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Abstract—C,- and C;-derivatives of GA, and GA, were tested for biological activity in a range of plant assays. The
activity of most of these derivatives was equal to, or less than, that of the parent GAs. However, 28-methylGA, and 2,2-
dimethylGA , had a higher activity than GA, in some assays and the latter derivative was shown to be the most active
GA known to date in the Forward oat first leaf, Tan-ginbozu dwarf rice and d-maize assays. Two other derivatives,
12,16-cycloGA, and 19-desoxyGA, had less activity than GA,.

INTRODUCTION

The metabolism of GAs involves the conversion of
compounds which are biologically inactive into those
which may be highly active, and then into derivatives
which have low or no biological activity. The details of the
GA pathways in higher plants may differ from species to
species, from organ to organ in the same species, and from
early to late developmental stages of a particular plant
[1]. Nevertheless, progressive oxidation of the GA
molecule occurs in all species of higher plants. However,
the pattern of oxidation varies [2] and leads to the
production of GAs which have markedly different
biological activities [3-5]. The position and stereo-
chemistry of hydroxyl groups are important. For
example, 2f-hydroxylation essentially removes biological
activity [5] whereas 2a-hydroxylated GAs usually retain
some activity. In contrast 38-hydroxy GAs, in the absence
of a 28-hydroxyl, are more active than 3o-hydroxy GAs
(61

To investigate further the effects of hydroxylation on
biological activity, derivatives of GA, and GA, were
examined in which the C,- or C;-positions were blocked
for hydroxylation. The preparation of these compounds is
described in the preceding paper. Two other derivatives of
GA,, available when this work was done, were included in
the bioassays.

RESULTS
C,-Derivatives of GA,

The results of biossays in which 2-MeGA, and 2,2-
diMeGA (for structures see Fig. 1) were compared with
GA, are shown in Figs. 2-9. It can be seen that the
bioactivity of the compounds varied considerably in the
different bioassay systems.
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In the lettuce hypocotyl assay (Fig. 2) the GA,
derivatives had virtually the same activity as the parent
compound, whether the plants were measured after 3
days, as is the normal practice in this assay [7], or
measured after 5 days.

In the cucumber hypocotyl assay (Fig. 3), measured
after 3 days, 2,2-diMeGA, was more active than 2f-
MeGA, and GA, at low concentrations. At the higher
concentrations, GA , was the most active compound and
2,2-diMeGA , appeared to saturate the system. The data,
obtained in a separate assay by measurement after 5 days
(Fig. 3), show that each of the tested compounds saturated
the system at the higher concentrations; at lower
concentrations, the three compounds had similar activity.

In the Rumex leaf senescence assay (Fig. 4) GA, and the
two derivatives had similar activity. In the Progress No. 9
dwarf pea assay (Fig. 5) 28-MeGA , was more active than
22-diMeGA, and GA, over the middle of the
concentration range. However, at the highest concen-
tration tested (10 ug/plant), 2,2-diMeGA, showed
significantly less activity than either GA, or 28-MeGA,.

Bioassays using monocotyledonous plants showed the
most striking differences between the C,-methyl
derivatives of GA, and the parent compound. In the oat
first leaf assay (Fig. 6) there was considerably more
response to the derivatives than to GA,, with 22-
diMeGA, being 100 times more active than GA, at the
lower concentrations. The system was saturated at the
higher concentrations of 28-MeGA, and 2,2-diMeGA,
even though marked further growth of the leaf sheaths
occurred from 24 to 48 hr.

