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(v)
SUMMAR Y

The production of e¢-amylase by isclated wheat
aleurone tissue was investigated and the results found to be
similar to those published elsewhere for wheat, barley, and
other cereals, After a lag period of about 6 hours, enzyme
activity was stimulated in the presence of gibberellic acid
(GA), and by 24 hours was more than 100=fold greater than
that in control tissue, Production of ot-amylase was
linearly related to the logarithm of the concentration
of GA applied, and could be almost completely inhibited by

the application of Actinomycin D,

A method was developed for extracting free nucleotides
from wheat aleurone layers, The nucleotides found in
measurable quantities were NAD (50 nmoles/gm. dry weight),
ADP (20) ATP (218), CTP (34), GIP (34), UTP (72), UDPG (204).
Changes in the levels of these compounds were examined at
intervals up to 24 hours in the presence and absence of GA,
Whilst only small effects of GA were detected throughout
the incubation period, major changes occurred during the
first 6 hours which were almost completely independent of
GA txeatment, These changes were found to be clousely
connected with the method used to separate the aleurone
layers from the starchy endosperm, and most probably
represented a response to tissue damage, Further
investigations of the effect of GA on free nucleotides were

therefore carried out on tissue pre-incubated in water for
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6 hours after isolation,

The uptake of 32? by the tissue was found to be a
relatively slow process, but incorporation of radiocactivity
into the nucleotides occurred rapidly., The specific
activities of ATP and UIP were approximately equal and were
the highest of all the nucleotides, The specific activities
of GTP and CTP were 92% and 6¥% respectively of the values fox
ATP and UTF,

When GA was added, the mean incorporation of 32? into

nucleotides was depressed by 6% at 15 min,, and then increased
by 19% at 30 min,, both effects being significant, The
effect then declined. ATP, UTP, GTP, and CTP were found

to show the greatest response. Moreover, while the effect

on ATP, UTP and GTIP could no longer be detected at 90 min,

the specific activity of CTP was still 27% above the control

at that time., There was, therefore, a unique response by CTP,

The maximum increase in the specific activities of
the nucleoside triphosphates was about 25% and it was
concluded that the magnitude of this response argues against
a large scale increase in the metabolism of RNA as has been

reported to occur in other tissues treatec with hormones,

The uniqueness cf the response of CTP to GA was
shown to be consistent over a range of treatments and times
of incubation, and it was reasoned that the most probable

explanation to account for this result was an increase in
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phospholipid synthesis, Membrane formation is known to be
associated with an increase in the rate of protein synthesis,
and it was postulated that, because phospholipids are an
integral part of the structure of membranes, one of the
first manifestations of the effect of GA is an increase

in membrene formation, The new membranes then act as a
participant in a system, already provided with sufficient

n-RNA, which is capable of large scale protein synthesis.
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LITERATURE REVIEW

1. Introduction

The growth of abnormally tall rice seedlings in Japanese
crops was associated by Sawada, in 1912, with the presence of a
fungus on the affected plants (Phinney and West, 1960). By 1929,

a cell-free culture filtrate of this fungus, Gibberella fujikuroi,

was shown by Kurosawa to reproduce the symptoms of abnormal
elongation (Bakanae disease) noted in the field. Yabuta, in 1935,
named the active principle, gibberellin, and four years later
Japanese chemists crystallised "Gibberellin A" (Brian, 1966).

This is now known to have been a variable mixture containing

ml’ mz, &3’ @4, @7, GA9.

Very little further work was done for the mext 10 or 12
years until interest was revived outside Japan, and since then an

extensive amount of literature has been published,

2. Distribution of Gibberellins

Evidence has now been obtained for the presence of
gibberellins in such widely diversified plant forms as barley
seed, citrus shoots, ferns, fungi, brown and green algae (Brian,

1966) , Zea mays (Paleg, 1965), 28 species of Podocarpaceae and 9

gymnosperms (Aplin, Cambie and Rutledge, 1963), leaves and immature
seeds of grasses (Jones, Macmillan and Radley, 1963) and bamboo
shoots (Tamura, Takahashi, Murofushi and Kato, 1966). The methods
employed for identification include co-chromatography against

known gibberellins, measurement of extinction at 270 nm

(Abdel-Wahab and Badawi, 1966), gas-liquid chromatography



(G.L.C.) (Aplin, Cambie and Rutledge, 1963), nuclear magunetic
resonance (Cross, 1966), and combined G.L.C. - mass spectrum

analysis., (Binks, MacMillan and Pryce, 1969)

The structure of GA has been fully elucidated (Cross
et al, 1961), and in all, 29 naturally occurring gibberellins
characterised (Lang, 1970). 3y definition, all the gibberellins
have a structure based on the gibbane skeleton differing only in
the nature of the ring substituents and the presence or absence

of the lactone ring, (Fig.l).

3. Physioldgical Effects of the Gibberellins

The ways in which gibberellins can modify the
phenotypes of various plants have been reviewed by Brian (1959,
1964, 1966), Paleg (1965) and Linser (1966), the latter listing
a number of effects as follows:=-

1, increase in internode length of rosette and dwarf plants.

2. promotion of hypocotyl growth,

3. promotion of germination, espécially of those seeds
requiring a pre-treatment with light.

4., promotion of sexual development of flowers,

S. promotion of flower formation,

6. formation of parthenocarpic fruit and promotion of fruit
flesh growth,

7. breaks dormancy of buds and underground storage organs.

8. influences flower formation and the photoperiodic behaviour
of flowering plants,

9. influences the shape and size of leaves,



Fig. 1

Schematic structures of gibbane skeleton and

gibberellic acid.
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10, promotes caell division in the camhial sone,

Although some stimulation of root growth has been
reported (Paleg et al, 1964), mostly the hormone is either
inhibitory or without much effect (Bastin, 1967; Brian, 1964;

Brian, Hemrming and Lowe, 1960),

Abscission in the cotyledonary petiole of cotton
explants can be accelerated by GA, the mechanism advanced
involving an increase in cell number and starch content in
the abscission zone with subsequent hydrolysis and release
of soluble sugars and uronic acids (Bormman, Addicott and

Spurr, 1966),

An enhancement of cell size and division has been
reported for leaf discs of broad bean (Humphries and
Wheeler, 1960), while an increase in the amount of auxin-
like substances extractable from the hypocotyls of

Impatiens balsamina was shown to be under the influence of

GA, although involving, to some extent, the effect of light.

(Bastin, 1967).

Brian, Hemming and Lowe (1962) compared the
effectiveness of a number of the gibberellins in various test
systems, Thelr trials, and those of Paleg et al (1964),
indicated that there are large differences in responses, and

no one gibberellin exhibited maximal effect iun all systems,

4, The Mode of Action of Gibberellic Acid

A number of investigations have been made to ascertain



4,
the primary site of hormone action in varioue plant tissues

treated with GA,

In endosperm milk extracted from greem coconuts,
GA enhanced the incorporation of 32? into both nuclear and
"cytoplasmic” (endosperm) RNA, (Roychoudhury, Datta and
Sen, 1965; Roychoudhury and Sen, 1965) . The effect of
GA was evident to a slight degree in the nuclear fraction
after 15 min,, and to a much greater extent, in both
fractions, after 4 hours, Radiocactivity was not detected
in the "cytoplasm" unless nuclei were present. When
nuclei containing 32? were incubated with nuclei-free
endosperm, GA increased the amount of labelled RNA in the
endosperm, this being accompanied by a progressive decrease

in nuclear RNA,

In another system of isolated nuclei, from dwarf pea
seedlings, Johri and Varner (1968) found that, under certain
conditions, GA could stimulate the production of a different
type of RNA to that extracted from controls. The unique
RNA was detected only if all stages of the extraction of
nuclei were carried out in the presence of GA, As the
hormone was added progressively later, its effectiveness
declined, the reason advanced being either the gradual loss
of some factor(s) from the nucleus, or alternatively, a
decreased availability of this factor(s) to the nucleus,

It was found, also, that tritiated CTIP was incorporated into isolated

nuclei over a period of 6-9 min,, and that this could be effectively
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inhibited by Actinomycin D, DNase, and RNase, iadicating that
the incorporation utilised DNA as template., Nearest
neighbour analysis of the RNA produced in the presence of GA

showed a higher frequency of adenine-guanine pairs and a lower

frequency of uracil-cytosine pairs. Of the total counts recovered,

75-80% were in a fraction corresponding to carrier-free ribosomal

RNA, while the specific activity of the "RNA associated with
DNA" and the fraction "tenaciously bound to methylated

albumin keiselguhx" were 20-25% higher than controls, suggesting
that a smallexr type of RNA had been preferentially enhanced

by GA,

Zolotov and Leshem (1968) observed the production of
o -amylase in isolated barley aleurone layers treated with
RNA extracted from barley embryos. The effect of the RNA
extract was significantly greater than that of 25 p.p.m. GA.
In view of this finding, and that of Briggs (1964) concerning
c--amylase production by the embryo, it would appear that
there may be a hormonal response in the embryo similar to

that found in the aleurone tissue, although on a smaller scale.

Further evidence for a relationship between the
application of GA and an alteration in nucleic acid metabolism
has been shown by Gamburg et al (1966),Giles and Myers (1966),
Nitsan and Lang (1966), and Kamisaka et al (1967), for a

number of different tissues,

Se The Role of Gibberellic Acid in Cereal Germination

Perhaps the effect of GA that has received most
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attention and is best, although still incompletely understood,
is its participation in the germination of cereal seeds, In a
monograph in 1887, von Sachs noted - "If the young embryo is
removed from the seed of maize, barley or other plant, and the
endosperm alone laid in moist warm earth, its starch is not
dissolved and transformed into sugar". The production of
diastase (amylase) during germination in seeds of barley and
other grasses was known at this time, its potent action as a
ferment (enzyme)had been noted, and a parallel drawn between
the in vitro and in vivo effecte of diastase on starchy

endospern,

Paleg (1960) noted that GA applied to embryo-less
half seeds of barley stimulated the secretion of reducing
sugars, especially maltose and glucose. Pretreatment of
the half seeds by heating for an hour at 100°C abolished
this stimulation. The intensity of the response could be
altered by the type and strength of buffer used, and was
sensitive to pH, having an optimum at about 5.5. The

conditions thus resembled those necessary for enzyme action.

Further work, (Paleg, 1960), incorporating a
differential inactivation of P -aniylase indicated that o<
-amylase was being produced under the stimulation of GA and
it was suggested that the production of this engyme would
normally be under the control of an embryonic gibberellin,
Half seceds treated with GA for 3 days lost 50% of their

initial dry weight, and of this loss, 80% could be traced to
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the production of reducing sugars and protein nitrogen., Also,
the magnitude of the response was proportional to the con-

centration of GA applied (Paleg, 1961).

Subsequently, other aspects of the response were
investigated, for example in the malting industry. where
GA had been used to increase the efficiency and evenness of
barley germination on the malting floor (Briggs, 1963; Macey

and Stowell, 1961).

McLeod and Millar (1962) found that tragﬁents of
barley endosperm separated from embryos could be stimulated
to sectete proteinase; amylase, eﬁdolﬁ ~glucanase; and
pentosanase. Briggs (1964) reported that ptoductioh of
enzymes which could hydrolyse sugar’phOSphates, oligo-
saccharides, peptides and various proteins, varner,
Chandra and Chrispeels (1965) have also reported the
GA -enhanced production of ox-amylase, endo-ﬁ-glucanase
and protease and, in addition, have described an increase in
ribonuclease activity (Chrispeels and Varnex, 1967). Pollard
and Singh (1968) and Pollard (1968) have found evidence for the
stimulation of esterase, o<~ andfs-galactosidase,
phosphomonoesterase, phosphodiesterase, c<- and ﬁ- glucosidase,
amylase, peroxidase, ATPase, GIPase and phytase. Evidence

for a fructose-l, 6- diphosphatase has also been reported

(Scala, Patrick and Macbeth, 1969).

