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Abstract—Stimulation of monophenolase activity was observed when de-embryonated prewashed half-seeds
of wheat were imbibed in a solution of gibberellic acid (GA,, 10~°M). Crude extracts, prepared from
GA;-treated half-seeds, showed ca a two-fold increase in monophenolase activity over the controls at pH 6.6,
while a dramatic rise in enzyme activity (seven- to nine-fold) was observed at pH 9.0. The partially purified
(NH,),.SO, fraction precipitate (30-50% saturation) also showed enhancement of enzyme activity at pH 9.0 in
GA;-treated half-seeds, while in controls, there was negligible activity at this pH. Administration of five amino
acid analogues (1 mM each) to half-seeds showed no significant inhibition of GA;-stimulated monophenolase
activity, but proved very effective in decreasing (86% inhibition) the GA;-induced amylase activity. This
indicated that the hormone-regulated monophenolase activity was not dependent on de novo protein synthesis.
Treatment of half-seeds with GA; modified the monophenolase and altered the electrophoretic pattern. The
enzyme was relatively thermostable at 55° and the pH optimum was shifted from pH 7.0 to 9.0. In addition, the
GA;-treated half-seeds showed relatively high stability of enzyme activity in the presence of (NH,).SO, ions.
These alterations in the GAs-stimulated nomophenolase suggest there is activation of preformed enzyme
molecules. The appearance of siow-migrating multiple forms on acrylamide gels, in response to GA, treatment,
is probably due to the association of fast-migrating forms. Such oligomerization could result in a con-
formational change leading to enzyme activation. This may be an adaptive mechanism so that the enzyme can

function with varying temperature, pH and ionic strength during early stages of seed germination.

INTRODUCTION
There are a few reports in the literature where the

stimulation of enzyme activity by a phytohormone is
brought about by the activation of preformed enzyme
proteins In barley aluerone layers, GA; stimulated
puOSpuGl‘Yluluuuc gr‘y’Céuuc transferase actlvuy
through the phenomenon of activation [1]. The sti-
mulation of B- amylase in GA;-treated barley endo-
sperm uasuc was dlbU DI'UUgIll. dDUUl Dy UlC dbllvatiuﬂ
of zymogen molecules [2]. In mature bean leaves, the
enhancement of ribulose diphosphate carboxylase by
gibberellin and cytokinin was ascribed to the activa-
tion of pre-existing enzyme molecules [3]. Likewise,
activation of acid phosphatase enzyme was reported
in GA,-treated bariey endosperm tissue {4j. In pea
stem tissue, the stimulation of 8-glucan synthetase by
auxin was not inhibited by actinomycin D and cyclo-
heximide at concentrations that biocked RNA and
protein synthesis respectively [5, 6). Auxins also sti-
mulated RNA polymerase I activity in lentil roots and
soybean hypocotyls. In lentil roots, auxin seems to
promote the synthesis of a protein factor which
activated RNA polymerase I [7, 8], while in soybean
hypocotyl tissue, auxin treatment increased the
specific activity of RNA polymerase I [9, 10]. A two-
fold stimulation of monophenolase activity was
reported in GAj;-treated half-seeds of wheat. The
hormone-triggered enzyme activity was not inhibited

by actinomycin D and cycloheximide [11]. In this
investigation, we have shown that the increased
moncpuenmase activity in the GAs-treated wheat
half-seeds is brought about by the activation of pre-

formed enzyme molecules.

RESULTS AND DISCUSSION
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] UA; on murwpnerwta.\e acuvuy lfl unwasnea

nd washed half-seeds of wheat

Imbibition of unwashed half-seeds of wheat in soln
of GA, (107° M) showed oniy 20% increase in mono-
phenolase activity over the controls (Table 1). Half-
seeds, washed exhaustively in sterile distilled water
(for 6 hr), proved a more sensitive system for study-
ing hormonal regulation of enzyme activity. A
significant enhancement of enzyme activity (about
80-100%) was acmeved by treating washed haif-seeds
with GA; (10° M) (Table 1, Fig. 1). Prewashing of
half-seeds substantially decreased (about two-fold)
the basal ievel of monophenoiase activity. The stimu-
latory effect of GA; became more pronounced when
the basal enzyme activity was lowered in controls as
a result of washing treatment (Table 1). The halif-
seeds probably contain endogenous GA, which if
leached by washing, resulted in the deactivation of
the monophenolase. Exogenous addition of GA; to
the washed half-seeds presumably activated the
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Table 1. Effect of gibberellic acid (GA;) on monophenolase activity in unwashed
and washed half-seeds of wheat

