
[BHJ GA, s in high yields. [3H] GA, gave rise to small amounts of

a compound with chromatographic properties identical to those of GA8,
but there was no significant accumulation of further metabolites of
[3H] GAZO' There was no obsérvable accumulation of free GA-like

metabolites after [BH] GA 4, treatment, but complex spectra of meta-

1

bolites were obtained after [3H] GA, aldehyde feeds.

2
All of the applied GAs and each of their free GA-like metabolites

were converted to acidic butanol-soluble conjugates which probably

representéd glucosyl ethers. 1In the case of [BHJ GA; » [3H] GAS,Q-nd

[3H] GA,, treatments, these conjugates represented the major meta-

20
bolites recovered. In addition, [BH] GA,» [3H] GA,, aldehyde and
[BH] GA,, feeds provided significant quantities of presumptive
glucosyl esters of the applied GAs and their acidic ethyl acetate-
soluble metabolites.

GA metabolism in P. coccineus seedlings was found to differ
both quantitatively and qualitatively from that reported for Pisum

sativum (Railton et al., 1974; Frydman and MacMillan, 1975),

Gibberella fujikuroi (MacMillan, 1974b) and Cucurbita maxima

endosperm preparations (Graebe and Hedden, 1974). However, some
resémblances to the conversions of applied EBH] GAs by developing

P. vulgaris seeds (Yamane et al., 1975) were noted. In P. coccineus
seedlings, both biosynthetic and catabolic mechanisms appéar to be
active, with the résult that applied GAs are readily metabolised,

but the accumulation of products is less marked than in éither

Gibberella fujikuroi or developing seeds.
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INTRODUCTION

The gibberellins (GAs) are diterpenoid acids which were
originally identified as secondary metabolites of the fungus

Gibberella fujikuroi (Saw.) Wr. by virtue of their ability to

induce pathological overgrowth in host rice seedlings (see Stowe
and Yamaki, 1957). Gibberellins have subsequently been found to
occur in a numbér of higher plant speciés, and a considerable body
of evidence indicating that they are endogenous determinants of
plant growth has been reviewed by Paleg (1965), Brian (1966) and
Jones (1973). This evidence includes thé ability of applied GAs
to imitate environmental stimuli in evoking characteristic physio=
logical responses, the correlation of reduced internode elongation
with GA deficiency, and the variation in levels of GA-like activity
with environmental conditions.

Investigations into the mode of GA action and its relationship
to environmental factors have however been impeded by the related
problems of isolation and identification. A large number of GAs
has now been isolated and chemically characterised (Fig.l). Some
of these occur in both G. fujikuroi and higher plants, while the
presence of others appears to be restricted to either the fungus or
higher—-plant tissues. The quantities of GAs associated with higher-
plant tissues, while small in comparison with those synthesised by
G. fujikuroi culturés, can,nevertheless/readily be detected by
bioassays (see Bailiss and Hill, 19713 Reéve and Crozier, 1975).
However, considerable underestimation of GA levels in plant extracts
often results from the distortion of the bioassay response by the many
impurities present. Furthermore, characterisation byphysic&chémical
methods is necessary if the GA-like activity detected by bioassay is

to be attributed to an identifiable GA. In ordér to obtain a GA-like

1a



fraction of sufficient size and purity for this type of analysis,
large quantities of plant matérial must be extracted and rigorously
purified.

As a result of the formidable technical problems associated
with GA isolation, there have been few definitive characterisations
of GAs from végetative tissue (Kawarada and Sumiki, 1959; Murofushi
EE al., 1966; Harada and Nitsch, 1967; Harada and Yokota, 1970;
Bowen et al., 1973; Gaskin et al., 1973). Immature seed, in contrast,
is considérably richer in GAs, and characterisations of seed GAs
havé been more numerous (see Lang, 1970; Nitsch, 1970; Takahashi,
1974).

Analytical procedures

Procédures for the extraction and identification of GAs have
récently been reviewed (Russell, 1975). Solvent fractionation of
éxtracts provides an initial separation of free acidic GAs and their
glucosyl derivatives, and each fraction is generally subjected to a
number of subsequent purification procedures. The first of these
steps is intended to separate GAs as a group from extraneous, non-—
GA-like material.  Group separation has been attempted by partition
and adsorption chromatography on various supports, including charcoal-
celité mixtures (West and Phinney, 1959), silicic acid (Murofushi
et al., 1966), Séphadex G-50 (Tamura et al., 1968) and G-10
(Crozier et al., 1969), polyvinylpyrrolidone (Glemn et al., 1972),
and polyamide (Railton and Wareing, 1973), while a novel molecular
éxclusion téchnique based on porous polystyrene has been déscribéd
by Reeve and Crozier (1976). Use has also been made of counter—
current distribution procedures (Murofushi et al., 1966; Crozier

et al., 1969).



FIGURE 1.

Structure of the gibberellane skeleton and
gibberellins 1-45 (from Frydman et al., 1974;
Graebe et al., 1974b; Takahashi, 1974;  Bearder
et al., 1975; Reeve and Crozier, 1975).
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The analytical séparation of individual GAs following group
separation requires a method of high resolving power, and in this
respect thin-layer chromatography has been supersédéd by column
chromatographic techniques which, in addition to possessing superior
peak capacity, generally offer a large sample capacity and can
thereforé accommodate relatively impure extracts. The two most
effective supports in current use are Sephadex LH-20 (MacMillan and
Wels, 1973), and siliciec acid with a formic acid stationary phase
(Powell and Tautvydas, 1967). Analysis times associated with the
LH~20 systém, however, are inconveniently long, while thé silicic aid
partition system in its original form suffers from low chromatographic
efficiency and irreproducibility of retention times. In spite of
thesé disadvantages, under favourable circumstances these procedurés
have been reported to purify extracts to a level compatible with
GC-MS (e.g. Bowen et al., 1973) for which a minimal concentration of
5% of GA~like material is requiréd (MacMillan, 1972).