By applying different concentrations of GA to intact

barley seeds, Paleg et al (1962) showed that only those
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concentrations groater than 2.9 x 10~8 M would produce a
response and concluded that this probably represented the
endogenous level, McLeod, Duffus and Horsfall (1966)
similarly arrived at a figure of 4 x 10"8 M, Paleg, Coombe
and Buttrose (1962) further showed that the “endosperm
mobilising hormone" was located in the embryo and demonstrated
the generality of the mechanism among cereal grains by
examining the production of reducing sugars in barley, oats

and wheat under the influence of exogenous GA,

Using embryos removed from barley sceds germinated
for various lengths of time, Radley (1967) was able to
demonstrate that if the embryos were subsequently cultured on
agar, a substance could be extracted from the agar which
would stimulate the release of reducing sugars from barley
endospern, This she identified as GAj and concluded that
the scutellum was the major site of production of the
hormone, at least for the first 48 hours. Further work
(Radley, 1969) has supported this view, Yomo and Iinuma
(1966) also showed the presence of a gibberellin-like substance
in the embryo of barley, which was present in appreciable
amounts after 3 days of culture, and which then rose markedly

over the next two days,

When the medium from a culture of the halves of
barley seeds containing embryos was ultra-filtered, freeze~-
dried and applied to endosperm preparations for six days,

Briggs (1963) found a 5-fold increase in release of reduc-
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ing sugars above preparations which received no such addition,
However, the application of GA at 5 mg/litre resulted in a
further 10-fold increase in response. When endosperm halves,
lacking embryos, were placed on agar blocks containing GA,

a dissolution of the starchy endosperm commenced at the
regions adjacent to the aleurone layer and gradually extended
inwards, in the manner observed in vivo. The dorsal endosperm
liquified more rapidly than that around the ventral furrow,
also as in the intact grain, Preparations of endosperm
attached to the aleurone layer, from different parts of

the grain, were incubated with solutions of GA to determine
whether different parts of the grain varied in their capacity
to release reducing sugars. Although the dorsal region was
most responsive (45.1 mg reducing sugar/ml) and the ventral the
least (33.6 mg/ml), the differences were tco small to account
for the variation observed in normal germinating grain,
Therefore it was reasoned that the progressive release of
enzyme along the endosperm was most likely due to?diffusion
gradient of GA. Briggs (1964) cultured embryos and
endosperms together, but separated by dialysis tubing, and
determined the distribution of o- -amylase. The results
showed that approximately 7% of the total enzyme was located
in the embryo, 6.5% originated in the embryo, and the

remaining 86.5% was produced in the endosperm,

McLeod, Duffus, and Horsfall (1966) pretreated endo~

sperm slices in water, and after subsequent treatment with



IO-SM GA; compared the production of o- -amylase with intact
barley seeds similarly pretreated, Fretreatment in watex
for 4 hours resulted in a doubling of enzyme activity.
However, 24 hours pretreatment of intact seeds, followed by
24 hours in GA produced a 7-fold increase in activity
indicating that the presence of the embryoc had accentuated
the response, The conclusion drawn from these results was
that some additional factor, deriving from the embryo, may
be contributing to the release of enzymes. Other work
(Petridis, Verbeek and Massart, 1965) secems to substantiate
this, but since isolated endosperm responds more rapidly

to exogenocus GA than intact seed, it may be that the rate of

lo.

production of enzyme in the former reaches its maximum earlier

and begins to decline before procuction in intact seeds has

become maximal,

The situation, however, may be even more complicated

fcr according to a report by Bastwood, Taverner and Laidman

(1969) there is a suggestion that cytokinin is present in the

starchy endosperm, and that this substance influences the

production of o« -amylase, acting during the period of imbibition

preceding treatment with GA. Thus, bran particles, isolated

after only four hours of imbibition, would not respond to GA

unless pretreated with cytokinin,

Studies of the respiration of intact and dissected

endosperm showed that the aleurcone layer was metabolically

active, whilst the starchy endosperm was almost inert (Paleg,
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1963; Varner, 1964; Varner and Chandra, 1964). A comparison of
the effect of GA on pearled barley, in which the aleurone layer
was mechanically removed, with normal and hand-peeled seed showed
the aleurone layer to be the site of hormone action and enzyme

production (Paleg, 1963),

Examination of isolated barley aleurone cells with
the electron microscope revealed that GA initiated conspicuous
modifications in the ultra-structure of the cytoplasm, whereas
tissue incubated in water remained relatively unchanged. The
aleurone grains enlarged, fused and vacuoclated, whilst globoids
within the grains disappeared., There was extensive degrad-
ation of spherosomes and a progressive erosion of cell walls,
These changes, occurring in the presence of an exogenous supply
of GA were identical with those occurring during the normal
germination of entire barley grain (Paleg and Hyde, 1964 ;
van der Eb and Nieuwdorp, 1967; Jones, 1969). A
report by Jones (1969a) indicates that the spatial arrangement
of sub-cellular particles may be significant in enzyme
production, since a redistribution of these particles, by ultra=-
centrifugation of isolated aleurone layers, renders the layers
relatively insensitive to GA for a distinct time interval, after

which they respond normally,

Radioactive. o--amylase was produced in the presence
of labelled amino-acids (Varner, 1964; Briggs, 1964) and digestion
with trypsin suggested that the entire molecule had been mewly
synthesised and not merely released or activated (Varner,

Chandra and Chrispeels, 1965)., To ascertain whether all the
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c< ~amylase was produced by de novo synthesis, induction of the
enzyme was carried out in the presence and absence of deuterium,
During the hydrolysis of reserve protein, the peptide linkages
take up water, and the released amino-acids, if incorporated
into newly synthesised protein in the presence of deuterium,
would impart to that protein a higher demsity than would
otherwise occur. By means of this technique; and taking
precautions against efither the attachment of éd oxygen~rich
carbohydrate domponetit or an exéhaﬁge of 18o with 160 in
preformed protein, Filner and Varnmer (1967) concluded that all

of the GA-induced ¢ -amylase arises by de novo synthesis.

Jacobsen and Varner (1967) have reported that the
GA induced synthesis of protease, which is also synthesised
de novo in the aleurone, parallels c: -amylase in time of release,

dose-response to GA and susceptibility to inhibitors.

Some of the events occurring after the application of
GA to isolated aleurone layers have been described by Pollard
and Singh (1968) -
(a) within 2 to 4 hours there was an increased secretion
of soluble carbohydrates,
(b) by 4 hours oxygen uptake was increased.
(c) between 4 and 5 hours adenosine triphosphatase production
increased,
(d) from 5 to 6 hours there was an increase in guanosine
triphosphatase.

(e) by 6 hours phytase secretion increased,
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(f) after 7 hours c: -amylase could be detected.

The increase in soluble carbohydrates in the medium was

accompanied by a decrease in the levels in the tissue,

Thus, the events leading to the dissolution of the
reserves of the starchy endosperm, at least in mature cereal
grain, consist of the imbibition of water by the seed, the
production of GA in the region of the embryo and scutellum,
and the diffusion of the hormone through the endosperm to the
metabolically active aleurone layer, At this site or hormone
action, several enzymes are induced and secreted into the

endosperm where hydrolysis occurs,

6. Mode of Action of Gibberellic Acid on Cereal Aleurone ‘I‘issue_1

There seems little doubt that the increase in enzyme
activity that occurs in the aleurone layer as a result of
treatment with GA is due to protein synthesis and that, as such,
it is an energy requiring process. In general, the effects of
GA on respiration are not pronounced, Respiration of barley,
timothy, rape and pea seeds was increased by applications of
GA during germination (Nielsen and Bergquist, 1958), and a
slight rise in respiration by endosperm pieces (including
aleurone) after GA treatment, has been reported (Briggs, 1964).
Working with embryo-less barley half seeds, Pollard (1968) noted
that GA caused an increase in both oxygen consunption and
secretion of inorganic phosphate after 2 hours of treatment,

The oxygen uptake bacame maximal after 6 hours, and thereafter
remained steady, with uptake, in the presence of GA, 10 to 30%

FEC 4
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higher than in its absence. Dinitrophenol increased oxygen
uptake and inhibited the release of Pi to the same extent
whether or not hormone was present. Respiration was inhibited
by puromycin, Antimycin A, and cycloheximide, the latter also
preventing the release of Pi' Other work (Pollard and Singh,

1968) has substantiated these resblts:

However, Varner and Chandra (1964) couldfind no
increase in fespiration before or during o« -amylase produc=-
tion, Further, they noted that no qualitative change could
be determined in the incorpcration of 32p jnto acid-soluble
compounds with GA treatment, and also that aleurone tissue, in
the absence of GA, could incorporate significant amounts of
labelled amino acids into protein. From these results, they
concluded that GA accelerates the synthesis of certain
specific proteins in a system alreacy supplied with

precursors and an energy source,

Attempts have been made with different types of
metabolic inhibitors to learm more about the mode of action
of GA, Experiments with inhibitors of nucleic acid synthesis,
such as Actinomycin D and nucleotide analogues, have given
varizble results, Paleg (1963) could find no effect of
Actinomycin D, up to 500 7g/m1, on the GA-induced release of
reducing sugar, whilst Varner and Chandra (1964) observed
a complete inhibition of c¢- -amylase production at loq/ug/ml,
but only if the inhibitor was added at the same time as the

hormone, There was no effect when the inhibitor was added 7

hours later. Pollard and Singh (1966), on the other hand, found
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no effect unless Actinomycin D was jntroduced 8 hours after the

beginning of hormone treatment.

Nucleotide analogues imbibited enzyme ptoduction
only if present during the entire 3 day period of imbibition:
during which the starchy endosperm softened enough to allow
the removal of aleurone layers (Chandra and Varmer, 1963) ¢
Labelled RNA precufsors were incotporated quahtitatively into
RNA iti response to GA treatment under similar conditions.
However ; the hormonal effect lasted only 24 hours, after which
there was a loss of label, whilst the control treatments
continued to incorpotate precursors up to 48 hours, the limit of
the experiment. Application of 5-fluorouracil inhibited the
incorporation of 32p jnto RNA by 50%, and the uptake of
14C-uridine, 14C-adenine andazP could be prevented by both
Actinomycin D and 5-bromouracil, (Varner, Chandra and

Chrispeels, 1965).

Cycloheximide inhibited both amino acid incorporation
and ¢ -amylase production without significantly affecting the
incorporation of 14-_joucine into protein (Varmer, Chandra and
Chrispeels, 1965). Also, the activity of proteolytic enzymes
could be inhibited by the addition of potassium bromate to the
jocubation medium, whilst that of oe¢ -amylase remained
unaffected (Macey and Stowell, 1961 ; McLeod and Millar, 1962) .
The participation of specific m-RNA molecules was therefore

suggested,

Barley half seeds were treated, from the dry state,
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in the presence and absence of GA for 30 hours (Chandra and
Duynstee, 1968). Thé produttion of o< -~amylase was found to
be greatest in the presence of 10" "M GAs Various fractions
of RNA, isolated 16 hours after treatment of dry half seeds

with and without GA in the presence of 14C-uridine, showed

maximal labelling'with 10~1%M GA. At higher concentrations of
GA, the amount of label incorporated decreased and it was
suggested that dilution of the radioactive precursor occurred
due to an increase in the activity of ribonuclease. It was
also shown that when half seeds were imbibed in buffer alone

for 12 hours and then treated with GA at 10'6M, the amount of

32p incorporated into total RNA was stimulated. The maximum

effect occurred 30 min. after treatment with GA, when the
specific activity of RNA was 88% greater than the control.
Thereafter incorporation in the presence of GA fell, until

at 4 hours it was lower than the control, When the RNA was
fractionated on sucrose density gradients, it was revealed
that after treatment with GA for 30 min. both soluble and
ribosomal RNA were labelled, but no incorporation of 32p  into
ribosomal RNA was detected in the control, By 90 min. all
fractions of RNA were labelled in the presence and absence

of GA, and after 4 hours, the controls were more highly

radioactive.