In the dwarfrice assay (Fig. 7),in which the length of the
second leaf sheath was measured 8], 28-MeGA, and 2,2-
diMeGA, had the same activity as GA,. However, when
the assay was allowed to continue to day 6 and the third
leaf sheath measured, 2,2-diMeGA, was considerably
more active than 28-MeGA, or GA,.
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Fig. 3. Activities of 2,2-diMeGA ,, 2-MeGA  and GA, in the Perfection Ridge cucumber assay. Growth response
of the hypocotyl is shown after 3 days {(+—+) and 5 days (O-O).
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In the d-maize assay, only leaf sheaths 1 and 2 are
usually measured [9 ]. However, more information can be
obtained by measuring successive leaf sheaths over a
longer period of time. A selection of the data obtained
with GA,, 28-MeGA, and 2,2-diMeGA , over 11 weeks is
shown in Fig. 8. The effect of the compounds on the
growth of leaf sheath 1 was minimal, but increased
progressively as successive leaf sheaths were measured.
Not only did the response to each compound increase
over the concentration range but also the two derivatives
had considerably more activity than GA,. In particular,
2,2-diMeGA, increased leaf sheath lengths of the ds-
dwarfabove those of the normal maize controls. A similar
picture emerged (Fig. 9) on measurement of the lengths of
the stem (shoots) and tassel (male inflorescence). The 2,2-

diMeGA  derivative increased the length of both stem
and tassel of the d-maize, to the extent that they were
considerably longer than the normal maize controls.

C,-Derivatives of GA,

The results of the bioassays in which the activity of the
C,-derivatives of GA, was compared with GA, are shown
in Tables 1-4. The orders of activities in the different
assays were:

Lettuce hypocotyl assay (Table 1)

2-MeOGA, < 2,2-diMeGA, < 2f-fluoroGA, < 20-
fluoroGA, < 28-MeGA, = GA,.
Cucumber hypocotyl assay (Table 2)

2B-MeOGA, < 2,2-diMeGA, < 28-MeGA, < 28~
fluoroGA, < 2a-fluoroGA, = GA,.
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Fig. 8. Activities of 2,2-diMeGA,, 28-MeGA, and GA, in the d-maize assay. The growth responses of leaf sheaths
1H{@-@®), 2(x—x), 3(O-0), 4O0-00), and 5(+~+) is shown after 11 weeks. Values for the leaf sheaths of
untreated normal (N) maize plants are also given.

Dwarf rice leaf sheath assay (Table 3a, b)

Measured after 3 days: 2-MeOGA, < 2-MeGA,
= 2,2-diMeGA, < 28-fluoroGA, < 2a-fluoroGA,
= GA,.

Measured after 6 days: 25-MeOGA, < 2,2-di-
MeGA, « 2f-MeGA, < 2f-fluoroGA, < 2o-fluoro-

GA, = GA,.

ds-Maize stem assay (Table 4)

Measured after 11 weeks: 28-MeOGA,
= GA,. Measured after 16 weeks: 2f-fluoro-

GA, < 2,2-diMeGA, < 23-MeGA, < 2a-fluoro-
GA, = GA,.

In the Progress No. 9 dwarf pea assay, GA, and 2,2-
diMeGA, were inactive and 2f-MeGA, had very low
activity; no data are therefore presented.

Cj-Derivatives of GA,, and

desoxyGA,

The responses in the different assays of the C;-
derivatives of GA, are shown in Tables 5-8. For

12,16-cycloGA, 19-

convenience the data for 12,16-cycloGA, and 19-
desoxyGA, are included in these tables. In the lettuce
hypocotyl assay (Table 5). the cucumber hypocotyl assay
(Table 6) and the dwarf rice assay (Table 7), 12,16-
cycloGA, shows the lowest activity followed by 3-
exomethylene GA,. The other compounds ranged from
equal activity to one-tenth the activity of GA,. In the d;-
maize stem assay, GA, showed little activity (Table 8) and
there was no indication that any of the derivatives tested
had substantially higher activities than the parent
compound, GA,.

