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Abstract—A 50- and 100-fold increase in the o-diphenolase activity was observed respectively 1n excised coleop-
tiles and roots ot'wheat seedlings after germination for 4-5 days This increased activity was associated with the
appearance of several new multiple forms of o-diphenolase on acrylamide gels The embryo-less half-seeds dis-
sected from seedlings, however, revealed only a three-fold increase in o-diphenolase activity, without any alter-
ation 1n the pattern of multiple forms Cycloheximide substantially mnfubited the activity and appearance of multi-
ple forms of o-diphenolase, whereas actinomycin D failed to bring about a similar response Protemn synthesis
was probably necessary for the formation of new multiple forms Unlike o-diphenolase activity which was present
in all parts of the seedling, the monophenolase activity was confined to the embryo-less endosperm A 5-7-fold
increase mm monophenolase activity was observed 1n the embryo-less half-seed dissected from the seedling A
single broad band of monophenolase developed on acrylamide gels This persisted during the early period of
seed germination without addition of new multiple forms No infubition o monophenolase activity was observed
in seeds treated with cycloheximide or actinomycmn D

INTRODUCTION

IN RECENT years, the regulation of enzyme induction in germinating and developing seeds
of higher plants has received considerable attention.'™* Experimental findings by many
workers support the view that the modulation of enzyme activity may be controlled by
a variety of growth substances.® Further, it has been observed that the increased enzyme
activity could be either due to de novo synthesis! or to activation of pre-existing enzyme.®’

At present, little information 1s available on the regulation of polyphenol oxidase in
higher plants However, a few reports indicate that the activity of this enzyme is stimulated
by the application of ethylene® and indoleacetic acid.®'® Tissue injury 1 sweet potato
can also trigger the activity of polyphenol oxidase.' ! The o-diphenolase activity in root
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shices of sweet potato 1s mhibited by the addition of actinomycin D. puromycm and blast-
cidin S, mdicating that the rise mn activity results from the de noto synthesis of the
enzyme '?

We have observed that the monophenolase and o-diphenolase activities of polyphenol
oxidase represent two distinct enzymes in wheat gramn '* The activity of these enzymes.
particularly that of monophenolase. 1s low in mature sceds. Preliminary observations indi-
cated that the activity of o-diphenolase 1s considerably mcreased duiing seed germination
Such enhancement could operate at transcriptional or translational level. or represent a
case of actrvation of the dormant enzyme Since potyphenot oardase s known to ¢ant m
multiple forms."3 stimulation of this enzyme may be assoctated with the appearance of
new multimeric forms We have now studied the induction of monophenolase and o-
diphenolase m germmating seeds of wheat. Inhibitors of RNA and protemn synthesis were
employed for determining the level of control during induction of these enzyvines

RESULTS
Activity and multiple forms of o-diphenoluse n wheat seedling
The o-diphenolase activity increased from 0-2 A units;mg protein/min by nearly 2-5-fold
during the first 24 hr of seed germination Thereafter, activity declined on the 3rd day to
a value 20%, greater than that found mn ungerminated seed Subsequently. activity
showed a slight increase to the 6th day of seed germunation when 1t was 03 A units'me
protein/min
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The acrylamide gels were stained with pL-DOPA (1 5mg ml in 80", T tOH) and destamed i 309,
EtOH B hgh activity, @ modionm aotinty © fow GC it

The crude extract prepared from mature grains ievealed s multiple forms of o-
diphenolase activity on ncubating the gels with pi-DOPA (Fig 1) Two new bands
appeared after 24 hr germination and two more multiple forms appeared i 2-day-old sced-
lings In addition to these, some of the pre-existing bands showed higher activity and one
of the slow-moving bands present 1n the mature grain could no longer be detected on the

"* Hyono. H and Uritani T (1966) Agiie Biol Chem 30, 10$3
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gels. Thus, in a 2-day-old seedling, there were 9 multiple forms showing o-diphenolase acti-
vity and 11 bands were observed on the 3rd day of germination. Thereafter, the pattern
of multiple forms remained essentially unaltered, except that some of the bands gave a fee-
ble reaction with bL-DOPA. Ten multiple forms of o-diphenolase were found in a 6-day-
old seedling. Significantly, the two prominent fast-moving multiple forms found 2 days
after germination persist with the same intensity during subsequent stages of seed germina-
tion.