The RNA from barley aleurone was further
characterised by chromatography on methylated albumin keiselguhr

columns, Half seeds which had been imbibed for 12 hours and
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then treated with GA for 4 hours showed the presence of an
attitional species of r-RNA. This new RNA was not detected
in the controls and could be almost completely inhibited by
Actinomycin D, (Chandra and Duynstee, 1968). Analysis of the
base ratios of the various fractions of RNA which were
examined revealed that GA had very little effect. Only in the
case of the soluble RNA component was any change observed, and

this had a higher AG/CU ratio after GA treatment,

These results have not been supported by Pollard
and Singﬁ (1968), These workers could show no incorporation
of either labelled adénine or uracil into the RNA of batley
aleurone layers in response to GA, and only a small
incorporation of labelled leucine into protein during the first
8 hours of hormonal treatment. Their conclusion was that
GA had no stimulatory effect on RNA synthesis and only slightly

affected protein synthesis during this time.

These contradictory results raise the question of
the permeability of the tissues to the labelled precursors

at the time of treatment,

7e The Metabolic Roles of the Free Nucleotides.

The previous discussion on the effects of GA on
nucleic acid metabolism presupposes the involvement of free
nucleotides as precursors of the nucleic acids. If, as has
been suggested earlier, GA causes an increase in, or change
in spectrum of, RNA, the assumption is always made that the

free nucleotides are in plentiful supply and in no way limit
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or regulate the expression of the hormonal respomse. In fact,
the rapid interconversions which are known to occur bet&een
nucleotide species tends to indicate that the nucleo{i&e balance
in the living cell is well buffered against drastic changes,
However, as suggested by Commoner (1964 a, b), the availability
of free nucleotides iaf well be an important factor in
determining the rate of synthesis of nucleic acids. Little

evidence is available so far to support this hypothesis.

In addition to acting as precursors for nucleic acid
metabolism, ftee nucleotides also seem to play indispensable
roles in the regulation of other cellular metabolic process;s.
For example; many biochemical reactions require the
participation of these compounds as coehzymes: As & general
classification, the adenosine, uridine, and cytidine nucleotides
are involved as group transfer agents in reactions with substrates
at the acyl, aldehyde, and alcohol levels of oxidation,

respectively (Mahler and Cordes, 1967).

Many cellular processes are endergonic and require
a supply of energy to proceed. In most cases this energy is
provided by the high energy bonds of ATP, which are derived
primarily by electron transfer to molecular oxygen, or other
terminal electron acceptor, by way of the NAD-1linked
cytochrome system (Bonner, 1965). Each of the 2 terminal
phosphate ester bonds of ATP have a free energy of hydrolysis
of about -7 kcal/mole. Thus ATP may be involved in the transfer

of orthophosphate, pyrophosphate or the complete adenosyl
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moiety. In most tissues, the level of ATP is very much greater
than that of AMP and therefore a small amount of degradation of
ATP to AMP results in a relatively large change in the con-
centration of AMP, It has been suggested that the relative
proportion of AMP is important in determining the rate at which
many biochemical reactions proceed (Krebs, 1964; Atkinson, 1966).
In addition, ATP participates in the metabolism of sulphur by

the formation of adenosine phosphatosulphate (Bandurski, 1965),
and in protein synthesis in which amino acids are first
nactivated? priot to forming a complex with ttahsfer RNA,

(Holley, 1965).

A nucleotide which has been receiving increasing
attention is cyclic AMP, or adenosine - 3' , 5' -
monophosphate. It was first noted that the hormones
epinephrine and glucagon act in liver to stimulate the
formation of cyclic AMP., 1In turn, the increased level of
cyclic AMP activated a phosphorylase to degrade glycogen,
Many other cellular processes are now known to be influenced
by either an increase in the concentration of cyclic AMP,
brought about by the enzyme adenyl cyclase, or a decrease due
to its hydrolysis to 5'- AMP by a specific phosphodiesterase
(Robison, Butcher and Sutherland, 1968). It has been reported
that o -amylase production by barley aleurone is stimulated
albeit erratically, by the presence of cyclic AMP (Galsky and
Lippincott, 1969). The addition of GA, up to 2X10 M,

increased the stimulation, but at higher concentrations
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production was inhibited.

The uridine nucleotides are of major importance as
nucleotide-sugar complexes. This was first observed by
Paladini and Leloir (1952), and a wide range of UDP-sugars
have now been isolated from living tissues (Hassid, Neufeld
and Feingold, 1959; Mandel, 1964). These coehzymes are
involved in a varfety of giycosyl transfer reactions and
epimerisations in carbohydrate metabolism such as the synthesis
of glycogen in animals, and cell wall polysaccharides in plants.
However, other rnucleotides are also known to function in
polysaccharide synthesis eigy ADP-glucose in starch synthesis
(Jenner, 1968), and GDP-mannose in cell wa’l synthesis (Villemez,

1970) ,

The major role of the guanine nucleotides occurs
in protein synthesis. One of the first steps in this process
is the activation of amino acids to the amino-acyl level
requiring the high energy bonds of ATP. The amino-acid so
activated is then transferred to the ribosome by its specific
t-RNA, where it is incorporated into the nascent peptide chain,
This process requires the energy from 2 molecules of GIP and is
catalysed by a number of protein factors. The initiation
of the peptide chain by formyl-methionyl t-RNA also requires
the cleavage of GTP before binding to the ribosome (Ono,
Skoultchi, Waterson and Lengyel, 1969; Prichard et al, 19703

Brown and Snith, 1970,

The function of cytidine nucleotides and derivatives
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was recognised by Kennedy and Weiss (1956) as being primarily

concerned with lipid synthesis. Intermediates such as CDP-
choline and CDP-ethanolamine participate in the production of
lecithin and other phospholipids (Mandel, 1964). Since
phospholipids are an integral component of cellular membranes,
it would seem highly probably that CTP is necessary for the

synthesis of these structures,

8. The Role of Free Nucleotides in Germination,

Little work has been done on relating thanges in the
free nucleotide pool to the process of getmination, and most
of the results available are derived from long-term studies

extending over several days after the commencement of imbibition.

Ingle, Beevers and Hageman (1964) and Ingle and
Hageman (1965) followed changes in the amounts of nucleic
acids and soluble nucleotides in germinating corn, After
24 hours, DNA, RNA and soluble nucleotides were increased by
de novo synthesis since they found only small amounts of
these metabolites stored in the dry grain, After 48 hours
of germination, the level of acid-soluble nucleotides in
axis, scutellum and endosperm was approximately the same,

whereas after 120 hours the axis accounted for 71% of the total.

Bergkvist (1956) measurxed the amounts of acid-soluble
nucleotides in wheat plants of unstated age and concluded
that 90% of the total were derivatives of acdenosine and uridine,
and that these were present in practically equimolar amounts,

No attempt was made to follow changes, with time, in individual
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components.

The metabolism of mucleotides in corn germinated under
conditions which would induce water stress has been studied
by West (1962), Their findings were similar to those of
Ingle and Hageman (1965), showing an exponential rise with
time up to 6 days. Accumulation was slower in seedlings

subjected to water stress.

Keys (1963) extracted the acid-soluble nucleotides
from wheat seedlings over 5 days after imbibition of the
seeds. The tontent of hucleotides in the embryo was 20~30
times that of the endosperm, on a dry weight basis, after 2
days imbibition, whilst over the first 2 to 3 days of
development there was an increase of 30-fold in the embryo
and only 2- to 3-fold in the endosperm. UDPG was a major

component in the embryo,

Elnaghy and Nordin (1966) also found UDPG to be a
major component of wheat seedlings, and in addition identified

AMP, ADP, GMP, and UMP.

The changes occurring in nucleotides derived from
nicotinic acid in wheat seeds cduring germination have been
investigated by Mukherji, Dey and Sircar (1968). They
identified the oxidised and reduced forms of both NAD and
NADP and followed their levels over a 5 days period, WNAD
reached a maximum after 24 hours, then declined progressively

whilst NADH accumulated, NADP rose rapidly for 48 hours and
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then more slowly up to 72 hours. After 72 hours, the level fell,
and it was suggested that the decline in NADP was related to the
increase in NADH, since NADP is dependent for its production

and maintenance on a relatively high NAD to NADH ratio.

Changes in nucleic acids during gefmihation provide
indirect cvidence for the involvement of free nucleotides,
For example, Vold and Sypherd (1968, 1968a) extracted total
amino-acyl transfer RNA from Wheat seedlings and determined
that quantitative chénges occurted, Qithin the different
species of t-RNA, during germination. Further evidence
involving nucleic acid metabolism in gefmination has been
presented by Cherry (1963), Chroboczek and Cherry (1965), and

Olsson and Boulter (1968).

Thus it appears that part, at least, of the full RNA
complement is produced during germination, probably by de novo

synthesis from stored precursors.

Evidence for the existence, in cotton seeds, of an
inactive form of m-RNA has been presented by Waters and Dure
(1966) , and by Chen, Sarid and Katchalski (1968) for
germinating wheat embryos. The latter workers found no new
m-RNA: synthesised during the first 24 hours of germination,
although there was marked protein synthesis, and concluded
that the pre-formed m-RNA is activated upon imbibition and

then supporis =2arly protein synthesis.

One of the earliest effects of imbibition is that
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reported by Spedding and Wilson (1968). Labelled Y-amino-
butyric acid and aspartic acid could be detected 5 min. after

soaking Sinapis alba seeds in tritiated water,

Q. Effects of Hormones on Nucleotide Metabolism.

The increase in respiratory activity in etiolated
pea seedlings, resulting from treatment with indoleacetic acid,
led Marre and Forti (1958) to investigate changes in ATP levels.
The amount of ATP in their materiél, waé es£imated by extracting
the adenine nucleotides and measuring the labile phosphorus
liberated on hydrolysis, Treatment with indoleacetic acid
significantly increased the fraction termed "high energy

phosphate" during the first 30 min., but thereafter the fraction

declined to almost control levels,

The effect of the growth substance 2,4-dichlorophenoxy-
acetic acid (2,4-D), and of GA, on phosphorus metabolism of
Trifolium spp. has been studied by Ormrod and Williams (1960) .

An increase in acid-soluble organic phosphorus and a decrease
in inorganic phosphorus was detected as early as 1 min. afier
application of 50/“9 of either substance was made to petioles and

stens, After 1 or 2 days, levels returned to normal,

Using soybean seeds and hypocotyls, Key and Hanson
(1961) showed that within 3 hours of treatment with 2,4-D,
ATP increased by about 45% without any corresponding decrease
in ADP or AMP, and again the effect was epbhermeral., Other

nucleotides isolated showed small increases after treatment,



25,

A deerease in ATF concentration, expressed as a
depression in the ATP to ADF ratio, has been shown after
treatment of oat coleoptile sections with indoleacetic acid,
naphthylacetic acid and 2,4-D. This again was a transitoxy
effect, the depression reaching its maximum after 10 min. and
returning to control levels after 4-6 hours (Trewavas, Johnston
and Crook, 1967)., UDPG showed increased labelling with 32p
in the presehce of indoleacetic acid, whereis this was

depressed with haphthiylacetic acid.