DISCUSSION

The C,-derivatives of GA, and GA, were prepared and
bioassayed to test the thesis that 2f-hydroxylation is an
important factor in controlling the effective concentration
of bioactive, native GAs. If so, it might be expected that
2f-substituted derivatives in which potential 2-
hydroxylation is blocked would show either higher, or
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Table 1. Activities of C,-GA, derivatives in the lettuce hypocotyl assay (length in mm)

pg/ml
Compound 1073 1072 1! 10° 10

2B-MeGA, 39+02 53+04 90+05 13.7+05 143+07
2,2-DiMeGA, 35+02 33+01 5.1+04 72+04 108405
2B-FluoroGA, 30+0.1 29 +01 41403 81+08 148+07
2a-FluoroGA, 25+01 31+01 63+05 13.1+07 165+03
28-MeOGA, 25+01 28 +0.1 29+02 2.6 + 0.1 42 +02
GA, 34402 50+03 11.1 £ 0.6 16.5 + 0.7 19.1 £ 0.5
Control 285+ 0.1
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Table 2. Activities of C,-GA, derivatives in the cucumber hypocotyl assay (length in mm)

pg/plant
Compound 1073 1072 10! 10° 10°
25-MeGA, 20.0 + 0.4 201 £ 1.3 231 + 1.8 33.0+ 09 334+ 14
2,2-DiMeGA, 193+ 1.0 194 + 0.5 226+ 1.1 263+ 1.6 31.3+27
2f-FluoroGA, 21.3+ 09 210 £ 1.2 251+ 1.2 325+ 37 44.3 + 3.5
20-FluoroGA, 20.1 £ 0.8 23.6 +£20 304+ 24 348 + 2.2 381+ 2.0
28-MeOGA, 19.5 + 0.8 214 + 1.3 220+ 1.0 239+ 1.0 2734+ 14
GA, 213+ 1.0 219+ 1.1 31.8+25 40.9 + 3.1 45.1 + 3.4
Control 19.6 + 0.5

more persistent, activity than the parent GAs. However, in
considering the results, it must be borne in mine [10,11)
that the plants used in the bioassays may differ
qualitatively and quantitatively in their capacity to 2f3-
hydroxylate the applied GAs. There is no evidence, for
example, that lettuce will C,-hydroxylate applied GAs
[12,13]. Thus a 2p-hydroxylating enzyme may not be
present in lettuce, accounting for the fact that C-2
derivatives of GA, and GA , were no more active than the
parent compounds.

Seed of Pisum sativum cv Progress No. 9 contains a 2-
hydroxylase. Thus the endogenous GA, and GA,, are
converted into GAy, and GA,, respectively [14,15]. In
the pea stem assay (Fig. 5) there was some indication that
2p-MeGA, was more active than GA, at intermediate
concentrations. However, if 2f-hydroxylation were a
limiting factor in the growth response to GA,, stem
elongation might have been expected to be more marked

for 2-MeGA , and 2,2-diMeGA , than was the case in this
assay. Also, if the inactivity of GA, in this bioassay were
due to 28-hydroxylation, then 28-MeGA, and 22-
diMeGA, would have been expected to show
considerably greater activity than GA,, which they do
not.

Results from the cucumber hypocotyl bioassay (Fig. 2,
Table 2), show no enhanced activity of the C,-derivatives
of GA, and GA, over that of the parent compounds and
do not provide evidence for the proposition that 2f-
hydroxylation is a regulatory process in this plant.

In Tan-ginbozu rice seedlings, the metabolism of GA,
to the 2f-hydroxylated derivative, GA,,. was reported by
Durley and Pharis [16]. Thus, in this plant, a 2f-
substituent might be expected to enhance activity.
However, none of the C,-derivatives of GA, and GA,,
except for 2,2-diMeGA,, had higher activities than the
parent GAs (Fig. 7: Tables 3a.b). Indeed 22-fluoroGA,

Table 3. Activities of C,-GA, derivatives in the Tan-ginbozu dwarf rice assay: (a) lengths ({mm} of
second leaf sheaths measured after 3 days, and (b) lengths (mm) of third leaf sheaths after 6 days

ug/plant
Compound 1073 1072 107! 10° 10!