Subsequent modifications.of the silicic acid partition column
have established it as the basis of a high~performance liquid chromato~
graph combining large sample capacity and high resolving powér
(Reéve_gE_gl., 1976). This procedure has been found to purify
individual componénts to a degreé compatible with conventional
analytical HPLC systems. Although thé sample capacity of
analytical HPLC is typically low, it does offér very high chromato-
graphic efficiéncy and considerable flexibility in the choice of
supports, mobile and stationary phases. Furthermore, thé procedure
is non—destructivé, sample derivatisation is not obligatory and
columns can be opérated at ambient températuré (Done et al., 1972).
For these reasons, HPLC cléarly has considérable potential in plant
growth-régulator analysis, but as its dévélopment has been rélativély
receitt (seé Knox, 1974), there are few examples of its application

4.



to endogenous plant hormones (Pool and Powell, 1974; Dekhuijzen
and Gevers, 19753 Sweetser and Vatvars, 1976). Further reference
will be made in this thesis to the separation of GA metabolites by
sequential preparative and analytical HPLC, a combination of tech-
niques not préviously used in GA analysis, but whose applicability
to analytical problems of this nature has been confirmed by results
obtained in the course of this study.

The use of GLC systéms, in contrast, is widespread, and as a
consequénce of its high peak capacity, GLC has frequently been applied
to the analysis of plant extracts, although its utility is sevérely
restricted both by low sample capacity and a requirement for sample
volatilisation.  Furthermore, since the response of flame-ionisation
detectors is non-specific, it is often impossible to identify peaks
attributable to GAs against a background of extraneous material.
The combination of GLC with radioactivity monitoring (GLRC) enables
radiocactivity maxima to be correlated with mass peaks and with the
retention times of standards, and this technique has formed the
basis of a large number of metabolic studies (e.g. Patterson and
Rappaport, 1974; Durley et al., 1975; Reeve et al., 1975;

Yamane éfuél" 1975). However, as in all chromatographic methodss
the coincidence of retamntion times providés no more than circum-
stantial evidence of identity, and the most valuable application of

GLC may lie in its combination with mass spectrometry.

Biosynthesis

In G. fujikuroi, GAs aré synfhésiséd in relafively largé
amounts, and isclation and chemical idéntification of biosynfhétic
intermediates can often be carried out by GC-MS without extensive
prior purification. Whilé the biosynthétic sequéncé in Gibberella

is consequently wéll established (sée MacMillan, 19713 MacMillan and



Pryce, 1973; West, 1973; MacMillan, 1974a,b), information on
corresponding pathways in higher plants is considerably more
fragmentary, and has beén obtained almost entirely from cell-free
enzyme preparations of immature seeds and fruits (see Barendse,

.1975). Of these, only preparationsof Cucurbita maxima seeds have

beén shown to carry out all thé reactions necessary to convert the
precursor, mevalonic acid, to a Clg—GA (Graebe Eg.gl.,l974a,b)-
Detailed studies on the biosynthesis from.mevalonaté of (-)-kaurene,
the first tetracyclie intermédiate, and the successive oxidation
steps by which (-)-kaurene is convérted to (—)-76—hydroxykaurénoic
acid, have been carried out using cell-free préparations of

Echinocystis macrocarpa endosperm (see West, 1973)., There is

some chromatographic evidence for the production of GA,, aldehyde

12
and GA12 from (-)—kaurénoic acld in this si&ém (West, 1973). Thé
levels of identifiable GAs in E. macrocarpa preparations are low
(MacMillan, 1972), which is pérhaps indicative of a low biosynthétic
capacity, and may in turn explain the failure to detect intermédiates
of the later stages o the GA biosynthetic pathway in this system.
In contrast, in C. maxima systems it has been possible to demonstrate
these reactions by suitable adjustmént of reaction conditions
(Graebe and Hédden, 1974).

The séquencé of reactions 1éading to (-)-7B-hydroxykaurénoic
acid, and the production of GA12 aldehyde by contraction of thé
B-ring, apéear to be gimilar in préparations of G. fujikuroi,
E. macrocarpa and C. maxima (MacMillan, 1971; Wést, 19733 MacMillan
1974a). GA12 aldéhydé has been established as the immediate précursor
of CZO'GAS in both G. fujikuroi (Cross et al.,1968) and C. maxima
(Graébé.gz_il., 1974b). However, the séquencé of subsequént
reactions leading from Cyg~ to C;y~GAs, and the identities of many

intermediates, differ considerably in the two systems (Fig.2).

6.



The mechanism by which C, . —-GAs give rise to C,,~GAs in higher

20 19
plants is not well established. Durley et al. (1974) obtained
[BHT]GA23 and [BH] GA, as metabolites. of [SH] GA,, in Pisum
sativum séedlings, and proposed that GA23 was converted directly to
GA, by the enzymic équivalent of a Baeyer-Villiger oxidation similar
to that apparéntly occurring in G. fujikuroi (Birch et al., 1959;
Hanson and Whité, 1969). However, GA14, GA23 and GA1 are not known
to be éndogenous to Pisum. The immediate endogenous precursors of

the Clg—gibbérellin, GA4, produced from GA z—aldehyde in the C. maxima

1
gsystem have not to date been identified (Graebe et al., 1974b)

Transformations of Cln—GAs

Vegetative and reproductivé tissues of a number of higher-
plant species have been shown to transform applied radioactive
GAs (seé Barendse, 1975). However, Frydman and MacMillan (1975)
considered that experimental criteria providing information represen-
tative of natural transformations have in many cases not been met,
and  the physiological significance of many reported observations is
conséquently difficult to assess. In most instances, the products

of applied Clg—GAS have been found to be either othér C 9—GAS having

1
a greater degree of hydroxylation than the substfaté, or glucosyl
derivatives of Clg—GAs.