Endo and Yosizawa (1968) examined the effect of the
animal hormones oestrogen and progesterone, on the levels of
sugar nucleotides in rabbit uteri, Ovariectomised rabbits
were pretreated with hormone, their uteri removed, and
incubated wiith radicactive glucose. The levels of sugar
nucleotides were found to rise l.4 to 1,9 times that of
controls, whilst turnover rate was enhanced 5~ to 7-fold.
The authors suggest that the enzymes involved are strongly

activated by hormone treatment,

Bone cells, isoclated from the 20-day old rat foetus,
incorporated more labelled uridine in the presence of insulin
than in its absence. (Peck and Messinger, 1970), The
effect was maximal within 60 min. and thereafter declined to
control values by 4 hours. Radiocactivity was detected in
both the acid-soluble extract and RNA, and the time-~course for
the response was identical for each. - Fresh insulin,

administered again after 4 hours, induced another stimulation
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and it was concluded that the disappearance of the effect of the
first dose was due to an inactivation of the hormone,

No published reports have been found which describe

an effect of GA on free nuéleotides,

10. Sumnpax Ve

Considerable evidence is available that hormones
influence both protein anhd nucleic acid metabolism; although
the mechanism by which they do so is obscure., It is clear
that an investigation of the hormonal response ih any tissue
is jpeeatly aided if the tissue is a homogeneous one, Thus,
the response of the cereal aleurcne layer to the presence of
GA makes it an ideal system for a study of this kind., Phillips
(1968) has developed a method for the isolation of viable
wheat aleurone tissue in amounts up to 20 gm. at one time
and has described in detail the GA induced production of

cx -amylase by this material.

Much of the work carriecd out on the metabolism
of nucleic acids in cereal aleurone shows some contradiction,
Reports suggesting the presence of m-RNA in an inactive form
in allied tissues prior to hormone action, raise the question
of whether changes in RNA metabolism which are observed to
occur after the application of GA to aleurone tissue, are a
reflection of changes in nucleotidé precursor level, Furthermore,
the fact that in one instance Actinomycin D was shown to be
completely without effect on the GA-induced production of

cr -amylase raises serious doubtc about the participation
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of RNA metabolism in the GA response.

It was desired to investigate more fully the response
of cereal aleurone to GA to determine if a reproducible, as
well as biologically important, effect of the hormone could be
detected before 4 stimulation in the activity of oc -amylase
occurred. The latter cond{tion ;55 considered necessary
because it was ¢lehtr that ol -Atylise was syrthesised de.novo
in the presence of GA and as such represented the culmination
of a number of biochemical events, It was hoped that the
question of the participation of RNA metabolism could be
elucidated during the investigation, and that other facets

of the response might be revealed,

As free nucleotides participate as co-factors in
many biochemical reactions, and in addition, act as precursors
for the synthesis of nucleic acids, it appeared probable that
a study of these compounds would clarify some aspects of the
mode of action of GA, Accordingly, an investigation was
carried out to examine the effects of GA on the metabolism

of the free nucleotides of wheat aleurone tissue.



 MATERIALS AND METHODS

1. Plant Material

Wheat of the variety Olympic, kindly supplied by the
Victorian Department of Agriculture, was used throughout.
The grain was stored over a saturated solution of Ca C12,2
H,0 which was feported by Merry and Goddard (i941) to maintain
a relative himidity of 32% in the gas phase, Grain stored
in this manner had a moi;tute content of 10.3% Seeds were

bisected transversely and the embryo halves discarded,

2, Chemicals

The following solvents were re~distilled before use:
triethylamine, iso-butyric acid, ethanol, diethyl ether
(over FeSO, and CaO) and n-propancl (over KOH). Water

was distilled twice and de-ionised.

Nucleotides were purchased from P-L Biochemicals Inc.,
Milwaukee, Wisc,, U.S.A.; Actinomycin D from Mann Research
Laboratories, New York, N.Y.; Gibberellic acid from
Merck and Co. Inc., New Jersey, U.S.A. (97.4% Ghj); 32p

from the Australian Atomic Energy Commission, Sydney, Australia.

A1l other chemicals and solvents used were of

reagent grade.

Gibberellic acid was sterilised before use by
filtering through equipment supplied by the Millipoxe Filter

Corporation, Bedford, Massachusetts, U.S.A. (filter porosity

0.22/u),
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In experiments with 32?, olassware was treated with
Siliclad, a silicone preparation manufactured by Clay-Adams

Ince, New York, N,Y.

3. Preparation of Tissue

All equipment and water was sterilised before use by
autoclaving at 250°C and 15 1b pressure for 20 min, A
sterilising solution for the half-seeds was prepared by
suspending 5 gm calcium hypochlorite in 100 ml water, the
suspension shaken for 10 min, and theu filtered (Wilson, 1615),
The half-seeds were soaked in the filtrate for two hours,
rinsed ten times in water and then transferred to a 14 cm
petri dish containing & sheets of Whatman No, 1 filter paper
‘beneath a disc of fibre-~glass gauze, Sufficient water was
added to the petri dish to cover the filter paper, so that
aeration of the half-seeds was not impeded; the petri dish and
contents were then left for 24 hours in an incubator at 30°C

to allow the encosperm to talke up water and soften,

The techunique to separate the aleurone layer
(including testa and pericarp) from starchy endosperm was
developed by Phillips (1968), Prior to this, aleurone layers
were hand-peeled, making the preparation of relatively large
amounts of tissue a very tedious process., With the method
to be described, up to 16 ¢m fresh weight of aleurone tissue

can be isolated from the starchy endosperm in about 60 min,

After imbibition for 24 hours, the half-seeds were
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aseptically transferred to a glass jar (12 cm diam., and 24 cm
long) in a small cabinet, previously sterilised by vaporising
propylene glycol. A polyethylene bottle (sterilised with
70% ethanol) 17 cm long and 7 cm diam;; filled with sand to
a total weight of 1200 gm, was then placed in the jar, which,
after capping, was laid on two rollers driven by a small
electric motor, 30 ml of water was ihjected through a hole
in the cap and the jar rotated at 50 r.p.m. for 30 min, with

ah additional 10 ml aliquot of water injected every 5 min.

After this time, the contents of the jar were
transferred to a sieve supported in a Buchner funnel and
rinsed clean of adhering starch, The tissue was returned
to the jar, rolled for a further 7-8 min,, then the washing
repeated. The tissue was next sandwiched between two
layers of 12 sheets of Whatman No. 1 paper and one of fibre-
glass gauze in a 9 cm petri dish and, after excess moisture

had been taken uvp, weighed out for use,

4, Extraction of Nucleotides

The techniqie eventualliy adopted was a modification
of the methods used by Cole and Ross (1966), Isherwood and
Barrett (1967), and Jenner (1968). This involves acid
extraction in the cold, which appears to be essential to
inactivate phosphatases, followad by ion-exchange and paper
chromatography. Ethar.ol, althougn easier to remove than
acid, does no: inactivate phosphatases over the temperature

range of 4°C to boiling (Bieleski, 1964; Wiison and Harris,
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1966) . Thin layer chromatography, as described by Randerath
and Randerath (1964) for the separation of nucleotides on
polyethylene-imine cellulosé, ¢ould not be effectively used
with extracts of aleurone tissue; Reference to the use of
charcoal as an adsorbent for nutleotides can be found (Brown,
1962; Weinstein et 41, 1969}, biit experimentation with this
technique showed yields to be variable, the recovery depending
not only on the extracting medium used, but also on the base
moiety of the nucleotide.

The method used was as follows:

After treatment, the tissue was taken to a cold room
and all operations, unless otherwise stated, were carried
out at 4°¢, In early experiments, disintegration was achieved
by grinding in a Kontes all-glass power-driven homogeniser
with 5% (w/v) trichloroacetic acid containing 0.15% (w/v)
8-hydroxyquinolene. Subsequently, the use of an Ultra-
Turrax high~speed blender increased efficiency and shortened the
time taken for disintegration from 3-4 min. to 30 sec. with
no discernable alteration in the amounts of nucleotides extracted,
Where the power-driven all-glass homogeniser was used, the
ground tissue was transferred, with rinsings, to an 80 ml
centrifuge tube whilst with the Ulura-Turrax, the tissue was

disintegrated directly in the centrifuge tube.

Each extract was left to stand for 15 min, and an
mqual volume of a solution of chioroform and iso-amyl alcohol

(24:10 v/v) then added. After shaking vigowousiy, the
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mixture was centrifuged at 4000 r.p.m. for 5 min. (Sevag,
Lacknan and Smolens, 1938), The mixture became biphasic,

with the cell debris at the interface. The upper aqueous
layer was transferred to twice its volume of diethyl ether,
shaken, allowed to settle and the aqueous phase again extracted
with twice its volume of ether, The cell debris was washed
three times with small portions of water, the washings
extracted with ether and finally added to the bulk of the

extract.,

A method (Warner and Finamore, 1967) for the removal
of trichloroacetic acid with trioctylamine in chloroform was

examined, but poor recoveries of nucleotides were obtained.

4(a) Preparative Column Chromatography

To remove much of the non-nucleotide material, the
acid extract was passed through columns of cation- and
anion-exchange media. Initially, the cation exchanger
used was Dowex AG 50 W-X8, 200-400 mesh in the hydrogen
form, but as about 50% of the total NAD was irreversibly
adsorbed on the resin, a powdered cellulose (Whatman P11)

Runroim .
was later used instead. The eatiem-exchange medium was DEAE

cellulose (Whatman DE1ll).

The cellulose cxchange wateriais were prepaied for
usec as recommended in Whatman Technical Bulletin C5. Coaxae
and fine particles were fitrst removed, then thz exchanger
washed in acid ard alkali and finally water until the effluent
was neutral, Whatman Pil was stored and used in the hydrogen

form, while Whatman DEli was stored in the hydroxyl form and
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converted to bicarbonate just before use by washing with 15%

KHCO3 and then water until neutral.

The aqueous layer, after ether extraction, was
passed down a column of cation-exchange material (0.6 meq.) and
washed through with 12-15 bed volumes of water. The eluate
was adjusted to pH 4.6 (indicator paper) with 2M ammonium
hydroxide, extracted with an efual volume of diethyl ether
and passéd down a column of Whatisn DE1l (2.5 meq). The
ether was washed with a small Yolume of water, which was also
passed through the column, then the éolumn was washed with
abolt 10 bed volumes of water.

Finally, the nucleotides were eluted off with 6 bed
volumes of 0.5M triethylammonium bicarbonate at pH 7.4

(Porath ’ 1955) o

4(b) Preparative Paper Chromatography

The effluent from the DEAE cellulose columns was
evaporated to dryness in vacuo at a temperature not exceeding
30°C, transferred in a small volume of 20% ethanol to a 25 ml
flask, again dried, and applied as a thin band 20 cm long
onto acid-washed Whatman 3MM paper., At first, the procedure
described by Bieleski and Young (i?63) was used for washing
the paper. However, 0.iM oxalic acid appeared to permit
better and more consisteznt resolution thzn 0,014 EDTA, pH 8,

in the subsequent chromatography.

Many different solvents were “tested for “heir

suitability at this ctage of the procedure, and the one
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which allowed further chromatography to give successful
separations was adapted from that used by Isherwood and Barrett
(1967) . This was n-propanol : ammonia : water : 0,2M EDTA ::
72.5 : 0.1 : 27.3 : 0,1 (v/v/v/v)., However, in this form

the solvent reduced the yield of UDFG by 27%. When adjusted
to pH 7.0 with acetic acid, it WAS just as effective as in the

original form but without deleterious effect on UDPG.

The extract was developed in this solvent for 16
hours, the U~V absorbing bands cut from the paper and soaked in
absolute ethanol for 2-3 min. to remove excess ammonium
acetate, The paper strips were then eluted with water, and

the uluate taken to drymess.