Monophenolase activity

Unwashed half-seeds

Washed half-seeds

Absorbance units

Absorbance units

at 420 nm/g dry % at 420 nm/g dry %
Additions wt of half-seeds control wt of half-seeds control
Control 1.20 100 0.62 100
GA;, 107° M 1.44 120 1.22 196

The half-seeds were imbibed in sterile water at 25° in the dark for 48 hr. GA, was
present throughout the period of imbibition. The half-seeds were washed in sterile
water at 20° for a period of 6 hr and then kept for imbibition for 48 hr. The enzyme
activity was assayed in crude extracts at pH 6.6.

monophenolase. Subsequent experiments
therefore, performed with washed half-seeds.

were,

Insensitivity of GAs-stimulated  monophenolase
activity to amino acid analogues

The effect of amino acid analogues was examined
in GA;-treated half-seeds as a probe to understand
the mode of enzyme regulation. Addition of five
amino acid analogues (1 mM each) to control and
GA;-treated half-seeds did not effectively inhibit the
monophenolase activity; there was only a 20%
decrease in enzyme activity in control and GA;-
treated half-seeds (Table 2).
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Fig. 1. Kinetics of monophenolase activity in the control
and GA;-treated half-seeds of wheat. The prewashed half-
seeds were imbibed in sterile water in the dark at 25° in the
presence and absence of GA, (107° M) for 48 hr. The enzyme
activity was assayed in crude extracts at pH 6.6.

Inhibition of GA;-stimulated amylase activity by
amino acid analogues

Since amino acid analogues did not substantially
inhibit GA;-stimulated monophenolase activity, it was
considered necessary to ascertain their effective
penetration into half-seeds. For this purpose, their
effect was tested on GAs-induced amylase activity in
wheat half-seeds. A six-fold stimulation of amylase
activity was observed. Amino acid analogues com-
pletely blocked the GA,-stimulated amylase activity,
thus proving the entry of the analogues in half-seeds
in effective concentrations. Competition of analogues
(1 mM each) with high concentration of amino acids
(2mM each) substantially reversed the inhibition of

Table 2. Effect of amino acid analogues on monophenolase
activity in the control and GA;-treated half-seeds of wheat

Monophenolase activity

Absorbance units
at 420 nm/g dry %

Additions wt of half-seeds activity
Control 0.67 100
Five amino
acid analogues 0.54 80.6
(1 mM each)

GA;. 107° M 1.50 100
GA;, 107°M + five amino 1.20 £0.0

acid analogues (1 mM
each)

The washed half-seeds of wheat were imbibed in sterile
water for 48 hr at 25° in the dark. The half-seeds were wash-
ed for 6 hr in sterile water at 20° and imbibed in the continuous
presence of five amino acid analogues (1 mM each of ¢-
canavanine, DL-ethionine, pL-7-azatryptophan, pL-o-fluoro-
phenylalanine, 1-thioproline) with and without GA; (107° M).
The enzyme activity was assayed in crude extracts at pH
6.6. The values given are an average of two experiments.
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GA,-stimulated amylase activity (Table 3). Thus,
these amino acid analogues are effective inhibitors,
provided the stimulation of enzyme is dependent on
de novo protein synthesis. The failure of analogues to
block GA;-mediated stimulation of monophenolase
activity to any substantial level thus supports the
hypothesis that the enzyme is regulated by activation.