Higher-plant systems appear to differ from G. fujikuroi in
that hydroxylation at C~13 often occurs before the élimination of
€-20, whereas in G. fujikuroi, 13~hydroxylation is the final step
(MacMillan, 1974b; Takahashi, 1974). In keeping with this ob-
servation, [3H] GA]_4 gives rise to [BH] GA18 in pea seédlings
(Durley et al., 1974). However, this may not be obligatory, as

the non-hydroxylated Clg—gibberéllin GA 9 is converted to its

1

13a~hydroxy derivative, GA, o in developing pea seeds (Frydmanand

MacMillan, 1975) and péa seédlings (Railton et al., 1974), and GA4

7'



FIGURE 2

Gibberellin biosynthetic relationships in
Gibberella fujikuroi mutant Bl-4la. (MacMillan,
1974b) and Cucurbita maxima endosperm. (Graebe
et al., 1972; 1974a,b; Graebe and Hedden,
1974).
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is converted to GA; in Pinus radiata pollen (Kamienska et al., 1976),

Phaseolus vulgaris seeds (Yamane et al., 1975) and dwarf rice seedlings

(Durley and Pharis, 1973).

Subsequent 2B-hydroxylation of GA,. yields GA29 in pea seeds

20
(Frydman and MacMillan, 1975) and seedlings (Railton et al., 1974), and
also in Bryophyllum leaves (Durley et al., 1975). The 2Ff-hydroxylation
of GA1 to GA8 has been reported in barley aleurone layers (Nadeau

et al., 1972), dwarf rice (Railton et al., 1973), dwarf pea (Stoddart
et al., 1974), dwarf maize (Davies and Rappaport, 1975a) and Phaseolus

coccineus seedlings (Reeve et al., 1975), and Phaseolus vulgaris seeds

(Yamane et al., 1975). Hydroxylation at C-2 converts GA, to GA,, in
dwarf rice seedlings (Durley and Pharis, 1973}, Douglas-fir shoots
(Wample et al., 1975) and Pinus pollen (Kamienska et al., 1976). In
general, 2P-hydroxylated GAs are less active in bioassays than their
non-hydroxylated analogues (Reeve and Crozier, 1974) and this reaction
has been proposed as a mechanism whereby GA activity is modified
(Rappaport et al., 1974; Reeve and Crozier, 1974).

In addition to its transformation to GA20 by 13%hydroxylation,

GA9 is hydroxylated at the C-2, C-12 and C-16 positions to form 2B-

hydroxy GA dihydro—GA31 (120-hydroxy GA9) and GAlO (160%-hydroxy GA

9> o)

respectively (Railton et al., 1974; Frydman and MacMillan, 1975).
Pea seedlings also convert [3H] GA5 to EBH] GA3 (Durley et al., 1973).
The physiological significance of individual GAs occurring in a
plant is difficult to assess when their apparent ease of conversion is
taken into account. Some evidence for functional specificity of GAs
has been put forward (Michniewicz and Lang, 1962). Howévér, the
alternative view, that all GAs represent intermediatés in a pathway
leading to a single functional spécies, has received support from data

of Mertz and Lutz (1973, 1975), who reported a latent period of

10.



6-8 h before the respongeof pea internodes to GA1 or GA5 could be

detected, whereas the response to GA3 was extremely rapid. It was

therefore proposed that GAl and GA5

system, but required conversion to an active, GAB—like product. In

were not effective per se in this

higher plants GA, has not been shown to generate further free GA-like

3
metabolites (Asakawa et al., 1974b; Barendse and de Klerk, 1975), but
present knowledge of the biosynthetic pathway and mode of GA action
do not justify the assumption that GA3 is a terminal or sole functional
species.

In higher plants, applied radioactive GAs often give rise to
products with properties similar to those of the naturally-occurring
GA B-D-glucosides (glucosyl ethers) and B-D-glucosyl esters.
Glycosylation appears not to occur in G. fujikuroi (MacMillan, 1974b),
The radioactivity in "bound", "polar", "water-soluble", or 'butanol-
soluble" fractions reported by many workers is probably due to glucosyl
derivatives (Barendse, 1975). Owing to technical difficulties, such
as decomposition during GLC, these metabolites have seldom been
characterised as rigorougly as have free acidic GAs. Identification
of the aglycone obtained by enzymatic or chemical hydrolysis provides
an indirect means of characterisation (e.g. Frydman and MacMillan, 1975;
 Lorenzi é&_gl., 1976). However, mass spéctrometric reférence data for
the glucosyl derivatives themselves are available (Yokota et al., 1975),

and positive identification of GA3-0~B~D-g1ucoside as the principal

metabolite of EBH]GA3 in Phaseolus vulgaris seedlings was achieved

by this method (Asakawa et al., 1974b).

Glycosylation is a common detoxication mechanism in higher
plants (Parke, 1968), but the occurrence of native GA glucosyl
derivatives and their facile hydrolysis in vivo suggests that
interconvérsions between conjugated and free GAs may also influence

the effective concentration of endogenous GAs (Sembdner et al., 1972,

11.



1974; Rappaport et al., 1974). It has also been proposed that the
increased water—solubility conférred by glycosylation may assist the
vascular translocation of GAs (Sembdner et al., 1968).

The accumulation of relatively large amounts of GA-like
substances in developing seeds and fruits has facilitated their
identification (see Lang, 1970; Nitséh, 19703 Moore and Ecklund,
1975) and has stimulated attempts to correlate the events of seed
ripening and germination with changes in the availability of free
GAs (e.g. Barendse_ég_él., 1968; Dale and Felippe, 1968; Sembdner
et al., 1968; Dale, 1969). Maturation is accompanied by a décreasé
in the complement of free GAs 1in seeds. Thus, GAl, GA4, GA5, GAB’

GAS’ GA37, GA 8,and GA8 glucoside occur in immature seeds of

3
P. vulgaris (Durley et al., 1971; Hiraga et al., 1974b) but at

maturity GA GAS’ GAg glucoside, and glucosyl esters of GA., GA

1° 1? 4°?