4(c) Two-Dimensional Paper Chromatography

The combination of paper chromatography and
electrophoresis employed by Jenner (1968) did not successfully
separate the nucleotides, largely because residual non-

nucleotide material interfered with the electrophoresis,

The combination found most effective was iso-butyric
acid : ammonia : water (57 : 4 : 39 v/v/v) followed by 95%
ethanol : JM aumonium acetate pH 7.5, C.0iM with respest to
EDTA (70:30 v/v). The first solve~t was developed by Pabst
Laboratories (P-L Biochemicals Circular OR-10); the second
is A modification by Pabs% Laboratories of a solvent

developed by Paladiri and Leloir (1952)

The eluate from the preparative chromatogram was

spotted onto Whatman No, 1 paper as a band &6 cm long and
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developed for 24 hours in tﬁe iso-butyric acid solvent.
Ammonium isobutyrate was remioved either by handing the papers
over a steam-bath for about 2 hours (this had no effect on
nucleotide recovery), or by exposing them to a strong flow of

air for 24 hours or longer.

The resolved bands of nucleotides were compressed
by running water along the paper by capillaty'action from
both ends in a difection at right angles to the flow of the
previous solvent (Wade and Morgan, 1955): After drying,
the paper was developed in the ethanol-ammonium acetate

system for about 20 hours,

Nucleotides were located by ulttra-violet light
(Miﬁe;alight Uitra-ViBlét Ptoducts, Iné,; California,
254 9»)0 cut ftom the papet hnhd eluted in 0,01 N HC1 for a
minimum of 4 hours. Three blank areas of about the same
size as the nucleotides were removed from each chromatogram
and similarly eluted, Optical densities were measured,
in 1 ocm quartz cells, at 260 and 296 ey for the adenine
and uracil series, and at 260 and 320 3p for the guanine

and cytosine series.

Correction for the absorbance of the blanks was made

as follows:

Ez6o(b1ank)
E
296(b1ank)J

5260 (corr.) = E260 (sample) = # B,o¢ sample x
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where,

5260 (corx.) = corrected absorbance of sample at 260 ﬂ?'
5260 (sample)= recorded absorbance of sample at 260 ﬂy.
5296 (sample)= recorded absorbance of sample at 296 ey.
5260 (blank) = recorded absorbance of blank at 260 Q?.

5296 (blank) = recorded absorbance of blank at 296 9n.
(For the guanine and cytosine seties substitute 320 for 296).

The amount of each hucleotide was estimated, by means
of its extinction coefficient, from the corrected absorbance
at 260 mpa e The extinction coefficients used were

(x10-3) -

ATP 14,3 UTP 9.9
ADP 14,5 UDP 9,9
CTP 6.0 UDPG 9.9
GIP 11.8 NAD 17.8

(Bock, Nan-Sing, Morell and Lipton, 1956).

5. Determination of o -amylase

The method used to assay c¢: -~amylase prodnction is a
slightly modified version of the technique reported by
Filner and Varner (1967). It is basad on the enzymic
degradation of starch, the course of the reaction beirng
followed by measuring the decreasing intensity of the colour
of the Llue starch-iodine complex.

Starch was prepared by boiiing, for L mia., & 0,15%

suspension of native potato starch in 100 ml oxX 0,04M
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KH2P04 in 1 =M calcium acetate, After cooling, the
denatured amylopectin was centrifuged off, and the super-

natent of crude amylose used for the assay,

IKI indicator solution was made by dissolving 1.016 gm
KI and 0,1016 gm 12 in 100 ml water. This was stored in

the dark and, prior to use, diluted 10-fold with water.

After treatment, both the surrounding medium and the
tissue were assayed for the presence of o «amylase; An
aliquot of the medium was tixed with an equal volume of
0.01IM calcium acetate and the volume then madé up to a
standard amount with 0.005 M cilc¢ium acetate;, Tissue was
ringed in cold water, ground with eithet an allsglass
homogeniser or an Ultra-Turtax high-speed blender in
0.,005M calcium aéetaté; centrifuged at 5000 r.p.m. for 10 min,

and the supérnatant decantedi

The ¢rude enzyme preparations from both tissue and

anbienht solutioh were next heated to 70°C for 20 min. to

inactivate /5 -amylase, cooled, and centrifuged at 5000 r.p.m.

for 10 min, (Kneen, Sandstedt and Hollenbeck, 1943).

To assay c: -amylagse, an aliquot of the enzyme
preparation was added to an equal volume of starch substrate, -
then at intervals, 1 ml of this mixture was added to 1 ml of
dilute IXKI soiution. After diluting to 5 ml with water,
the optical density was measured in a Unicam spectrophotoneter

in 1 cm glass cells at 020 myo When necessary, the
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enzyme preparations were diluted with 0.005M calcium acetate

to slow down the reaction rate to workable levels. All
solutions, including the reaction mixture, were held at

30°C, the optimum for o« -amylase activity (Paleg, 1961).

Zexro time samples were prepared by adding 0.5 ml
enzyme to 1 ml of IKI; then adding 0:5 ml staréh and diluting
to 5 ml. . The spectrophotometer blank was obtained by

addiﬂg 045 ml enzyme to 1 ml IKI and making to 5 ml.

The data were expressed as percentages of the zero
time sample, and enzymic activity was then calculated by
taking the reciptocal of the time to zeach 50% of the
original colour irtensity, multiplying by any dilution made,
and expressing this as Starch-Iodine Colour (SIC) units
per gm wet weight of tissue (Sandstedt, Kneen and Blish,

1939; Briggs, 1962; Briggs, 1967).

6. Starch Determinations on Aleurone Tissue

After extraction with trichloroacetic acid, the residue
was washed in ethanol, air-dried and finely ground with a
mortar and pestle. In some cases, the determination was
made on oven=dried material which was subsequently ground

in a power-driven all-glass homogeniser,

50-250 mgm of material was heated at 100°C in 4 ml
water for 15 min., cooled, and 3 ml 72% perchloric acid
added slowly with agitation (Pucher, Leavenworth and
Vickery, 1948). The mixture was incubated at 25°C, stirring

occasionally, for 20 min, 20 ml water were then added,
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mixed and centrifuged, The supernatent was decanted and

the residue re-extracted as above, the two extractions
being bulked together and the final volume made to 50 ml.
This was again centrifuged and the supernatent stored in

the cold for up to 48 hours.,

Aliquots were taken, and made to 10 ml before adding
5 m)l of 20% aqueous NaCl and 2 ml of IKI solution (7.5 gm
{odine and 7.5 gm KI; ground with 150 ml water, made to

250 ml and filtered).

Aftér mixing,; the solntion was left for at least
30 min, to precipitaté starch, then centrifuged and decanted
catefully, The precipitate was suspended i# 5 ml ethanolic
NaCl (350 ml ethanol, 80 ml water, 50 ml 20% aqueous NaCl,
diluted to 500 ml with water), centrifuged and the precipitate
washed with 5 ml ethanolic NaOH (350 ml ethanol, 100 ml water,
25 ml of SSNaOH, diluted to 500 ml with water and filteored).
The colour was discharged, with centle shaking, the precipitate
centrifuged, suspended in § ml ethanolic NaCl and after
centrifuging, dissolved in 2 ml 0.5 N NaOH with a little
warming (McCready and Hassid, 1943). The solution was made
slightly acid with 6 N HC1l and the glucose content determined
by the anthrone method. The amount of starch was calculated
from the optical density by using the mass extinction

coefficient obdained for glucose and multipiying by a factoxr

of 0,90 (McCready, Guggolz, Silviera and Owens, i950).
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7. Estimation of Fhosphate

Two different procedures were followed in assaying for
phosphorus :=

(a) Inorganic phosphorus was measured after formation
of the phosphomolybdate complex; and development of the blue
colour by reduction with stannousg chloride; Total phosphate
was estimated after digestion with sulphuric and perchlotic
acids (Martin and Doty, 1949; Weil-Malherbe and Green,

1951; Martin and Morton, 1956).

(b) Inoxrganic phosphorus was piecipitated from
solution as the calcium salt and estimated as the
vanadomolybdophosphate; Total phosphate was measured
following digestion with sulphuric acid and hydrogen peroxide
(Lipmann and Tuttle, 19443 Bartlett, 1959; Parvin and

SMith’ 1969) 4

The details of the procedures are as follows:-

(a) Tissue to be assayed for inovganic phosphorus

was first deproteinised with silicotungstic acid at 4C

(3.88 gm sodium metasilicaie. 4 H_ O and 79.4 gm sodium

2
tungstate, 2 H20 dissolved in 500 m) water; after adding

15 ml cone. H2304, the mixture was boiled for 5 hours,

cooled and diluted to 1 litre). 2 gm of tissue were
homogenised with an Ultra-Turrax, in 7,5 ml water, 3 ml
silico~tungstic acid and 2 ml 5% acid ammonium molybdate

(5% ammonium molybdate, 4 H,O in &4 N HZSO4). 20 = of

2

iso=-butanol were added to the homogenate, blended in with
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the Ultra-Turrax and the resultant mixture centrifuged at

5000 r.,p.m. for 10 min, 5 ml of the upper layer of iso-
butanol was removed, 5 ml of freshly prepared acidified
ethanol added (10 ml couc, H2804 and 490 m} abs, ethanol),

and then, within 10 min., 0.2 ml of dilute stannous chloride
reagent added (10 gm stannous chloride in 25 ml conc. HCl,
diluted 40-<fold with N HC1 just before use). The optical
density at 730 my was measured in 1 om cells in a Unicam

spectrophotometzr within 15 min,

Samples for total phosphate were digested on a hot
plate at 150-160°C with 0.5 ml of 10 N H,SO, and two drops
of 70% perchloric acid, until quite clear, Following
digestion, the samples were neutralised with 2 N NaCOH,
using p -nitrophenol as indicator, then back=titrated
until just acid, After adjusting the volumes to the same
level with water, 6 ml iso-hutanol and 1 ml acid molybdate
reagent were added, the mixture shaken for 15 szc. and the
layers allowed to separate,35 ml of the upper iso-butanol
layer was removed and treated as described abeve.

(b) 2 gm of tissue was !lomogenised at 4°c in 5 ml of
5% trichloroacetic acid, centrifuged, and 0.5 ml aliquots
of the supernatant taken for estimation of Pi. To these
were added 1 drop of thymol blue indicator, and the extract
rapidly brought to pH 8 with neutralising solution (100 ml

conc. ammonia, 40 ml glacial acetic acid made to i litre

with water, then 100 ml of 0.4M sodium bicarbonate added).
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2.5 ml of ethanolic calcium chloride (3.3% anhydrous CaCl,

in 33% ethanol) were immediately added and mixed. The
precipitate was centrifuged for 5 min. at 4000 r,p.m.,
washed with 2 ml of ethanolic CaCl2 and re~centrifuged.
Finally, the precipitate was dissolved in 0.5 ml of 0.5 N
HC1l, made to 10 ml with water, and aliquots taken to

éstimate Pi.

Since the precipitate also contained the Ca saifs of
phosphate esters, it was stored in the cold and dissolved in
acid just before the estimation, The yield of prepared
solutions of P, was quantitative, and P, added to tissue

prior to extraction gave 92% recovery,

Aliqﬁots containing 1—10‘yg Pi were made to 2 ml with
water, 4 ml of n-butanol were added, then 2 ml of the
vanadomolybdate reagent {14 ml 10 N HC1l, 10 ml 0,234%
ammonium metavahadate and 20 ml 3.53% ammonitm molybdate
diluted to 1 litre witin water). The mixture was stirred
on a Vortex mixer for 10 secs., the two phases allowed to
separate, and the opical density o the upper n-butanol

layer measured at 310 ?u in 1 cm quar<z cells.

Measurement of total acid-soluble phosphorus was made
by hydrolysing 0.5 ml portions of the TCA extract with 0.5 ml
of 10 N H,S0, at 150-160°C for at least 3 hours. After this,
2 drops of 304 H202 were added and the samples retuxned to the
oven for a further 12 hours. After cooling, and diluting to

40 ml. aliquots were taken for determination of Pi by

vanadomolybdate,
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8. Detection of Phosphate Esters on Faper

Developed chromatograms were dipped in a reagent made
by mixing 8 ml 60% perchloric¢ acid, 5 ml 20% (w/v) ammonium
ﬁolybdate, 10 m1'N HC1 and 80 mi acetone. After drying, .
papers were exposed to ultra-violet light for a few minutes
to develop the blue complex. To fix the ¢olour and reduce
background, the papers were dipped in a solution of 2.%%

(w/v) benzoin oc ~oxime in methanol (Harrap, 1960).