TaABLE I EFFECT OF CHLORAMPHENICOL AND CYCLOHEXIMIDE ON THE 0-DIPHENOLASE ACTIVITY

o-Diphenolase activity

No Additions (A umnits of 430 nm/mg protemn/mmm) %, Of control
1 None 024 100
Chloramphenicol (200 ug/
ml) 024 100
3 Cycloheximide
(a) 1 pg/ml 029 120
(b) 2 ug/mi 033 137
(c) 5 ug/ml 038 157

The crude extract was obtained from seeds germinated 1n presence of antibiotics for 48 hr and the activity of
the enzyme assayed with catechol (10 mg/ml)

The appearance of multiple forms of o-diphenolase 1s known to occur by the pheno-
menon of association of monomeric subunits ** The fast-moving multiple forms which
appear during germination of wheat seeds possibly represent monomers. This was revealed
by experiments with sodium dodecyl sulphate (SDS). Treatment of crude extract (from
embryos dissected from 2-day-old seedlings) with SDS (0-1%/) and mercaptoethanol (0-19;)
led to the dissociation of multiple forms mnto a fast-moving band of very high intensity
which coincided with the two fast moving bands of the untreated extracts.

TABLF 2 EFFECT OF CYCLOHEXIMIDE AND ACTINOMYCIN D ON THE ACTIVITY OF 0-DIPHENOLASE OF FMBRYOS AND
EMBR YO-LESS HALF-SEEDS DISSECTED FROM 2-DAY-OLD SEEDLINGS

Excised embryos Excised embryo-less half-seeds
o-Diphenolase activity o-diphenolase activity
A umts at A units at
430 nm/mg Inhibition 430 nm/mg Inhibition
No Additions to seeds protemn/min (%) protemn/min %)
1 None 150 — 057 —
2 Cycloheximide (5 ug/ml) 69 54 047 18
3 EtOH (1%,) 70 53 037 35
4 EtOH (1%) + actinomycin D
(50 ug/mi) 67 54 040 30

The seeds were germinated in the presence of antibiotic for 48 hr Since actinomycmn D 1n 1ts final concentration
contained 1%, EtOH, seeds grown 1n the presence of 1%, EtOH served as control for the above treatment

The possibility of de novo synthesis of o-diphenolase was tested by making use of inhibi-
tors of protein synthesis. When wheat seeds were grown for 48 hr 1n the presence of cyclo-
heximide (1-5 pg/ml), there was a gradual decline in the number and intensity of the newly
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appearing multiple forms. Out of the nine multiple forms observed 1n the control. the anti-
biotic (5 pg/ml) completely eliminated five forms and the remaining bands gave only a fee-
ble activity. Although one would expect low activity of this enzyme n cycloheximide-
treated germinating seeds, there was n fact a stimulation n the activity of o-diphenolasc
{Table 1) This discrepancy was resolved when we examined the activity of this enzyme
in different morphological parts of the seedling. Cycloheximide inhibited the activity of
o-diphenolase 1 excised embryo but not 1n the embryo-less gramn tissue {see Table 2).
Unlike cycloheximude, chloramphenicol (200 ug/ml) showed no inhibition of muluple forms
and activity of o-diphenolase {Table 1)

No mhibition of o-diphenolase activity was observed n seeds germinated m the presence
ofactimomycin D (12-5, 25 and 50 pg/ml) and also the number of multiple bands remained
unaltered on acrylamide gels

Actwty and multiple forms of o-diphenolase 1 excised root. coleoptile and enbryo-less half-
seed

A preliminary observation indicated that the activity of o-diphenolase varies in different
morphological parts of the seedling We therefore determined the relative activity of o-
diphenolase 1 root, coleoptile and embryo-less grain excised from seedling at various
stages of seed germination Roots possessed the greatest activity, followed by coleoptile.
while the embryo-less half-seed (endosperm) showed only a low activity (Fig 2) Since
1t was not feasible to separate coleoptile from root 1in I-day-old seedlng. the study at this
stage was confined to the excised whole embryos There was a 15-fold mcrease m the o-
diphenolase activity in one-day-old embryonic tissue
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embryos were dissected from ungerminated seeds and ome-day-otd seedhngs for measurmy the activaty
of o-diphenolase Catechol (10 mg/ml) se1ved as a substrate for the assay of enzyme

Two multiple forms of o-diphenolase were observed 1 embryo dissected from unger-
munated seed. The embryos excised from 24-hr-old scedlings showed several new multiple
forms. In addition, one of the bands in ungerminated embryo showed high activity on
acrylamide gels (Fig. 3a).
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The o-diphenolase activity in roots continued to increase for 4 days and then showed
a slight decline (Fig. 2). The roots exhibited a 108-fold increase in o-diphenolase activity
over the embryos dissected from ungerminated seeds. Roots excised from 2-day-old seed-
lings showed 11 multiple forms on acrylamide gels. Thereafter, the pattern remained un-
changed except for the addition of one band in 3-day-old and another slow-moving band
in 5-day-old roots respectively (Fig. 3b).