(a) 24-MeGA, 193+06 238+08 323+14 387+06 369+09
2,2-DiMeGA, 18.3 £ 0.7 187+04 216+04 313+08 398409
2p-FluoroGA, 1844+03 252406 372+05 413+08 399+0.7
20-FluoroGA, 189+05 249405 37.7+06 460+08 412 +08
2-MeOGA, 204+06 216+05 208+03 251+04 334+10
GA, 197 +04 283405 406+10 454409 434+12
Control 152+ 0.3

(b) 28-MeGA, 225408 263+09 377+19 70.8 +£29 1150+ 35
2,2-DiMeGA, 232+09 223+£09 246+ 10 380+16 3562+ 20
2f-FluoroGA, 238 + 1.1 26.9 + 0.8 43.1 + 2.0 856 + 6.8 1389 + 3.1
20-FluoroGA, 236 +10 308+13 555+14 1040+29 1363+ 44
25-MeOGA, 239413 252420 274+07 322+ 14 534409
GA, 247+09 332+08 536+ 41 99.6 + 7.3 1543+ 40
Control 235+ 08
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Table 4. Activities of C,-GA, derivatives in the d,-maize assay. Lengths
(mm) of stems measured after (a) 11 weeks, and (b) 16 weeks

ug/plant
10° 10! 10%

(a) 28-MeO-GA, 105 + 18.1 67+78 105492
GA, 67 + 6.5 93+ 11.6 147 + 9.6
ds-Controls 57 + 8.7
‘Normal’ controls 516 + 4.7

(b) 2B-MeGA, 244 + 121 280 + 16.3 354 + 243
2,2-DiMeGA, 2344+ 174 240 + 152 300+ 152
2B-FluoroGA, 184+ 117 260 + 123 256 + 206
2u-FluoroGA, 248 + 119 276 + 182 360 + 21.8
GA, 254+ 189 290+ 126 318+ 85
ds-Controls 240 + 269
‘Normal’ controls 1949 + 121

was as active as 2f-fluoroGA,. It is of interest that the
high activity of 2,2-diMeGA, was only observed for the
third leaf sheath (see later).

In the d-maize assay, leaf sheath elongation, and stem
extension, were measured over 11 and 16 weeks. This was
done to examine, in more detail, the finding that enhanced
activity of 2,2-diMeGA , over GA, in the dwarfrice assay
was only observed for the third, and not for the second,
leaf sheath. None of the C,-derivatives of GA4 showed
enhanced activity (Table 4) and 2a-fluoroGA, was as
active as 2f-fluoroGA,. However, 2-MeGA, and 2,2-
diMeGA , were more active than GA,. The activities of
these derivatives in promoting stem and tassel elongation
are remarkable (Fig. 8), particularly that of 2,2-diMeGA ,
which was 100 times that of GA , and 50 times that of GA
observed in the same experiment. The log dose—response
curves for the first to fifth leaf sheaths treated with GA,

2f3-MeGA, and 2,2-diMeGA, are not parallel, perhaps
indicating that 2,2-diMeGA, is inactivated siower than
23-MeGA, which, in turn, is inactivated slower than
GA,. A similar conclusion may be drawn from the oat
first leaf assay which confirms the very high activity of 2,2-
diMeGA, in monocotyledonous plants (Fig. 6).

On the whole the results do not support the hypothesis
that 28-hydroxylation regulates the biological activity of
applied GAs even in plants in which 2f-hydroxylation has
been shown to occur (cf. refs. {10,117]). However, they do
reveal that C,-methylated derivatives of GA,, in
particular 2,2-diMeGA ,, are highly active compounds in
monocotyledonous plants. The high activity of these
derivatives may be due to their slower metabolic
deactivation, but it is difficult to explain, on this basis, why
the corresponding derivatives of GA, do not show
enhanced activity. An alternative explanation, at least in