Increased thermostability of monophenolase activity
in GAs-treated half-seeds

If the stimulation of monophenolase activity by
GA, is brought about by the activation of preformed
enzymes, distinct differences should be observable in
the properties of monophenolase in control and GA,-
treated half-seeds. This approach seemed promising
since heat-coagulated proteins in crude extracts of
control and GA;-treated half-seeds showed a
differential sedimentation behaviour. This preliminary
observation prompted us to compare the ther-
molability of monophenolase activity in control and
GA,-treated half-seeds. Crude extracts were main-
tained at 55° in a water-bath for different intervals of
time (1-9 min). After heat-treatment, the samples
were instantly chilled in ice and the precipitated
proteins removed by centrifugation (30000 g, 20 min).
The enzyme activity was assayed in a clear super-
natant fraction at 37°. Crude extracts of controls
showed a substantial loss of monophenolase activity
(about 70% decrease) following heat treatment, while
no significant decrease in the enzyme activity (about
10% decrease) was observed in crude extracts of
GAs-treated half-seeds (Fig. 2). Heat inactivation
experiments were also performed with the (NH,),SO,
fraction precipitate (30-50% saturation; desalted on
Sephadex G-25) prepared from GA,-treated half-

Table 3. Inhibition of GA;-stimulated amylase activity by
five amino acid analogues in embryoless half-seeds of wheat

Amylase activity
Enzyme units/g

dry wt of Relative

Additions half-seeds activity
Control 86 1.00
GA,;, 10°M 527 6.12
GA;, 107° M +five amino 73 0.84
acid analogues (1 mM
each)
GA;, 107°M +five amino 392 4.55

acid analogues (1 mM
each) + five amino acids
(2 mM each)

The half-seeds were imbibed for 48 hr at 25° in the dark.
Gibberellic acid (10~ M), five amino acid analogues (1 mM
each of L-canavanine, DL-ethionine, DL-7-azatryptophan, DL-
o-fluorophenylalanine, L-thioproline) and five amino acids
(2mM each of L-arginine, pL-methionine, DL-tryptophan,
pL-phenylalanine, L-proline) were present throughout the
course of imbibition. Amylase activity was assayed in crude
extracts at pH 6.0.
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Fig. 2. Heat inactivation of monophenolase enzyme in the
control and GA,-treated half-seeds. The prewashed half-
seeds of wheat were imbibed in sterile water at 25° in the
dark for 48 hr. The crude extracts were maintained at 55° for
different intervals of time and were chilled immediately after
heat treatment. The precipitated protein was removed by
centrifugation and the enzyme activity was assayed in the
clear supernatant fraction.

seeds. The partially purified fraction also exhibited
thermostability of monophenolase activity at 55°, as
was observed in crude preparations. This excluded
the role of any cofactor in conferring enzyme stabil-
ity in our crude extracts. It is envisaged that GA,-
induced heat stability of monophenolase activity
reflects a conformational change in the preformed
enzyme.

GA,-mediated shift in the pH optimum of mono-
phenolase activity

We next compared the pH optimum of mono-
phenolase activity in control and GA;-treated half-
seeds, enzyme activity being plotted as a function of
pH. Monophenolase activity was assayed using
buffers (0.05 M) of different pH values (pH 5.0-10.0).
In crude extracts of controls, the maximum enzyme
activity was observed at pH 7.0, while in GA;-treated
half-seeds, a peak activity was obtained at pH 9.0
(Fig. 3). This marked shift in the pH optimum, in
response to GA; provided additional support in
favour of activation of monophenolase. In another set
of experiments, monophenolase activity was com-
pared in crude extracts of controls and GA,-treated
half-seeds at pHs 7 and 9. The hormone evoked ca
1.8-fold increase in enzyme activity at pH 7.0, while a
seven- to nine-fold stimulation of enzyme activity
was witnessed at pH 9.0 (Table 4). Similar results
were obtained when the partially purified (NH,),SO,
fraction precipitate (30-50% saturation) was prepared
from the control and GA;-treated half-seeds. After
desalting on Sephadex G-25, the enzyme activity was
tested at pH 7.0 and 9.0. The results were identical to
those observed in crude extracts (Table 5). Thus, the
difference in the pH optimum cannot be attributed to
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Fig. 3. The pH curves of monophenolase in the control and