Coleoptiles
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F1G 3 (a) SCHEMATIC REPRESENTATION OF ACRYLAMIDE GEL ELECTROPHORESIS OF 0-DIPHENOLASE MULTI-
PLE FORMS IN crude extracts OF EMBRYO EXCISED FROM UNGERMINATED SEED (0) AND 24-hr-OLD SEEDLING
03]

(b) o-Diphenolase multiple forms on acrylamide gels 1n roots excised from 2, 3, 4, S and 6 day-old seed-
ling (c) o-Diphenolase multiple forms on acrylamide gels 1n coleoptiles excised from 2, 3, 4, 5 and 6
day-old seedlings The gels were stained with p1-DOPA (1 5 mg/ml) B High activity, @. medium acti-
vity, Bl low activity

The o-diphenolase activity in coleoptiles was approximately 50% less than that in roots,
but was substantial in comparison with the embryo-less half-seed (Fig. 3c). There was a
52-fold increase 1n o-diphenolase activity in extracts prepared from coleoptile tissue (Fig.
2). Five fast-moving multiple forms o-diphenolase were observed in 2-day-old seedlings,
of which two became mtense at subsequent stages of coleoptile development. Also, two
slow-moving bands appeared in 4-day-old tissue, followed by the addition of a single band
6 days after germination. Thus 1n all, there were 8 multiple forms of o-diphenolase activity
in coleoptiles (Fig. 3c).

The o-diphenolase activity in the embryo-less half-seed increased until the 4th day of
germination and then 1t remained more or less constant. A 3-fold increase i o-diphenolase
activity was observed in the embryo-less half-seeds dissected from 4-day-old seedlings. Four
slow-moving multiple forms were present in the embryo-less half-seed dissected from
mature grain and these persisted without any alteration in germinating seeds.
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Effect of cycloheximide and actinomycm D on o-diphenolase actipity of excised embrvo and
embryo-less half-seed

Seeds germinated 1n the presence of cycloheximide showed a retardation of embryo
growth. Cycloheximide caused a 549, inhibition of enzyme activity 1 1solated embryos
(Table 2) with simultaneous disappearance of several multipic forms of o-diphenolase No
significant change in the activity (Table 2) and gel pattern of o-diphenolase was observed
m embryo-less half-seeds dissected from cycloheximide-treated seeds

Theeffect of actmomycit D on o-diphenolase activity was also studred m exersed embryos
and cmbryo-less half-seeds (Table 2) As actinomycin D solution (50 ug/ml) contaned 1°,
EtOH, the control seeds were also soaked in the same concentration of EtOH EtOH
(1°,)* reduced the activity of o-diphenolase in dissected embryos to 53°, and the newly-
formed bands gave a feeble reaction on acrylamide gels Actinomycin D neither decreased
the activity nor affected the pattern of muluple forms over that of controls. Similarly,
actinomycin D caused no detectable change 1n the activity and multiplc forms of o-
diphenolase in embryo-less half-seeds

Monophenolase activity

The dry seeds of wheat showed low activity of monophenolase which increased several
fold following germmation. The enzyme cxtracts prepared from isolated roots. colcoptiles
and embryo-less half-seeds were tested with L-tyrosine for studying the monophenol oxi-
dase function The monophenolase activity appears to be restricted to the gram as no such
activity was detectable 1n coleoptile and root tissucs Further studies on monophenolase
were therefore confined to the cmbryo-less half-seed dissected from the scedling. There was
a five-fold mcrease in monophenolase activity m the first 24 hr of germmation This level
of activity was maintained n a 3-day-old seedling. A second rise m activity was observed
on 4th day of sced germination. Finally in a 6-day-old seedling, there was a seven-fold in-
crease tn monophenolase activity over the embryo-less half-seed dissected from unger-
minated gramn Cycloheximide and actinomycin D failed to mhibit the activity of mono-
phenolase 1n embryo-less half-seeds.