Table 5. Activities of C,-derivatives of GA,, 12,16-cyclo- and 19-desoxyGA, in the lettuce
hypocotyl assay (length in mm)

pg/ml

Compound 1073 102 1071 10° 10
38-MeOGA, — 24+02 27+0.1 70+ 0.5 147 + 04
3p8-FluoroGA, — 22401 29+0.1 10.7 + 0.5 155+ 0.5
3p-ChloroGA, 25401 31t+01 81+04 150+0.5
38-2H-GA, 26 +0.1 37403 79403 127+ 04 16.0 +£ 04
30-?H-GA, 27+02 3.7+02 84+ 04 148 + 0.5 14.8 + 0.6
3-ExomethyleneGA, — 21+0.1 22+ 0.1 42402 126 £ 0.5
12,16-CycloGA, — 24 +0.1 391+ 02 6.7+ 03 8.0+ 0.2
19-DesoxyGA, — 29+0.1 52403 118 +03 148 £ 0.5
GA, 2.6 +0.1 34+02 83403 143 + 0.3 —
Control 21401

PHYTO 20:4 - K
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Table 6. Activities of C,-derivatives of GA,,, 12,16-cyclo- and 19-desoxyGA, in the cucumber
hypocotyl assay (Jength in mm)

pg/plant

Compound 1073 1072 107! 10° 10!

35-MeOGA, 194 + 1.1 203 + 1.8 29.7 + 1.5 26.7 + 0.8
3f-FluoroGA, 16.2 + 0.8 18.6 + 0.7 279 + 0.8 273+ 3.1
3B-ChloroGA, 144 + 1.1 203+ 11 239+ 15 281+ 2.3
34-H-GA, 173 £ 0.8 241 +£ 1.0 34+ 2.1 337 +22
32-H-GA, 18.1 + 1.3 209+ 1.2 284 + 2.4 257+ 1.8
3-MethyleneGA, 16.1 + 0.4 16.6 + 1.0 17.7 + 1.1 273+ 14
12,16-CycloGA, 133+ 03 173+ 09 2000 + 0.5 224120
19-DesoxyvGA, 15.1 + 0.6 17.9 + 2.0 210+ 1.7 261 + 1.4

GA,

173+ 1.2 206408

274+ 16 333+26

Control

141+ 0.8

Table 7. Activities of C;-derivatives of GA,, 12,16-cyclo- and 19-desoxyGA, in the

rice assay. Length (mm) of second leaf sheath

Tan-ginbozu

ug/plant
Compound 1073 107 10! 10° 101
38-MecOGA, 263+09 360+20 508+ 1.1 472+ 1.9
3p-FluoroGA, 263+08 281422 415+19 4794+ 1.1
3p-ChloroGA, 20.1 +06 275+ 10 3901 +15 449+ 1.1
35-2H-GA, 224+09 357412 410+ 11 477 + 1.1
3a-2H-GA, 253412 368+12 41.7x16 430+ L8
3-MethyleneGA, 204 +£04 239414 298+ 1.1 412+ 14
12,16-CycloGA, 203 +£08 232406 264+£06 292408
19-DesoxyGA, 193405 253409 363+14 472+14
GA, 190+08 269+1.7 388+15 454415 472+ L1
Control 144 + 0.4

Table 8. Activities of C;-derivatives of GA4, 12,16-cyclo- and 19-desoxyGA, in the d;-dwarf maize assay (length in mm)

ug/plant
0 10° 10! 10?
Compound Stem  Stem — tassel  Stem  Stem — tassel  Stem  Stem — tassel  Stem  Stem — tassel

3p-MeOGA, 223 £172 110 £ 167 228 +34.1 114+ 145 228 4+ 321 144 + 145
3p-FluoroGA, 257 +£19.0 134 +76 220+19.6 110+81 250 +260 123+ 136
3p-ChloroGA, 212+ 420 106+ 226 282+ 164 156+ 82 318 £240 185+ 153
3p-2H-GA, 240 +12.0 108 + 83 2364150 105456 312+ 250 190+ 145
3-ExomethyleneGA, 267+ 160 95+68 2514+ 153 116+ 83 239+ 230 125+ 138
19-DesoxyGA, 190 +39.9 924207 219+84 120+70 290+ 152 170+ 146
GA, 193 +172 91+78 2824249 148+ 131 332+85 190+ 113
ds-Controls 240 + 269 131 + 100