GA37 and GA38 are found (Hiraga et al., 1974a). Similarly, the

free GAs in P. coccineus seeds diminish during maturation, and only
GAg glucosidé is detectable in mature seeds (Sémbdner et al,, 1968).
Changés in the distribution of radiocactivity between acidic ethyl
acetate-soluble and butanol-soluble fractions during maturation and
germination of péa and P. coccineus seéds indicated that free GAs
were converted to glucosidés during maturation, and possibly hydro-
lysed and releaséd on germination (seé Lang, 1970). However, Yamane
et al. (1975) havé observéd rapid convérsion of [ 3H] GA1 to [3H] GA8
glucoside in germinating P. vulgaris sééds, and in étiolated‘g.vulgaris
seedlings, levels of glycosylatéd GAs wére found to excéed those of
free GAs (Hiraga et al., 1974b). Thus thére must be some doubt as
to whether GA glucosyl dérivativés in seeds do indeed répresent a
depot accessible by hydrolysis, and Whéther GAs so released aré

involved in the early stages of seedling growth.

12,



Mode of action of GAs

Lévels of extractable GA—liké activity have fréquently
been correlated with environmental variables and with physiological
phenomena (seé Palég, 1965; Brian, 19663 Jonés, 1973). However
the subcellular events reSponsiblé for changés I GA levels have less
often been identified. For examplé, the phytochromé-controlled
unrolling of etiolated grass leaves in responsé to illumination
(Virgin, 1962), is associated with rapid incréases in endogénous GA
levels following illumination (Réid et al., 1968; Beévers et al.,
1970; Loveys and Wareing, 1971). This increasé, which appears to
be confined to an étioplast*rich fraction,is itself under phytochrome
control (Cooke and Saunders, 1975a,b; Evans and Smith, 1976), and is
partially inhibited by AMO 1618 (Cooke et al., 1975; Cooke and
Saunders, 1975a,b). Howevér, further metabolism of existing GAs
as well as biosynthésis de novo may be involved, since illumination
of leaf homogenates promoted the convérsion of [3H] GA9 to more polar
compounds (Reid et al., 1972, 1974).

In dwarf and tall maize séédlings, rates of conversion of
[3H] GA, were similar, indicating that dwarfism in the d-5 mutant
studied is not a consequénce of modified GA, netabolism (Davies and

Rappaport, 1975a,b). Dark-grown Phaséolus coccineus seedlings con-—

tained more endogénous GA-like activity pér plant than did their light-
grown counterparts, in which stem growth was inhibited, and also
converted [3H] GA, more slowly (Bown.ég_gl., 1975). Railton and
Wareing (1973) found no correlation between the falling GA levels

~induced in Solanum andigena by short days, and the rate of disappearance

of [BH] GA;. However, in Bryophyllum daigremontianum, the propertion

3 .
of f H] GA2 converted to 3-gE}—GA1 (3o—hydroxy GAZ@ or pseudo—GAl)

0

was greater under inductive short days than under long (Durley et al.,

1975). Wampleléglgl. (1975) assoclated phases of bud sét, bud break

’
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and elongation in Douglas—fir with différéntial ratésof conversion
of [H]GA,.

It must, however, be récogniséd that convérsion of Clg-GAs is
not necessarily the only, or even thé most important, méchanism con~
trolling the effective concentration of GAs. Pool sizes may also be
influenced by the rate of supply of précursors, and it has been
suggested by Graébé (1968) that thé production of (—)—kauréné may be
an important rate limiting step in GA biosynthesis, sincé it marks
the point of departuré from the common isoprenoid pathway. Synthesis
of (-)-kaurene in a number of cell-free systéms from higher plants
is sensitive to growth retardants (Dénnis Eﬁ.ﬂl's 1965; Anderson and
Moore, 1967; Graebe, 1968; Shéchtér and Wést, 1969; Coolbaugh et al.,
1973). Maximum kaurene-synthésising activity in immature pea seeds
immediately precédés maximum GA production (Coolbaugh and Mboré, 1969),
and elongation in péa shoots and their de-étiolation following
illumination were both associated with incréaséd incorporation of
[146] -mevalonate into [140] -kauréné (Ecklund and Moore, 1974).
Endogenous turnover ratés, howévér, are difficult to estimate (Brown
and Wetter, 1972), since rates of both synthésis and transformation
must be detérmined for éach intérmediate. Under thése circumstancés,
estimates of pool sizes and rates of metabolism of exogenously-
applied substrate may not give an accuraté indication of overall rate
of endogenous GA turnover.

Although the overall pattern of GA biosynthésis has emergéd in
outline, the distinction between biosynthetic and functional metabolism
remains obscure. Considerable attention has been dévotéd to the
effects of GAs on aleuroné métabolism and conséquéntly thé séquencé of
events connecting GA production to the initiation of amylolytic actiwity
in this specialised system is rélativély wéll charactériséd (sée

Briggs, 1973; Jones, 1973; Varnér, 1974; Mann, 1975). In contrast,
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the primary modé of action of GAs in élongatien growth is not as
well understood. Rapid response studiés, which havé contributed
considerably to an understanding of auxin action (Davies, 1973;
Evans, 1974) have been carried out for GAs in few instances (Broughton
and McComb, 1971; Warnér and Leopold, 1971). However, thé naturé
of the response to appliéd GAs by isolated stem sections of a number
of genera, including Cucumii_(Katsumi‘ég_gl., 1965), égégg (Montague
et al., 1973) and Lactuca (Silk and Jones, 1975) suggests thé
existence of several éxperimentd_systéms appropriate to such studies.

Some evidence for specific intracellular receptor sites has
been adduced for auxins (reviewéd by Cuatrécasas, 19743 Kende and
Gardner, 1976). Initial atfempts to associaté appliéd GAs with
subcellular componénts were inconclusive (Yamaki, 1964; Kénde, 1967;
Ginzburg and Kende, 1968; Asakawa et al., 1974a), but specific
binding was inférred from the accumulation of radioactivity from
[3H] GA;. and [3H] GAg, and not their biologically inactive methyl-
and keto-derivatives, in élongating regions of péa épicotyls (Musgrave
et al., 1969). Stoddart et al. (1974) using [*H] GA, of high
specific radioactivity, isolated two protein fractions from pea
epicotyls, both of which had the ability to bind [3H] GAq, but not its
metabolite, LBH] GAS’ nor the inactive analogue, 3"EE§’GA1 (pseudo-
GAl). The successful preparation of GA affinity adsorbants has been
reported by Knofel et al. (1975) and this techniqué may provide a
means of concentrating and identifying réceptor sites and thereby
1oc:ating the site of GA action in the cell.