GA;-treated half-seeds. The prewashed half-seeds of wheat

were imbibed in sterile water at 25° in the dark for 48 hr. The

crude extracts, prepared from the control and GA,;-treated

half-seeds, were assayed for monophenolase activity at a
wide range of pH values (pH 5.0-10.0).

the presence of a cofactor in crude extracts. Since the
pH optimum differs, it was considered necessary to
perform heat inactivation experiments at the respec-
tive pH optima. After heat-treatment, the pH of the
incubation medium was adjusted to pH 7.0 and pH
9.0 using appropriate buffers (0.05M). Heat in-
activation curves followed a pattern (see Fig. 2)
similar to that observed earlier at pH 6.6. This in-
dicated that the thermostability of monophenolase
activity in GAs-treated half-seeds is maintained over
a wide range of pH.

Effect of ionic strength on GA,-stimulated mono-
phenolase activity

A differential response of monophenolase activity
was witnessed when crude extracts of control and
GA,-treated half-seeds were assayed in the presence
of (NH,)-SO, (5-50mM). In controls, the ionic
strength of the salt brought a strong inhibition (about
80% decrease) of enzyme activity, whereas in crude
extracts of GA;-treated half-seeds, the enzyme was
relatively stable (ca 25% decrease). This provided
additional proof in support of altered molecular pro-
perties of this enzyme in GA,-treated half-seeds. The
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Fig. 4. Effect of (NH,),SO, ions on the monophenolase
activity in partially purified fractions of the control and
GA;-treated wheat half-seeds. The crude homogenates,
prepared from the control and GA;-treated half-seeds (im-
bibed for 48 hr), were fractionated with solid (NH,),SO,. The
(NH,),SO, fraction precipitate (30-50% saturation) was
desalted on Sephadex G-25 and the monophenolase activity
was assayed in presence of (NH,),SO, ions (50~150 mM).

Table 4. Effect of pH on monophenolase activity in crude extracts of the
control and GA;-treated half-seeds of wheat

Monophenolase activity

Monophenolase activity

atpH 7.0 at pH 9.0
Absorbance Relative  Absorbance Relative
units at activity units at activity
420 nm/g 420 nm/g
dry wt of dry wt of
Additions half-seeds half-seeds
Experiment 1
Control 1.00 1.00 0.43 1.00
GA,, 10°M 1.92 1.92 3.12 743
Experiment 2
Control 0.96 1.00 0.36 1.00
GA,, 10°M 1.72 1.79 3.30 9.17

Crude extracts were prepared from control and GA;-treated half-seeds
which were imbibed for 48 hr in dark at 25°. Monophenolase activity was
assayed in both fractions at pH 7.0 and 9.0.
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Table 5. Effect of pH on monophenolase activity in the (NH,),SO,
fraction precipitate of the control and GA;-treated half-seeds of wheat

Monophenolase activity

Monophenolase activity

at pH 7.0 at pH 9.0
Absorbance Relative  Absorbance Relative
units at activity units at activity
Additions 420 nm 420 nm
Experiment 1
Control 0.16 1.00 0.05 1.00
GA,, 10°M 0.28 1.75 0.40 8.00
Experiment 2
Control 0.15 1.00 0.05 1.00
GA;, 10°M 0.27 1.80 0.39 7.80

The (NH,),SO; fraction precipitate (30-50% saturation) was prepared
from the control and GA;-treated half-seeds. This partially purified frac-
tion was desalted on Sephadex G-25 and monophenolase activity was
assayed at pH 7.0 and 9.0. Each assay mixture contained 1.5 mg of

(NH,),SO, fraction precipitate.

differential response of enzyme activity towards ionic
strength could not be ascribed to the presence of a

cofactor in crude extracts. This became evident from

our subsequent experiments with partially purified
fractions. The (NH,),SO, fraction precipitate (30-50%

1alROIS, 200 VINIR4 204 11al iVl piclipiiall

saturation) was prepared from crude extracts of the
control and GA;-treated half-seeds and desalted on