Normal controls 1949 + 121 1746 + 100

16-week assay.
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part, may be based on the relative lipid and water
solubilities of these methylated GAs. From their
structures, it would be predicted that C,-methylated GA,
and GA, are more lipophilic than the parent GAs and
that GA, and its C,-methyl derivatives are more water-
soluble than GA, and its C,-methyl derivatives. Thus it
may be that high lipid solubility at thesite of action is neces-
sary for high biological activity but that sufficient water
solubility is required for transport to the site of action; in
other words, the partition coefficient between lipid and
aqueous phases may be one of the important factors in
determining the observed growth response of a plant to
applied GAs. It can then be argued that 2,2-diMeGA,, is
more lipophilic than 25-MeGA, and GA, but has
sufficient water solubility, by virtue of the 3f-hydroxyl
group, to reach the site of action. On the other hand, the
highly lipophilic 2,2-diMeGA, may be a very active
compound, per se, but is not sufficiently water-soluble to
reach the site of action. These speculations could also
explain why 2,2-diMeGA, is more active on mono-
cotyledons than dicotyledons since transport of the
applied GAs to the intercalary meristem of monocotyle-
dons may be less of a barrier than transport to the apical
meristem of dicotyledons.

The C,-derivatives of GA, were prepared and
bioassayed to examine the possibility that GA, was not
active per se, but required 3f-hydroxylation to GA,. The
results indicate that 3§-hydroxylation of GA, is not an
absolute requirement for biological activity.

Four further points of interest emerge from the results.
The first is that more information can be obtained by
measuring the growth response in the d;-maize, Tan-
ginbozu rice and Avena assays over longer periods than
those normally used. Secondly, the 28-methoxyGA, had
low biological activity in all assays indicating that
inactivation may not be due to the presence of a 2f-
hydroxyl group, per se, but to a 28-oxygen function.
Thirdly, the activity of 19-desoxyGA, shows that the
carbonyl group of the lactone bridge in GA, is not
necessary for biological activity. This indicates that the
primary function of the lactone bridge is to confer steric
rigidity on the molecule. Lastly, the retention of biological
activity in 12,16-cycloGA,, albeit at a low level, indicates
that the bicyclo[3,2,1 Joctane of rings C/D is not an
absolute requirement for GA-activity.

EXPERIMENTAL

The compounds (Fig. 1) were: 28-methylGA, (structure 2);
2,2-dimethylGA, (3); 2f-methylGA, (5); 2,2-dimethylGA, (6):
28-fluoroGA, (7); 20-fluoroGA, (8); 2f-methoxyGA, (9); 36-
deuterioGA, (10); 3a~-deuterioGA, (11); 3f-fluoroGA, (12); 3~
chloroGA, (13); 38-methoxyGA, (14); 3-exomethyleneGA,
(15); 12,16-cycloGA, (16); and 19-desoxyGAg (17). They were
homogeneous by TLC, GLC, and GC/MS except for 28-
fluoroGA, (7) which contained ca 109 of the 15-double bond
isomer.

Their biological activities were compared with the parent
compounds, GA, (1) and GA, (4), in the following assays: lettuce
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hypocotyl (Lactuca sativa cv Arctic King); intact dwarf pea stem
(Pisum sativum cv Progress No. 9); cucumber hypocotyl
(Cucumis sativus cv Perfection Ridge); oat first leaf (Avena sativa
cv Forward); dwarf rice (Oryza sativa cv Tan-ginbozu); dwarf
maize (Zea mays, d -mutant); and dock leaf (Rumex obtusifolius).
Details of the bioassay methods are given in previous
publications [17-19]. Where the bioassay methtods have been
modified, further details are given in the Results.

In the graphic presentation of the data, the mean values + and
— one standard error are given wherever possible; but, in some
cases, only mean values + or — one standard error are shown for
clarity of presentation.
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