Further progress may be facilitated by récéntly dévéloped
syntheses yielding radioactive GAs of high specific activity. Although
the classical method of supplying radiocactive substrates to G. fujikuroi

cultures has the advantage of yielding products inaccessible by chemical
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means (MacMillan, 1974b), the low specific radioactivity of fungal
metabolites makes them unsuitable for binding studies and incompatible
with the low endogenous GA lévels of highe plants. The selective
palladium-catalysed reduction of GA3 originally dévised by Cross et
al. (1962) and Jones and McCloskey (1963) was exploited, using
tritium-enriched hydrogén, to yield [1,2—3H] GA, from GA, (Pitél and
Vining, 1970), and [1,2-3H] GA4 from GA7 (Durléy and Pharis, 1973).
The specific activity of [3H] GAl obtained from GA3 was subsequently
increased by the use of carrier-free tritium gas (Nadeau and
Rappaport, 1974). Similar procedurés weré uséd by Murofushi et al.
(1974) to synthesise [2,3—3H] GA20 from GA5 méthyl ester, and
[1—3H] CA; from GA; methyl ester, and by Yokota et al. (1976) to
synthesise [1,2—3H] GA, fronuAZ’B GAg méthyl ester. Subsequent
treatment of [1-3H] GA, with osmium tetroxide gave [1—3H] GAg
(Murofushi et al., 1974). An alternativé route to radioactive GAs,
introduction of label at the exocyclic methylene group by means of

radioactive Wittig reagent, has been described by Cross et al. (1968),

Translocation

In sporophytes, GA biosynthesis is considered to be associated
mainly with root apices and young leaves of the apical bud, principally
on the evidenee of agar-diffusion éxperiménts (reviéwéd by Lang, 1970;
Barendse, 1975). Root-synthesised GAs appear to be éxportéd in the
xylem sap (e.g. Carr et al., 1964; Sitfon et al., 1967; Reid EE.EL';
1969), but it has beén inferréd that GAs travel from the apical bud
to the subapical elongating zoné by a symplastic routé (Lang, 1970).
Diffusible GA-like activity is considered to reflect biosynthésis de
nove, since levels aré enhanced by éxogenous sudrosé or mevalonate

(Phillips, 1971), and réducéd by CCC (Jones and Phillips, 1967).

16

.



Diffusible GAs have been taken to represant the mobile, and therefore
physiologically functional, proportion of the total extractable GA-
like activity (Jones, 1968, 1973) and GA-like fractions obtained by
diffusion and extraction differ considerably in the amount and chromato-
graphic behaviour of GA-like substances présént (Atsmon et al., 1968;
Jones, 1968; Jones and Lang, 1968; Cléland and Zeévaart, 1970; Crozier
and Reid, 1972).

The discrepancy between extractable and diffusible GAs implies
a degree of physical compartméntation in the tissue. GA-like
activity has been associated with chloroplast- or étioplast—rich
preparations (Stoddart, 1968; Evans and Smith, 1976), and chloro-
plasts havé been shown to incorporaté (-=)—-kaurenoic acid into GA-like
substances (Stoddart, 1969). Many of the énzymes associated with
térpenoid biosynthesis, including mevalonaté kinase (Rogérs et al.,

associated

1965) are found in chloroplasts. Howevér, enzymesAwmh (—)-kauréné

biosynthesis in pea cotyledons and Echinocystis macrocarpa endosperm

aré confined to the solublé fraction of céll—frée éxtracts (Uppér and
West, 1967; Coolbaughamd Moore, 1971), as is the enzymé system con-—
verting GA1 to GAg in P.vulgaris cotylédons (Pattérson_gg_gl., 1975).
The seriés of oxidativé reactions by which (-)-kaurene is converted
to (-)-kaurenoic acid is catalysed by microsomal fractions of E.
macrocarpa preparations (Murphy and Wést, 1969), and in péa cotyledons
the further oxidation of (=)-kaurene depéﬁdson its association with
a non-catalytiec carrier protéin (Mooré_gg_g}., 1972). Associations
at the molecular lévél may therefore représént significant sequéstration
mechanisms (Oaks and Bidwell, 1970) in addition to physical compartmént-
ation involving cell organellés.

It is not known to what extént compartmentation causes
differentiation between the metabolism of applied and éndogenous GAs.

The possibility that exogénously appliéd substrate may fail to reach

17,



normal metabolic compartments is indicatéd by data of Coolbaugh and
Moore (1971), who obsérved that céll-frée preparations of pea cotyledons
consistently failed to convert exogénous (=)=~kaurene, although (+)-
kaurene synthesised in situ was readily furthér metabolised. In

G. fujikuroi mutant Bl-4la, thé substrate sPécificity of enzymés
associated with later stages of GA biosynthésis is evidently low, and
it was suggésted that misleading results might be obtained from
similar non-specific convérsion in feéding expériménts on higher
plants (MacMillan, 1974b). Howéver, it is of interest to naé that
incubation of GA,» GA5 and GA7 with non—spécific hydroxylating systéms
produced only the ncr—ketoné derivatives (Jones EE.El" 1971) which

have, to date, not been reported as products of experiments in vivo.

There is as yét no evidence to suggésf that the mechanism of
intércellular GA transport is relatéd to the primary mode of action,
as has been pr0poséd for auxins (Hertél, 1974).  Although the
inhibitory effect of TIBA on lateral GAB movement in Helianthus
stem segments (Libbért and Kentzer, 1961; Libbert and Gerdes, 1964)
suggests that métabolic enérgy may bé expénded in this process, the
éxport of GAs by young leaves of the apical bud to the subapical
region (Jonés and Phillips, 1964, 1966) has béén viewed as a diffusion
phenomenon (Lang, 1970).