Sanhadpv (G-25. In this case too, the assay o of enzyvme

SPLRNCA J-40, 11 UilS Last 100, UlC assa CiiLy e

in the presence of (NH,),SO, ions (50~150 mM)
revealed a relatlvely hrgh stability of GA;-stimulated

activi fy ver that of pnnfrels {plﬂ A\

se acnvit 421 24

GAs-mediated altered electrophoretic mobility of

maonanhonalaco multinl, i
monophenolase multiple forms

The possibility that GA; treatment of half-seeds
may have altered the electrophoretic mobility of

mananhanalage

monophenclase tactad hu fractionatine osrnda
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extracts on acrylamide gels. Electrophoresis showed
two juxtaposed fast-moving bands of monophenolase
following staining with tyramine soln. The crude
extracts of GAs-treated half-seeds also showed two
fast- moving bands at positions similar to those in
controls. In addition, there was a prominenr slow-
migrating band. Such a slow band could represent the
association of smaller enzyme protein subunits into

a rargcr pUlyHlCl'lL lUIlll ﬂ bl"llldr UlllClCIlLC lH UIC
pattern of multiple forms was observed in the

*Gel filtration of the (NH,),SO, fraction precipitate (30-
50% saturation) on Sephadex G-200 revealed a single
activity peak of monophenolase in conirois, whereas two
activity peaks were observed in GA;-treated half-seeds. The
first activity peak (peak I) which eluted soon after the void
voiume is a high-MW porymenc form of monophenoiase and
was exclusively present in GA;-treated half-seeds. The
position of the second activity peak (peak II) was identical
in controi and GA,;-treated haif-seeds (Saiuja and Sachar,
unpublished results).
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(NH,),SO, fraction precipitate (0-50% saturation) of
control and GA;-treated half-seeds. The altered elec-
trophoretic pattern of multiple forms could be res-
ponsible for the activation of monophenolase in GA,-
treated half-seeds of wheat,
EXPERIMENTAL
. Wheat orai

ne
vwiar grains i

~
‘
=
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=
]

var. HD 2009) were manually cut transverse y into two
halves and the de-embryonated portion of the seed was used

for experimentation. Prior to imbibition, the half-seeds were
for experimentation. Prior to imbibition, the half-seeds were

washed in sterile distilled H,O (1g half-seed/100 ml H,0)
for 6 hr at 20° by constant stirring. The washed half-seeds
were surface sterilized with 0.02% HgCl, for 10 min and
rinsed several times with sterile distilled H,0. The half-
seeds were imbibed under aseptic conditions in chloram-
puEi‘liCG} soln (Ju P'.slllll) on sterilized coarse white sand. The
Petri plates containing half-seeds were maintained in the
dark at 25° in a BOD incubator throughout the period of
germination.

Treatment to embryoless half-seeds. The effect of gib-
berellic acid (GA;, 1073 M) and five different amino acid
analogues {1 mM each of L-cana'v'anine DL-cluiGﬁiﬁe, DL-7-
azatryptophan, pL-o-fluorophenylalanine, L-thioproline) was
tested on monophenolase and amylase activities in imbibed
half-seeds of wheat. The effect of amino acid analogues on
amylase activity was counteracted by the simultaneous ad-
dition of five amino acids (2mM each of L-arginine, DL-
methionine, pL-ethionine, DL-iryptophan, DL-phenylalanine
and L-proline).

Preparation of crude extracts. HyO-imbibed (48 hr) half-
seeds (2 g) were homogenized in 6.0 ml Pi buffer (0.05 M, pH
6.6) and spun at 20000 g for 15 min at 4°. The supernatant
(crude extract) was used for the assay of monophenolase
and amylase activities.

Preparation of partially purified fraction. Control and
GA,-treated half-seeds (15g), imbibed for 48 hr, were
homogenized in 100 mi Pi buffer (0.05 M, pH 6.6), containing
PVP (2% w/v) and acid-washed sand. The homogenate was
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passed through two layers of muslin cloth and was cen-
trifuged at 18000 g for 15 min. The clear supernatant was
fractionated with solid (NH,),SO, (0-30% satn) at 4°. The
pellet fraction was discarded, while the supernatant fraction
was further fractionated with (NH,),SO, (30-50% satn). The
pptd protein was centrifuged (18000 g for 20 min.) and the
pellet was suspended in 3 ml of Tris~HCI buffer (0.05 M, pH
7.0). The (NH,),SO, fraction ppt. (30-50% satn) was desalted
on a Sephadex G-25 column (1.8 cm X 16 cm). The desalted
fractions were pooled and used for the assay of enzyme
activity at pH 7.0 and 9.0. This fraction was also employed
for studying the effect of (NH,),SO, ions and for heat
inactivation studies.