9, Sugar Determinations

For solutions having a range of 10-100‘79 glucose/ml
the anthrone method of McCready, Guggolz, Silviera and
Owens (1950) was used, The anthrone reagent was prepared
by dissolving 0,2 gm anthrone in 100 ml sto4 (2 litres

conc. H,SO and 400 ml water)., 5 ml of anthrone reagent

4
was placed in a test tube held in an ice bath and 1 ml of
the sample slowly layercd on top. When all the samples
had been prepared, they were mixed rapidly one at a time
and placed in a boiling water bath for 10 min. After

cooling, the optical density was measured in 1 cm glass

cuvetizss, at 625 ?p.

For samples over the range l-lO‘?g glucose per ml
the more sensitive test described by Guinn (1967) was used.
1 ml of sample was mixed with 1 ml ferricyanide (0.5 gm
potassium ferricyanide/litre water) and 1 mi carbonate-
cyanide (5.3 gmn sodium carbonate and .65 gm potassium

cyanide/litre water), and heated on a boiling water bath
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for 15 min, After cooling, 5 m}l of ferric reagent (1.5 gm

ferric ammonium sulphate and 1,0 gm sbdium lauryl sulphate/
litre of 0,05 N H2504) was added and the optical density

measured in 1 cm glass cuvettes: at 680 ’7 after 15 min,

10, Detection of Sugars oun Paper

Fapers were dipped in a solution of 2 gm silver nitrate,
20 ml water and acetone to 1 litre. After drying, they
were dipped in a solution of 5 gm NaOH dissolved in 25 ml
water and made to 250 ml with ethanol, To fix the
developed papers, they were immersed,'after drying, in a
solution of 100 gm sodium thiosulphate, 15 gm sodium
metabisulphite and water to 1 1litre, then washed in water
for 2 hours., This technique is modified from Anet and

Reynolds (1954).

1l. Jdentification of Nucleotides

The absorption spectra in 0.01 N HC1 (pH2) were
determined in a recording spectrophotometer, and compared
with the spectra published in P-L Biochemicals Circular

OR-10 (1956).

RF valves were compared against authentic nucleotides
in the following solvent systems:
(1) Iso-butyric acid : ammonia : water (66:1:33
v/v/v)
(ii) TIso-butyric acid : ammonia : water (57:4:39
v/v/v)
(iii) 95% ethanol : 1M ammonium acetate pH 7,5 0.0IM

in EDTA (70:30 v/v),
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(iv) 95% ethanol : 1M ammonium acetate pH 3.8 0.01M

in EDTA (70:30 v/v).
(v) n-butanol : acetic acid : water (50:20:30 v/v/v)
(vi) Electrophoresis for 60 min, in 0,05M citrate
buffer (tris, pH4.8) at 30 v/em,
(Solvents (i)-(iv) are described in F-L Biochemicals

Circular OR-10; (v) Smith (1960); (vi) Jennex (1968)).

Co-chromatography was dohe by adding mixtutes of
authentic nucleotides to aleutore tissue before extraction,
and the extracts separated in the two dimensional combinations

of solvents (ii) and (vi), and (ii) and (iii) listed above.

Hydrolysis of hucleotides was carried out either by the
method of Wyatt (1951) with 98% formic acid in sealed tubes
held at 175°C for 30 min., or by heating at 100°C in N HC1
for 60 mih, (Amos and Korm, 1988). The former method
hydrolyses all tucleotides to their corresponding bases,
while the latter yields guanine, adenine, cytidylic acid
and uridylic acid, The hyd:olysis products were run in
9% iso-propanol : conc, HC1l (65:17,4 made to 100 ml with

water) against authentic markers for identification(Wyatt, 1951).

Ultra-violet absorbing compounds indistinguishable
from uridine diphosphate glucose by the method desc: ’bed
above were hydrolysed at pH2 for 15 min, at 100°¢ (Caputto
et al, 1950). The hydrolysate was passed through Amberlite
IR-120 (H+) and IR 4-B (OH™) resins, the effluent evaporated

to dryness, and developed in ethyl acetate : pyridine : water
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(10:4:3 v/v/v) for 18 hours on Whatman No. 1 paper, With

the aid of markers of authentic sugars, the sugar-containing areas
were cut from the paper, eluted with water and estimated by the

anthrone method (Jenner, 1968).

12, Photography and Autoradiogtaphy

U~V absorbing regions on paper chromatograms were
photographed by passing U~V 1light through the papers onto
Ilford Reflex Contact Docuﬁeﬁi papet, the document paper
was then developed and fixed with commercial reagents

(Markham and Smith, 1949)

Autoradiographs were prepared by fastenihg chromatograms
to Kodak Envelope-Packed X+Ray film, leaving for several Hhours,

then developing and fixing the film with commercial reagents.

13, Detection of Radiocactivity

Radioactive samples wetre eithet plated onto copper
planéhets and counted in a Nuclear-Chicago Planchet counter,
or mixed with scintillation fiuid (Kennedy, 1969) and
counted on a Packard Tri-Carb scintillation counter. ©On
one occasion, samples of tissue were loaded onto copper
planchets and counted in an Bcko scaler connected to a

Geiger-Mueller tube,
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RESULTS

1. Isolation of Wheat Aleurone Tissue

The aleurone layer from barley has been extensively
used in studies of the stimulation of enzyme production by
gibberellic acid. To remove this layer from the starchy
endosperm, it is necessary to first soften the half-seeds,

a process requiring 3 days imbibition of water, The tissue
is then peeled from the endospetm by hand, The preparation
of large samples of homogeneous material from barley is thus
lengthy and laborious, Phillips (1968) overcame these
difficulties by using wheat, which requires only 26 hours
imbibition, ahd by separating the aleurohe from the starchy
endosperm by methanical means; In this way she was able

to isolate 16-20 gm tissue from sterilised, imbibed half-
seeds, in about 45 mih, and atcordingly, her methods have

been used here,

2, Residual Starch adhering to Isolated Tissue

Some starchy endospdtm remains attached to the
isolated aleurone tissue. This residual contamination was
determined, as described under "Materials and Methods", as
being 56% of the total dry weight after 30 min, of the
isolation procedure and 15% after a further 7-8 min, (average
of duplicate results), The latter value is somewhat higher

than the figure of 9% obtained by Phillips (1968).

3. Conditions of Sterility

The procedure used to minimise microbial contamination

is described under "Materials and Methods", and is the
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same as used by rhillips (1968), She found that bacterial
and fungal colonies were almost completely absent even 36
hours after the isolation of the tissue, Since most
incubations in this present study were limited to 6-7 hours,

no further precautions were taken,

4, Reproducibility of Isolation Procedure

The ratio of fresh weight to dry weight of the isolated
tissue affords some measure of the reproducibility of the
isolation procedure, This ratio, over three separate
occasions, varied from 3.9 to 4.1 which is in good agreement

with the results that Phillips (1968) obtained,

5. The Production of or ~amylase by Isolated Aleurone
in Response to_Diifferent Concentrations of GA.

Samples of aleurone tissue (2 gm in each) were
weighed into 9 cm petri dishes, 7 ml of solution added, and
incubated at 30°C. After 24 hours, the tissue and ambient
solution were assayed separately for cc ~anylase and the
results are shown in Table 1,

The amounts of cc-amylase synthesised are linearly
related to the logarithm of the concentration of GA up to a
Jevel of about 10 )xgﬁnl. Above 100 )ag/ml the production

of enzyme apparently declines, (Fig 2).



Fig. 2,
The production of oc-amylase by wheat aleurone in
response to difrferent concentrations of GA, Tissue
was treated immediatély after isolation and enzyme

activity measured 24 hours later,
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Table 1

Production of o¢ -amylase by wheat aleurone tissue in response
to different concentrations of GA. Time of incubation: 24
hours. Enzyme activity: starch-iodine-colour units per gm
of tissue (fresh weight). (Average of two determiuations),

Concentra- Ratio of oc ~amylase
tion of GA o -amylase activity activity in
pg/ml Ambient Tissue Total ambient to tissue
o 0i2 0.8 1.0 0.25
0.001 2.6 6.3 8.9 0.41
0.0l 12,6 12,0 24.6 1,05
0.1 40,7 22.8 63.5 1.78
1 69.0 30.8 99.8 2,24
10 87.0 37.6 124 .6 2.31
100 652 35.6 100.8 1.83
500 45.1 23.6 68,7 1,91

The ratio of the amount of enzyme in the ambient
solution to that in the tiksue also increases with concens
iration of GA up to about 1‘?g/h1; Above *his, there is

little further change,

Adcordingly, & concentration of loolyg/ml was used in
all further experiments as at that level it could be assumed

that the hormone was not limiting,

6. The Identity of U-V Absorbing Compounds isolated from
Wheat Aleuroue

The U~V absorbing compounds separated by paper
chromatography in two dimensions with iso-butyric acid:
ammonia: water (57:4:39 v/v/v) and 95% ethanol: IM ammonium
acetate pH7.5 (0.01M in EDTA) (7:3 v/v) respectively, can

be seen from Fig.3. Nine major U-V absorbing areas are



Fig. 3.

U-V photograph of two-dimensional chromatogram
Solvent 1 : iso~butyric acid : ammonia : water
(57 + 4 : 39 v/v/v).

Solvent 1l: 05% ethanol : IM ammonium acetate

pH 7.5 (0.01 M in EDTA) (7:3 v/v).
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clearly discernable. These were eluted in 0,01 N HC1l
(pH2) and their absorbance measured at wavelengths of

260,296, and 320 nm in 1 cm quartz cuvettes.

Two of the major components had a ratio of absorbance
at 260 to 296 nm of 0,88-0,96, a value too high to be
characteristic of nucleotides. These migrated to positions

with R, 0,37 and 0,60 in the iso-butyric acid solvent,

F

and R, 2.26 and 1,27 respectively in the ethanol-ammonium

M
acetate system, (Compounds A and B in Fig.3). The
absorption spectra of the other secven compounds were determined
with a Unicam SP 800 recording spectrophotometer and the wave-
lengths of maximum absorption, together with relative
chromatographic mobilities, are shown in Table 2,

Table 2
Wavelengtlis of maximum absorbance, and relative chromatographic

mobilities of several of the U-V absorbing compounds exttacted
from wheat aleurone tissue.

*
RF RAMF# Wavelength of

Conw Iso-butytrie acid: Ethanol:Ammon. max. absorbance
pound ammonia:water acetate pH7.5 nm

ADP 0.56 0.65 258

ATP 0.48 0.44 257 -~ 258
CTP 0.39 0.56 280

GIF 0.22 0.39 255 - 256
UTP 0.24 0.70 262

UDPG 0.28 1.75 262 -~ 263
NAD 0,62 0,95 256 - 258

*Mobility relative to solvent fromt,

+Mobility relative to AMP,
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Six or seven additional U-V absorbing areas can be
seen in Fig. 3, but these were too weakly absorbing to be

measured accurately. One of these, with R_ and RA of

F MP

0.31 and 0.94 respectively, corresponded to UDP, (Compound C

in Fig 3). Another, with mobilities of 0.33 and 0.57 in the
two solvent systems. corresponded to GDP, (Compound D in

Fig.3 ). These minor components were always present in

small amounts and were not oSSefved to change to any detectable
degree by the treatments subsequently applied to the tissue,

The following nucleotides were not detected: ANMF, UMP, CDP,

CMP, GMP, CDFG, ADPG; GDPG, NADP,

One substance, which migrated with R 0.47 in iso-
butyric acid:ammotiia and Rymp 1-27 in ethanol :ammonium
acetate, gave & light-blue fluorescence undetr U-V light
(Compound E in Fig.3). Other fluorescent material was confined

mainly to the origins of the chromatograms.