Localised accumulatioﬁ of GA-like activify can be correlated with
geotropic and phototropic curvatures (Phillips, 1972a,b; Railton and
Phillips, 1973; El-Antably and Larsen, 1974a,b; Réches_g}_ﬂ}., 1974
El-Antably, 1975a,b), and the asymmetric redistribution of radio-
activity following applicafion of [14C] GA3 to géotropically stimulated
maize seédlings léd to thé suggéstion that the accumulation of endo-

genous GA-like activity associated with tropic curvature was due to
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unidirectional GA transport (Webster and Willkins, 1974). However,
Phillips and Hartung (1976) were unable to correlate displacement
of [3HJ GA1 with geotropic curvature of Helianthus stem segménts, and
concluded that localiséd bi05ynthésis rathér than translocation was
responsible for observéd gradiénts of CA-like activity. Libbert and
Gerdes (1964) obsérved the redistribution of GA3 during phototropic
curvature of Avena coleoptile ségments and proposéd that localised
accumulation of GAs is not causal to the response but is a conséquence
of differential growth ratés on opposité sides of bénding segménts.
Attémpts to charactérisé GA transport in isolatéd segments using
classical donor-receiver techniqués have producéd conflicting results.
A basipetal polarity similar to that typical of auxin transport was
reportéd for Coleus petiole sagménts (Jacobs and Kaldéwey, 1970;

Jacobs and Pruett, 1973), aad for Phaseolus coccineus roots (Hartung

and Phillips, 1974), whéreas no polarity of fran5port could be detectéd
in segménts of Zea coleoptiles (Hertél éE.El" 1969; Wilkins and Nash,
1974) or P. coccineus internodés (Phillips and Hartung, 1974). An
additional interpretative difficulty concerns the rélationsbip between
the behaviour of éxogénously applied GAs in excised tissues and that of
endogenous GAs in intact plants.

In intact plants, GAs are thought to circulaté in the vascular
system in the samé manner as othér organic assimilates (Lang, 1970),
since GA-like activity has been found in xylem and phloém éxudatés
(e.g. Carr et al., 1964; Phillips and Jones, 1964; Hoad and Bowen,
1968). The intérchange of radioactivity from [1401 GA31bétweén phloem
and xylém of Salix indicates that 1atéra1 GA movement betwéen vascular
elements may also occur (Bowen and Wareing, 1969). Few diréct studies
of GA translocation in intact plants havé however been made.  Appli-

cation of aphids provides the only reported means of access to the phloem
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contents of intact plants (Hoad and Bowen, 1968) but has the dis-
advantage that insect digestive processes may affect the composition
of the exudate (Eschrich, 1970). Some investigators have depended
on the localisation of radiocactivity from [140]GA3 by chemically
non-discriminating means such as autoradiography (Zweig et al.,
1961; McComb, 1964), or on the growth response of stems as an
indication oﬁuthe arrival of applied GA, (Chin and Lockhart, 1965;
Chailakhya;f 1éy4). The identity of the translocated compound is
consequently equivocal, since applied GA3 has been shown to be
readily transformed by intact plants. When [BHJ GA3 was supplied
to roots and stem bases of P. vulgaris seedlings, radioactivity was
found in the mature aerial parts within 48 h, a pattern consistent
with xylem movemént (Asakawa_ggggl., 1974a). However, the radio-

activity was associated not only with LBH] GA,, but also with 2-0-B-

3’
D-glucosides of GA,, :i.so—GA3 and gibberellenic acid, and the B-D-
glucoside of a fourth, unidentified GA-like compound (Asakawa et al.,

1974b).  In Pharbitis nil seedlings, [1401 GA3 was rapidly con-

verted to a single glucosidé having gréaﬁly'reduced biological
activity (Barendse and dé Kierk, 1975).

Some investigators have deduced the identity of translocated
sPeéies from comparisons of relative proportions of metabolites in
different organs following GA treatment. Aftér application of
[SH] GA20 to Bryophyllum leaves, radiocactivity accumulating in growing

shoots was associated mainly with [3H] GA,. itself, whereas in the

20
leaves the ratio of [3H] GA,, to metabolites was considerably lower
(Durley et al., 1975). This was taken to reflect translocation of
[3H] GA20 itself.  Another experimental approach, direct investigation

of xylem sap, showed that the GA-like activity detected in spring

bleeding sap from two woody species (Acer platanoides and Ulmus glabra)

was due to glucosides of GA, and GA8 (Sembdner éE.El" 1968).

3
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Since the vascular translocation of GAs appears to be non-—
spécific, it seems likely that GA supply is regulatéd by metabolic
events occurring outsidé the vascular system. As a result, the
potential physiological effectiveness of mobile GAs may be con-—
siderably modified by métabolic transformafions occurring at-the
end of the transport pathway. Qualitative and quantitative
differences in GA-like substances in différént parts of plants are
consistent with this possibility (e.g. Radley, 1958; Reid and
Crozier, 1971; Crozier and Reid, 1971, 1972; Michniéwicz and
Kriesel, 1972; TFrydman and Wareing, 1973; Wallerstein et al.,1973).
More direct evidence for local conversion of translocated GAs was
obtained by Crozier and Reid (1971, 1972). When the root apicés

of P. coccineus seedlings were removed, GA,, the principal GA 6f

1
control plants, soon disappéared from the remainder of the plant.
However, a GAlgliké component, previously present in relatively small
quantities, accumulated in apical buds, stems and the remaindér of
the root tissue. It was therefore proposéd that root apicés are
normally a site of conversion of the GAfélikecomponént to GA,, which
is then exported to the aerial parts (Crozier and Reid, 1971, 1972).
The removal of sites of métabolic convérsion may similarly be respon-—
sible for the transitory increases in GA-like acfivity following
excision of apical buds or roots of pea seedlings (Sébanék, 1965,
1966).