Enzyme extracts prepated from the grain tissue were fractionated on acrylamide gels
and tested with L-tyrosine The fraction obtamed from ungerminated sceds showed a single
fast-moving band of monophenolase activity The same band gave intense activity without
any alteration 1n its position on gels in the germinating seeds There was no further addi-
tion of multiple forms m 1-6-day-old seedlings

DISCUSSION

Previous workers have reported a two- to five-fold mcrease in polyphenol oxidase actr-
vity 1n developing tissues of a variety of higher plants 8:1¢ '3:1¢ [n the present investigation,
we have measured the activity of monophenolase and o-diphenolase 1n germimating seeds
of wheat. The total rise m o-diphenolase activity was only two- to three-fold However,
an altogether different picture emerged when activity was measured 1n the 1solated parts
of the seedling Compared with the whole seedlings. the cxcised coleoptiles and roots

" When the concentration of EtOH was mcicased from | to 5, during seed germmation. there was [uither
mhibition n the activity and appearance of new multiple forms However addition of EtOH to the crude eatract
had no inhibitory effect on o-diphenolase activity

YO HiGu cur T (1966) Agire Biol Chem 30, 667
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revealed a considerable stimulation of o-diphenolase activity. A 50- and 100-fold increase
in the enzyme activity was observed in coleoptile and root tissues respectively, whereas
the embryo-less half-seed showed only a three-fold increase. Clearly, therefore, the bulk
of the enhanced activity was located n the embryonic region of the seedling. This, how-
ever, was masked to a considerable extent if the activity was measured 1 the whole
seedlings.

We have shown that the multiple forms developed on acrylamide gels with L-tyrosine
and pDL-DOPA truly represent polyphenol oxidase activity in our system.'* The phenolics
could serve as substrates for peroxidase activity bands, provided peroxides are available
in the gels. Sheen'” has reported that unwashed gels are contaminated with peroxides pro-
duced by the polymerizing catalyst, ammonium persulphate. Crude extract fractionated
on exhaustively washed gels and subsequently stained with L-tyrosine and pL-DOPA
showed the same number of multiple forms as observed on unwashed gels, thereby exclud-
ing the possibility of an artifact caused by peroxidase activity bands. It appears that
exhaustive washing of gels was unnecessary in our system and that peroxides were possibly
eliminated during the period of 60 min, when concentrating the protein sample on gel
columns.

The inducibility of o-diphenolase during seed germination may be correlated with the
appearance of several new multiple forms The quiescent embryo possessed two bands of
o-diphenolase activity. The number of multiple forms increased in the embryonic region
of the seedling, there being 8 bands 1n coleoptile and 13 in root tissue. The electrophoretic
mobility of multiple forms of o-diphenolase also varied in different regions of the seedling.
The embryo-less half-seed showed only four slow-moving bands, while the roots and col-
eoptiles possessed both slow and fast-moving multiple forms, some of which were common
to both tissues.

Actinomycin D had no effect on the activity and multiple forms of o-diphenolase. The
occurrence of stable mRNA capable of supporting protein synthesis is already reported
in germinating wheat embryos.*® The lack of inhibition of o-diphenolase activity by actino-
mycin D 1 our system could be due to the existence of a stable form of mRNA for coding
polyphenol oxidase. Cycloheximide inhibited the activity of o-diphenolase in excised
embryonic tissue, while its effect was not so severe 1n the embryo-less half-seeds. Also, the
newly appearing multiple forms of o-diphenolase were inhibited to a considerable extent
n seeds germinated 1n presence of cycloheximide. These experiments favour the view that
the increase in o-diphenolase activity in excised coleoptile and root tissues could be due
to the de novo synthesis of the enzyme. The situation, however, is somewhat different
root slices of sweet potato, where the activity of o-diphenolase is reported to be inhibited
both by actinomycin D and puromycin. '3

Whereas the o-diphenolase activity was prevalent in all the morphological parts of the
wheat seedlings, the monophenolase activity could be detected only 1n the grain tissue.
Further analysis of the grain revealed that this enzyme is confined to the aleurone layers
and 1s not found in the endosperm tissue.!® A seven-fold increase in the activity of mono-
phenolase was observed in embryo-less half-seeds excised from 6-day-old seedlings. How-
ever, no new multiple bands of monophenolase were formed during seed germination. In-

'7 SHEEN, S T (1972) Evolution 26, 143
'8 Cyin D and Ossorne, D T (1970) Nature 226, 1157
' Tan11a. S R and Sacuar, R C (1974) Planta (Berl ) 116, 133
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stead. a single broad band, mitially present in the ungerminated seeds persisted in 1 -6-day-
old seedlings. No mhbition of monophenolase activity was observed n secds germinated
in presence of cycloheximide or actinomycmn DD The enhanced activity of monophenolase
during seed germination can be taken as an indication of enzyme activation and not due
to de novo synthesis

EXPLCRIMENTAL
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