Six of the seveh mos$t abundant compounds shown in
Table 2 were further characterised by acid hydrolysis atid
identification of thae bases liberated. The methods and

results are described in Table 3,
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Table 3

Base analysis of U~V absorbing ccmpounds, Hydrolysis was
cargied out with 98% formic acid in sea%ed tubes heated at
175°C for 30 min., or with N HC1 at 100 C for 60 min.

The hydrolysates were developed in iso-propanol:HCl using
authentic bases and nucleotides as markers. The percen-
tage recovery after hydrolysis in N HCl is given,

Method of hydrolysis Per cent
Compound 98% formic acid N HC1 recovery
ADP adenine adenine S
ATP adenine adenine 88

(trace of cytosine)

CcIP cytosine CMP 93
(trace of adenine)

GTIP guanine guanine 84

uTPp uracil UMP 86

UDFG uracil umMp 85

Traces of adenine weére found in hydrolysates from
CTP, and of cytosinz from ATP indicating that these
compounds were not completely separated. The absorbance
of ATP at 296 nm was about 5% of that at 260 nm, Since,
at these two wavelengths, the extinction value of CTP is
very nearly equal, it was assumed that the contamination
of ATP by CTP amounted to approximately S%. No ccrrection

was made for this in the levels of either nucleotide.

The compound resembling UDPG was subjected to mild
acid hydrolysis, followed by paper chromatography of the
neutral fractiom, Four reducing substances were separated,
with mobilities identical to giucose, fructose, galactose and
xylose, The molar ratio of these substances was 1.00:

0.44:0.44:0,38 respectively, and the molar ratio of UDP



83,
to total reducing substance was 1,00:0.94. The recovery of

reducing compounds was 90%.

A minor U-V absorbing component, (Compound F in
Fig.3), which appears at Re 0.32 in iso-butyric acid:ammonia

and RAM 2.08 in ethanol:ammonium acetate was also subjected

F
to mild acid hydrolysis, Chromatography of the neutral
fraction revealed reducing substances with mobilities
identical to glucose and fructose. These were present in
the molar ratio 1,0 to 3,2 respectively. A compound
corresponding to UMP was identified after hydrolysis of
this component in N HCl, The molar proportion cf UDP to

total reducing substance was 1,0 to 2.5 respectively.

Authentic nucleotides, corresponding to the compounds
shown in Table 2, were added to aleurone tissue which was then
extracted for free nucleotides, The final chromatogram was
compared to one derived from tissue without such addition,
and the pattern of UV absorbing areas was found to be

identical in each case.

The relative mobilities of the seven most abundant
compounds were examined in a total of 7 different
chromatographic systems (sce "Materials and Methods").

In each case the Rf value of the compound, and an authentic
sample of the compound it was presumed to be, corresponded

closely,

7. The Recovery of Authentic Nucleotides

An aliquot of authentic nucleotides was added to one
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of two otherwise identical batches of aleurone tissue. Both

lots of tissue were then extracted for free nucleotides.
Another aliquot of the authentic mixture, equal to that added
to the tissue, was developed in the 2-dimensional system of
paper chromatography used for the tissue extracts. The U~V
absorbing compounds corresponding to the added nucleotides
were eluted from the three papers ancd measured, The
recoveries, calculated by difference, are shown in Table 4,
where it is clear that

Table 4
Per cent recovery of authentic nucleotides added to wheat

aleurone tissue before extraction of the tissue for free
nucleotides.

ATP  96* uUtP  96° CTP o* orr 86"

ADP 98° UDP & COP 96 GP 82

AMP 95 UMP 93 cMp . GMP 96
UDPG  85* NADi 67

.Avotage of duplicate determinations

CMP and NAD were not separated from each other in the
solvent system used, viz. iso-butyric acid : ammonia : water
(8714 :39 v/v/v) followed by 95% ethanol: IM ammonium acetate
pH 7.5 (0.01M in EDTA) (7:3 v/v).
for most nucleotides more than 90% of the amount added was

subsequently recovered,

No corrections, on the basis of the recovery data,

have been made on subsequent measurements,

8. The Level of Free Nucleotides in Residual Starch,
Since about 1%% of the dry matter of isolated
aleurone layers consisted of starch, it was necessacy to

deternine how much nucleotide the starchy material contained.
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Samples of tissue were removed after half-seads had

been rolled for 30 min., and again after a further 4 min,
These were analysed for dry weight, starch content and

nucleotide level.

In Table 5 it is clear that the sample with the
greater amount of starch has the smaller amount of nucleotide.
To calculate the weight of aleurone in each sample; the
assumption was made that starch accounts for 80.9% of the
total weight of the endosperm (Shetlar, Rankin, Lyman and
France, 19¢7)i The estimated weight of endosperm was
subtracted from the total weight of the sample, aud the
amounts of each nucleotide are expressed in Table 6 on the
basis of the weight of aleurone alone. From these data
it is concluded that the vast majority, if not all of the
nucleotides are derived from the aleurome and essentially
none from the adhering endosperm.

Table 5

Dry weight and nucleotide level of aleurone tissue prepared
with different levels of residual starch.

Sample
A B

Dry weight (gm) 1.545 1.140

Starch content (gm) 0,828 0,320
Level of nucleotide

(nmoles/sample) ATP 141 194

ADP 14 16

CTP 20 24

GTP 17 27

UTP 48 82

UDrG 148 197
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Table 6
Nucleotide levels from Table S adjusted on the basis of

equal weight of aleurcne in each sample. (mmoles/gm)
dry weight of aleurone).

Nucleotide Sampie
A B

ATP 271 262
ADP 27 22
CTP 38 32
GIP 33 36
UTP 02 111
UDFPG 284 266

Total 745 729

Q. Changes in the levels of Free Nucleotides in response
to Gibberellic Acid

Aleurone tissue was isolated and weighed into three
portions, each of 4 gm, One of these was extracted
immediately for free nucleotides, and the other two were
incubated with either 10 ml of water or GA in 9 cm petri-

dishes at 3oqc, and then also extracted.

As only sufficient material for three samples could
be prepared at one time, separate experiments were done
for each time of incubation, The results are shown in

Table 7,

Since 4 gm fresh weight of tissue were used for the
determinations, and the ¢ry weight is 25% of the fresh weight,
the values correspond approximately to nmoles pe&: gm dry
weight of tissue. Each experiment was repeated three times,
thus the mean values for the zero time contirol, representing

the nucleotide status of the tissue immediately after
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isolation, are the average of 18 separate measurements. Values
for NAD have been omitted because of poor recoveries from the

cation exchange resin column (see "Materials and Methods").

Reference to Table 7 shows that 88% of the nucleotides
measured contain the bases adenine and uracil. ATP and
UDPG are the most abundant individual components and together
account for 72% of the total. The molar proportions of the
four nucleoside triphosphates, £TP, UTP, GIP and CTP are
1.00:0.33:0.16:0.16 respectively and the molar ratio of ATP
to ADP is approximately 11 to 1. No AMP was detected at

any stage in the experiment,

The experimental data, given in Appendix 1, were
analysed by non-parametric statistics using the Mann-Whitney

U test. The significant effects, (S% level) are described below.

During the first two hours, the levels of UDPG in
both water- and GA-treated tissue are depressed below those
of the control. Initially, both treatments fall at the
same rate, However, after the first hour, the level with
GA falls more rapidly and by 2 hours has reached a lower value
than the water-treated tissue, 3oth treatments rise to
control levels by 3 hours and remain relatively unchanged until
15 hours. At this time, the level with GA rises above the
corresponding value for water, The effect is transient and

disappears by 24 hours.

The level of UTP in tissue treated with water rises
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Table 7.

Time-course of changes in the levels of free nucleotides of wheat aleurone tissue in response
to GA, Concentration of GA: looépg/hl. Nucleotide levels, expressed as nanomoies per 4 gr.
fresh weight, are means of triplidate values (c.f. Appendix table 1). Values in parentheses

are the levels relative to the control as 100.

Nucleo~

Treat-

Time of incubation (Hrs.)

tide ment 8' 1 2 3 6 15 24
ATF Control 218 209 246 209 227 205 214
-GA 214(102) 225(91) 192(92) 229(101) 211(103) 208(97)
+GA 195(93) 213(86) 188(90) 230(101) 225(110) 249(116)
ADP Contrecl 20 20 18 27 17 19 21
~GA 21(105) 27(150) 32(118) 20(118) 18(95) 18{86)
+GA 20( 100) 25(139) 31(115) 23(135) 21(110) 17(81)
UDPG Contrcl 204 219 254 181 - 173 203 166
-GA 183(84) 178(70) 157(87) 200(116) 206(101) 218(11l1)
+GA 172(78) 163(64) 147(Bl) 214(124) 253(125) 236(120)
UTP Control 72 80 93 64 59 60 75
-GA 100(125) 121(130) 82(128) 83(141) 86(143) 66(88)
+GA 96(120) 129(139) 85(133) 97(164) 88(147) 119(159)
GIP Control 3a 30 30 34 42 a3 33
-GA 35(117) 30(100) 30(8E) 42(100) 31(94) 37(112)
+GA 32(107) 29(97) 32(9%4) 46(110) 38(115) 40(1231)
CTP Control 34 28 35 29 41 33 37
-GA 37(132) 37(106) 30(103) 45(110) 48(145) 54(146)
+GA 35(125) 40(114) 34(117) 46(112) 45(136) 59(159)
3 These values are the means of 18 samples.
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during the first hour and continues above the control value
up to the 24th hour. A similar rise in tissue treated with
GA, apparent by 2 hours, persists throughout the experiment
and the level at 24 hours is higher than that following

treatment with water.

In the presence of GA, the level of ATP falls relative
to that in both contiol and water-treated tissue, This effect,
detectable at 2 hours, disappears during the next hour,

HoWevet; by 15 hours the level with GA treatment rises above
the control valué, and at 24 hours is higher than the

corresponding treatment with water.

The amount of ADP in tissue incubated with water
for 2 hours is higher than the control. Although the level
following treatment with GA riscs also, the difference is
only significant at the 108 level. By 3 hours, this effect
has been abolished and no further change occurs until 15
hours when the level in water-treated tissue falls and that
in GA-treated tissue rises relative to the control. These

effects are not significant at 24 hours.

No significant treatment effects occur in the levels
of CIT until 15 hours of incubation, At this time the level
in tissue treated with water has risen compared to the contirol.
However, by 24 hours, both treatments are higher than the control

value,

The amount of GIP does not change significantly with

either time or treatment,
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Two apparently distinct effects of GA can be discerned.

The first is evident after 2 houxrs of incubation when both
UDPG and ATP levels are depressed. The effect is transient
and disappears after a further hour, The second is
discernable at 15 hours when, in the presence of GA, the
level of UDFG rises more rapidly than in its absence; at

24 hours there are similat trends in both UTP and ATP.
Although not significant; small increases also occur in the
ljevels of CTP and GII’ after treatment of tissue with GA

for 24 hours;

Ingp ection of Table 7 shows that the nucleotide
levels of both water- and GA«treated material exhibit similar
changes with time of incubationi This is especially
evident during the first 6 hours. Analysis between times
by non«parametric statistics is difficult to ititerpres
because of fluctuations in the level of the control treatment,
To stabilise this variance, the values of Table 7 ware
transformed by making the control equal to 100 and adjusting
the other treatments accordingly. The adjusted values were
then analysed as a2 6 x 2 x 3 factorial design. The mean

values for each time are shown in Table 8, and Fig.4

Iable 8

Nucleo Time of incubation (hrs.) Least ?ignifi_
tide o 1 2 3 6 15 24 Eénieflffi;e’{ﬁﬁe;
ATP 100 98 90 91 102 106 107 7 i0

ADF 100 99 146 124 131 102 90 32 43

uDPrG 100 82 67 86 120 114 118 15 20

UTP 100 124 134 132 155 148 125 21 N.S.,

GIP i00 113 107 02 105 103 123 N.S. N.S.