Reciprocal grafting of dwarf and tall pea séedlings (Lockhart,
1957; Lockard and Grunwald, 1970) showéd that thé héight attained by
grafted seedlings was determined by the origin of the stem and not that
of the rootstock. Stems from dwarf variefiés grafﬁed on rootstocks
from tall varietiés reached the samé final height as ungrafted dwarf
plants, and it was also obsérvéd that when GA3 was appliéd to thé roots,

it promoted stem elongation to the same degree in both cases (Lockard
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and Grﬁnwald,1970). These authors concluded that root—synthesised
GAs had no direct effect on stém élongation, but that the rate of
conversion to an active form was regulated by the stem. Some
evidence has been présented for thé occurrencé of substances
specifically inhibiting the gibberéllin responsé in light—-grown
dwarf peas (Kbhlér and Lang, 1963; Tamuraﬂffnfg., 19723 Komoto

et al., 1973; Tkegami et al., 1974). Although some of these
substances are macromolecular and possibly proteinaceous (Komoto

et al., 1973);, this fraction did not form a stable complex with

LBH ]GA1 (Ikegamiet al., 1974) and its rélationship to the [3H] GA, -
binding protein fractions isolated from péa epicotyls by Stoddart

et al. (1974) is thereforé not apparent.

Tt has been pointéd out that the estimation of GA levéls in
extracts can contribute little futther to an understanding of dynamic
gibberellin rélationships in developing plants (MacMillan, 1974a;

Bown et al., 1975). The technical problems associated with the
isolation and assay of GAs have beén outlined abové, but in addition
to these, intérpretativé difficulties arise from the available
information on GA metabo lism which indicates differing rates of
turnover of a numbér of related intérmediates. Analysis of extracts
can cléarly yield little direct information on transient intermediates
or on the relationship of individual componénts. A¥though inferences
made on structural grounds may indééd be relevant to subséquent
investigations, more rigorous, established approachés, such as thosé
utilising tracérs, enzymes or mutant organisms having blocked bio-
synthétic pathways, are required in order to characterise the kinetic
changes associated with GA metabolism.

The investigations reportéd in this thesis réprésént an attémpt
to establish the metabolic rélationships of GAs in séedling tissue of

a higher plant as a necessary preliminary to future studies of GA-
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mediated growth. Seedlings of scarlet runner bean, Phaseolus coccineus

L., were considéréd to be suitable éxperimental material, since this
species has been the subject of a considerable body of GA research.

The effects of applied GA4 and GA4 on internode élongation in P. coccineus
have been investigatéd (Crozier et al., 1973; Bown et al., 1975), and
the rates of élongation of etiolated and light-grown seedlings have
been corrélatéd with éndogenous GA levels and with the rate of
utilisation of [3HJ GA4 (Bown et al., 1975). More significantly,

P. coccineus is one of a small number of speciés in which GAs native to
vegetative tissue have beén characterised (Crozier et al., 1971;
Bowen et al., 1973). The principal endogenous GAs of vegetative tissue
were found to be GAl’ GAA’ GA5 and GAZO’ and these also occur amongst
the GAs characterised in immature seed of this species by Durléy éE.El'

(1971), namely GA;, GA,, GAg, GAg, GAg, GA ,, GA g, GA,  and GAg gluco-

1’ 4? 20 8

side, The four seedling GAs exemplify different oxidation states and
could therefore be biogenetically related. While on structural
grounds GA

GA5 or GA__ could each represent a precursor of GAl’ GA4

42 20

is the most likely candidate on the evidence of conversions in othér
higher-plant systems alréady described. Howevér, GA1 could not be
identified as a product of EBH]GA4 metabolism in P. coccineus seedlings
grown under red light (Réevé_é;_gl., 1975).

By analogy with G. fujikuroi and C. maxima (sée Fig. 2) the four
hydroxylated 019~GAS occurring in P. coccineus seédlings could be
and GA, are inter-

14 9

mediates. These compounds are of particular interest because they

products of a pathway on which GA12 aldéhyde, GA

represent respectively the firstgibberellane intermediate, the first

3B-hydroxylated GA in the Gibberella and Cucurbita systéms, and a non-

hydroxylated C19—GA which would be éxpectéd to generate a number of

hydroxylated products. A striking difference between the biosynthetic
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pathways propesed for G. fujikuroi and C. maxima is apparent in the
relationship between GAs derived directly from GA12 aldehyde and those

arising from its 3B-hydroxy-derivative, GA,, aldehyde (Fig. 2). 1In

14
Qibberellq,there appear to be mo interconversions between members of

the GA,, aldehyde and GA,, aldehyde "families", whereas in C. maxima
these are biosynthétically related in a complex manner. The metabolism
of GA9 in the two systéms also differs. In G. fujikuroi mutant Bl-4la,

GAy is converted to GA GA, and GA,, (MacMillan, 1974b). In

100 GA110 Oy
C. maxima, GA9 has not yét been éstablished as an endogénous component
but exogenous GA9 is efficiently converted to GA4 (Graébé and Hedden,
1974).

While GA9, GA12 aldehyde and GA14 havé not been shown to occur
in P. cocciuéus, their presence is not necessarily excluded since
several minor, unidentified GA~like componénfs of low polarity were
found in seédling éxtracts (séé Crozier and Reid, 1971; Crozier
et al., 1973; Bownlég_gl., 1975). 1In view of the differénces between
the fungal and C. maxima pathways already déscribéd,the products of
applied GA,, GA

aldehyde and GA,, formed by P. coccineus seedlings

9° 12 14
and the metabolic relationships between the four characterised GAs
are clearly of considerable interest, and these form the subject of

the investigations reported here.
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MATERTALS AND METHODS

1. Plant material

Seeds of scarlet runner bean (Phaseolus coccineus L. cv. Prizewinner),

supplied by Thomas Dagg and Sons, Glasgow, or Charles Sharpe, Sleaford,
were soakéd in aerated running Eap water for 12h, drained, and allowéd

to germinate at 25°C for 72h bétween shéets of dry filter paper. The
testas were thén removed and uniformly gérminated seeds sown in moist
vermiculite in 50 cm x 30 cm x 8 em seed trays. The trays wére trans-
ferred to an environmental chamber maintained at 25°C and providing a

16h photoperiad of combined fluoréscent and incandescént light (Atlas warm~—
white, 75/85W; Phillips K, 150W; combined inténsity 85W.m.-2 at plant
level). Seedling ages quoted in days are reckonéd from the day of

sowing.