Assay of monophenolase activity. Different substrates
were tested for the assay of monophenolase activity. These
were m-cresol, phenol, tyrosine and tyramine (4 mM each).
Of these, tyramine proved superior, and was therefore rou-
tinely employed for the assay of monophenolase activity.
The incubation mixture comprised 2.0 ml of tyramine sub-
strate (8 mM), 1.5 ml Pi buffer (0.05M, pH 6.6) and 0.5 ml
crude extract. The assay mixture (4.0 ml) was incubated for
1 hr at 37° and the absorbance measured at 420 nm. Addition
of boiled crude extracts to the incubation mixture served as
control for the enzyme-catalysed reaction. The enzyme
activity was expressed as absorbance units at 420 nm/g dry
wt of half-seeds. A similar assay procedure was adopted for
the assay of the (NH,),SO, fraction ppt. (30-50% satn).

Assay of amylase activity. Slightly modified procedure of
ref. [12] was adopted for the assay of amylase activity in
imbibed half-seeds of wheat. The incubation mixture con-
tained 1 ml starch soln (0.15%), and 1 m! dil. crude extract
(pH 6.0) and was incubated at 37° for 3 min. The reaction
was terminated by the addition of 1 ml iodine reagent and
finally diluted with 5 ml H,O. The absorbance was measured
at 610 nm. Boiled crude extracts served as controls. A unit
of amylase activity is defined as that amount of enzyme
which hydrolysed 10 ug of starch in 3min at 37° in an
incubation mixture of 2 ml.

Heat inactivation studies on monophenolase. The ther-
mostability of monophenolase activity was determined in
control and GA;-treated half-seeds by maintaining crude
extracts at 55° in temp.-controlled water-bath. After heat
treatment, 2 ml aliquots of extracts were taken at different
intervals of time (1-9 min) and chilled instantaneously in ice.
The turbidity in the samples, produced by heat-treatment,
was removed by centrifugation (30000g for 20 min). The
clear supernatant fraction was employed for the assay of
monophenolase activity at different pH values (pH 6.6, 7.0
and 9.0). Heat inactivation curves were plotted as per cent
monophenolase enzyme activity as a function of time. The
stability of monophenolase was also tested in the (NH,),SO,
fraction ppt. (30~50% satn) by following the above pro-
cedure.

Effect of pH on monophenolase activity. The pH optimum
of monophenolase activity in control and GA,-treated half-
seeds was estimated by assaying the enzyme at different pH
values (pH 5.0, 6.0, 6.5, 7.0, 7.5, 8.0, 8.4, 9.0, 9.6, 10.0). A

wide range of buffer solns (0.05 M) were prepared as des-
cribed in ref. [13]. The enzyme activity was assayed as
described earlier.

Effect of ionic strength on monophenolase activity.
Different concns of (NH,),S0O, (5-150 mM) were added in
the incubation mixture to study the effect of ionic strength
on the monophenolase activity in crude extracts and
(NH,),SO, fraction ppt. (30-50% satn) of control and GA;-
treated half-seeds.

Fractionation of monophenolase multiple forms by poly-
acrylamide gel electrophoresis. Crude extracts and the
(NH,),SO, fraction ppt. (0-50% satn, desalted on Sephadex
G-25) were fractionated on polyacrylamide gels (15%) using
Tris-glycine buffer (pH 8.3). The procedures of refs. [14]
and [15] were adopted for the acrylamide gel electro-
phoresis. The samples (0.25 ml containing | mg protein) were
concd on spacer gels. After electrophoresis, the gel columns
were incubated in a tyramine soln (1 mg/ml; at 37° for 1 hr)
for developing the activity bands of monophenolase.

Protein estimation. Protein was estimated following the
procedure of ref. [16].
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