2, Growth experiments

Four days after sowing, uniform shoots wéré sévéréd 4 cm bélow the
apical bud and rapidly transferred to individual 5 x 50 mm vials each
containing 1 ml distilled water. Each shoot explant réceivéd 1 pg of
GAl’ GA&’ GA5 or GAZO in 5 pl 807% aqueous ethanol. The solution was
either added to the water in the vial, which was complétely taken up
within 12h and subsequently replaced with water only, or injectéd into
the apical bud by means of a microlitre syringé. Each tréatmént was
replicated 10 times. An India-ink mark was placéd 10 mm below the
apical bud, and after 72h thé increasé in léngth of this région was

measured using vernier calipers. Statistical differences between treat-

ments were determined by variance-ratio and t tests.

3. Radioactive compounds

Radioactive compounds used are listedin Table 1. [SH] GAy

(30 Ci.mmol_l) was obtained from New England Nuclear, Boston,
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Massachusetts, and [14C] sucrose from the Radiochemical Céntre, Amersham ,
England; sources of other compounds are statéd under Acknowledgments.

The original spécific activities were modifiéd in some éxperiments by the
addition of the corresponding carrier GA (for sourcés see Acknowlédgménts).
Stocks were stored in éthyl acetate at -20°C and periodically examined

for radiochemical purity by TLC or HPLC.

3.1 Application to plant material

Each seédling receivéd 1 ul or 5 ul of an 807 ethanolic solution
containing between 0.05 and 0.5 uCi of radioactivity. The solution was
injected 1 mm below the surface of various parts of the seedling (apical
bud, stem, hypocotyl, cotyledons or root) by méans of a microlitre syringe.
Plant material was frozen and stored at —20°C immédiately after each
experiment.

Table 1

Radiocactive compounds

Compound Specific activity PréEaration

[1,2-38] ca, 0.42 Ci.mmol | Pitel and Vining, 1970

30.0 Ci.mmol“1 Nadeau and Rappaport, 1974

[1,2->H]ea, 1.87 Ci.mmol " Cross et al., 1962

-3 5 . i.mmol"1 Murofushi éE al., 1974
[1—3H]GA8 0.43 Ci.mmol™ " "

[2,3-BH]GA20 3.30 Ci.mmol t "

[2,3-"H] ea, 46.0 Ci.mmol ' Yokota et al., 1976
D7,17'-3H]GA9 17.5 mCi.mmol Cross et al., 1968
(17,17'->H]eA, , 25.0 mCi.mmol ' "
aldehyde
[17,17'—3H.JGA14 61.0 mCi.mmol * "
[ﬁ~140]sucrose 10.0 mCi.mmol t from™4co
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3.2 Tocalisation and determination of radicactivity

Frozen plant material and other samples unsuitable for direct
scintillation counting were prepared for radioassay by combustion in
a liquid-scintillation sample oxidiser (Intertechnique model IN 4101).
Scintillant formulations were as follows: tritium-containing samples,
18 ml toluene containing 707 v/v dioxane, 0.5% w/v PPO and 0.03% POPOP;

4C*—containing samples, 15 ml toluene containing 337 v/v 2—phénethy1amine,

22% v/v methanol, 5% v/v water and 0.7% w/v PPO.

Samples not requiring oxidation were assayed in toluene containing
0.5% w/v PPO and 0.03% w/v POPOP. Radioactivity determinations were
made using either a Packard 3380 scintillation spectrometer With
automatic external standardisation and quench corréction facility, or
an ICN-Tracerlab Corumatic 200 with efficiency correction made by
reference to a series of quenched standards (Rogers and Moran, 1966).
Recorded counts were corrected for background radiation and are

expressed as disintegrations per minute (dpm).

4. Extraction, purification and identification procedures

4.1 Solvent extraction and partition

Plant material was homogenised for 20s in a Waring blender in cold
95% methanol (5 ml.g_l frésh weight), the extract was filtéréd and the
residue washed twice with fresh methanol. The combined methanolic
extracts were reduced to the agueous phase in vacuo at 35°C, resuspended
in an equal volume of 0.5M phosphate buffer, pH 8.0, slurried with 5%
w/v PVP, and filtered. The filtrate was extracted twice with equal
volumes of light petroleum (boiling rangé 60° - 80° C) and further
partitioned to yiéld the acidic ethyl acetate - soluble, neutral butanol-

soluble and acidie butanol-soluble fractions (Fig. 3).
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FIGURE 3

Solvent fractionation procedure
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4.2  Thin-layer chromatography

Samples dissolved in 200 pl méthanol—ethyl acetate (1:1 v/v) were
strip-loaded on pre-coated chromatography sheets (Eastman Kodak silica
gel G, 0.25 mm layer). The chromatograms wéré dévélopéd for a dis-
tance of 15 em in bénzene - butan-1=-ol - acetic acid, 80:20:5 v/v/v,
dried in still air and divided into 20 half-Rf zones. Silica gel
scraped from each zone was eluted for 3h in 1 ml 95% methanol in a

scintillation vial before addition of scintillant.

4.3 Gel permeation chromatography

Crude acidic ethyl acétate—solublé extracts were rédissolvéd in
freshly redistilled tetrahydrofuran (THF) and introducéd into a gél
permeation chromatograph (Reéve and C&oziér, 1976), which consisted of
two 25 mm x 100 cm columns of porous polystyréné béads (BioBeads SX-4,
BioRad Laboratories, Richmond, California; exclusion volume, 350 ml,
flow rate, 3 ml.min_l). The samples were eluted with THF, successive
10 ml eluate fractions were monitored for radioactivity by liquid-
scintillation counting of suitable aliquots, and fractions associated
with radioactivity maxima were pooled and dried in vacuo at 35%C.

4.4  Charcoal adsorption chromatography

mm . .
A 