CTP 100 134 117 111 113 142 1s4 N,S. N.S.



Figt 4.

Nucleotide levels at intervals during incubation of
aleurone for 24 hours, Levels in the presence and
absence of GA have been averaged and are expressed

relative to the zero time sample as 100.
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The variance ratios for time of incubation were

significant for ATP, ADF, UDPG and UTF. Comparison of the
mean values for each time with the least significant differences
(Table 8) shows that, over the first two hours, the levels

of ATP and UDFG decrease, whilst those of ADP and UTP increase.
Although UDPG falls by 33% diring this period; there is a rapid
recovery and by 6 hours UDPG has risen to a value 20% above

the control. This is equivalent to an increase of 121 nmoles.
The decrease in the amount of ATP of 10% or 27 nmoles does

not match the rise in ADP since the increase of 46% in the
latter is equivalent to only 8 nmoles, UIP rises to a level
34% above the control by 2 hours, but, in contrast to UDFG,

ATP and ADP, does not teturn to control values between 3

and 6 hours; fhe difference of approximately 30 nmoles is

maintained throughout.

It is apparent that modifications in the nucleotide
pool are initiated during the first iwo hours of incubation
of aleurone tissue in water alone, These fluctuations
could represent wounding responses of the tissue, and
consequently, the changes occurring shortly after the

isolation of the tissue were investigated in greater detail.

10, Response of Free Nucleotides to Isolation of Tissue,

Four lots of aieurone tissue (4 gm in each) were
prepared from each of three batches of half-seeds previously
imbibed for periods of 24, 26 and 30 hours, One portion

of tissue from each preparation was immediately extracted



for free nucleotides.
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The other three were incubated in

10 m1 water at 30°C for times of 2, 4, and 6 hours and then

also extracted.

UDPG were followed and are shown in Table 9.

representation is given in Fig. 5.

Changes in the levels of ATP, UTP and

A graphical

In general, the changes observed over the 6 hours of

incubation were similar for each time of imbibition of half-

seeds, and also corresponded to those shown in Table 8. It

was clear that the technique used to prepare the aleurone

tissue was,in itself, causing changes in the amounts of

nucleotides that represenit a wound response.

Table 9

Aleurone tissue (4 gm) was prepared from halfiseeds after
different periods of imbibitien.
incubated in water and examined for free nucleotides at

Figures in parentheses are the
results relative to the zero time control.

intervals up to 6 hours.

levels in nmoles/sample,
imbibition are the average of duplicates;
are a single observation.

Time of imbibi-

The tissue was then

Nucleotide
The results for 26 hours

other results

Time of incubation of tissue

Nucleo~ tion of half- (hrs.)
tide seeds (hrs,) 0 2 4 6

ATP 24 232(100) 186(80) 191(82) 222(96)
26 214(100) 206(96) 211(98) 222(103)
30 256(100) 234(91) 236(9z) 234(91)

uTP 24 70(100) 95(135) 95(135) 112(160)
26 62 {100) 98(158) 91(146) 98(158)
30 101(100) 128(126) 118(1i7) 91(90)

UDPG 24 264(100) 151(57) 185(70) 214(81)
26 200(10G; 160(80) 176(88) 202(101)
30 268(100) 1195(73) 210(78) 219(82)




Fig.
Aleurone layers were prepared from half sceds imbibed
for various periods of time, incubated in water, and
examined for levels of free nucleotides, at intervals

of 2 hours, up to 6 hours. Results are expressed

relative to the zero time sample as 100.-
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The largest differences were observed at 2 hours after

isolation, and during the next four hours the values for
ATP and UDPG tended to return to the initial values, while

the level of UTP remained relatively constant.

11, Investigation of the Ambient Solution for the Presence
ce of Nucleotides or Bases

The possibility that the fall in the levels of some
nucleotides, shortly after tissue isolation, was due to

leakage into the ambient solution, was examined.

The ambient solutions from two of the experiments
reported in Table 9 were removed from around the tissue and an
equal volume of ice-cold 0.4 N perchloric acid was added.
After 15 min, at 4°C, the extracts were neutralised with
0.33 N KOH and left at 4°C for several hours. KC10, and
acid-<insoluble material was then removed by centrifugation,
Further K.Clo4 was removed by evaporating the samples
in vacuo, dissolving the residue in a small volume of
water and centrifuging at 18,000 r.p.m. for 15 min, at o°c.

The supernatents were then examined by chromatography.

The samples derived from half-seeds imbibed for 24
hours were divided into two portions, one oi which was
developed in iso-propanol:HCl:water (170:41:39 v/v/v),
the other in iso~butyric acid:-mmonia:water (57:4:39 v/v/v),
Samples derived from half-seeds imbibed for 2¢ houres wexe
developed in 95% ethanol:1M ammonium acetate pH 7.5

(0.01IM with respect to EDTA) (7:3 v/v).
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Areas corresponding to authentic bases and nucleotides
were eluted from the papersand measured for U-V absorbance.
Those areas corresponding to guanine were eluted in 1.6 N
HC1l, other bases inm 0.} N HC1l and nucleotides in 0.01 N

HC1l (Smith, 1960).

It is apparent in Table 10 that only small amounts of
compounds resembling nucleotides could be detected in the
ambient solution. The largest quantities were found after
two hours of incubation, and no nucleotides could be
detected after 4 or 6 hours. Although some U~V absorbing
material was detected after chromatography with the iso-
butyric acid solvent, none was found following development
of the 26 hours sample with ethanol:ammonium acetate.

It can be seen ftom Table 11 that the amounts of ATP and
UDPG lost from the tissue are not of the same order as

those found in the ambient solution,

On another occasion, the ambient solution from tissue
incubated in water for 6 hours was removed, and examined
for nucleotides by the method described for tissue,
After initial chromatography with n-~propanol:ammonium acetate,
no U.V absorbing areas could be dztected on the paper by
visual means. However, treatment of the paper with
phosphate reagent revealed inorxganic phosphate and phosphate-

containing compounds.
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Table 10

Wheat aleurone tissue (4 ¢gm) was prepared from half-seeds
previously imbibed for 24 hours. After subsequent
incubation in water,.the resulting ambient solution was
examined for the presence of bases and nucleotides.
Levels in nmoles. (-) denotes level too low to be
detected,

Period of incubation (hrs)

Solvent System Compound 2 4 6

Iso-propanol : HC1 Uraeil 1.5 - -
Cytosihe 4,0 2.0 2.0
Adenine 0.4 - -
Guanine . - =

Iso-butyric acid : UTP 9,6 - =

ammonhia UDP + UDPG 4.8 5 .
ATP 1 e 3 Al el
DPG + UMP - - =
ADP - = -

Table 11

Wheat aleurone tissue (4 gm) was prepared from half-seeds
imbibed for 24 and 26 hours. Changes ir the levels of
ATP, UDPG and UTP were followed over the ensuing 6 hours
in water, (Actual nucleotide levels shown in Tabhle 3.
Values in nmoles/sample.

Imbibition Period of incubation (hrs.)
Nucleo-~
tide Feriod(hrs.) 0-2 0-4 0~6
ATP 24 -46 -41 -30
26 ~8 -3 .8
UTP 24 25 25 42
26 36 29 36
UDPG 24 -1313 -79 -50
26 =40 -24 2
UDPG + 24 -88 -54 -8

UTP 26 ~4 5 38
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Thus, although some phosphorylated compounds leak
from the tissue into the ambient solution, the decline in the
levels of nucleotides cannot be ascribed to the leakage of
the nucleotides themselves. This work however deces not rule
out the possibiiity that the nucleotides are degraded to their
corresponding bases in the ambient solution, and that these
in turn are metabolised to n&n -UI.V. absorbing éompounds,

Such a process seems unlikely,

12. The EBffeet of Tissue Equilibration on c¢ -amylase
Production in Response to GA

To examine more fully tha changes in free nucleotides
after short-term applications of GA, it was necessary to
eliminate, as far as possible, the early fluctuations induced
during the preparation of the tissue. The method adopted
was to allow the tissue to equilibrate for 6 hours in water

at 30°C, before applying the treatments.

Several rcports had indicated that an extensioa of
the imbibition period for barley aleurone either reducad
the induction period, or increased ¢« -amylase production
in response to GA (McLeod, Duffus and Horxsfall, 1966;

Yung and Mann, 1967).

The induction period for o+ -amylase in wheat
aleurone was examined by preparing four portions of 4 gm
aleurone tissue two of which were incubated in 10 ml of water
or GA immediatcely after isolatiom, The other two were left
for 6 hours in 10 ml water, then 5 ml of “ihe ambient solution

replaced with an equal volume oi wateyx or CGA (2oolyg/h1).
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c< -amylase production was examined at intervals up to 12
hours after the addition of the hormone and the results are

shown in Table 12, and Fig.6.

Table 12

Determination of the induction period for ct-amylase in
response to GA. Samples (4 gm) of aleurone tissue were
treated with GA either immediately after preparation or
following an equilibration petiod of 6 hours. Values are
Starch-Iodine Colour units per gm fresh weight of tissue.
(-) denotes etizyme not detected,

Treatment

Time after ~GA +GA
GA applied . o ,
(hrs,) Ambient Tissue Total Ambient Tissue Total

(a) 7Tissue treated immediately after isolation

6 0.01 - 0.01 0.01 0.01 0.02
8 0.01 0.01 0,02 0.01 0.02 0.03
10 - 0.01 0.01 0.03 0.02 0.08
12 - 0.01 0,01 0.03 0.06 0.09

(b) Tissue treated 6 hours after isoiation

a® - - - 5 0,01 0.01
6" = 0.01 0.0l - 0.03 0.03
8 - 0.02 0,02 0.06 0.38 0.44
20 - 0.02 0.02 0.62  1.00 1,62

Average of two separate cxperiments,



Fig, 6,

Determination of the induction period for o< -amylase
in response to GA, GA was added either to

freshly isolated tissue, or to tissue which had
received a pre-incubation period of 6 hours in
water, Ensyme activity was measured at intervals

up to 12 hours after the addition of GA,
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A comparison of the total amounts of or-amylasc produced in the
presence and absence of GA shows that the induction period
for tissue treated immediately after jcclaticn is between
8 and 10 hours. For tissue treated 6 hours iater, this
period is between 6 and 8 hours, 7ibué the extra 6 hours
of imbibition has rcsulied in a decrcase of approximately 2
hours in the induction period and this is in agreement with

other results for barley.

13, The Effect of Actinomycin D on the GA-~-Induced
Production of o -amylase

It was reported by Click and Hackett (1963) that
the inhibition by Actinomycin D of certain metabolic
effects induced in potato tuber tissue by slicing, was
progressively lower as the time of addition of the inhibitor
was delayed. Similarly, Varner and Chandra (1964) observed
that Actinomycin D inhibited the GA-stimulated production
of oc-amylase by barley zleurone if applied with the hormone,
but was ineffective if added 7 hours later. Since i+ was
proposed to allow freshly prepared wheat aleurone to
equilibrate for 6 hours in water before use, the eifect of
this treatment on the sensitivity of the tissue to Actinomycin

D was examinad.

Samples of aleurone /(0,5 gm) were incubated in
&
4 cm petri diches with 1.6 ml of test solution. One set of
treatments was applied to freshly prepared tissue, the other

after the tissue had been incubated in 1.6 ml of water for



69,

6 hours. oc-anylase production was measured 24 hours after

addition of the test solutions, The results are shown in

Table 13.

Although there is a slight stimulation at llyg/hl,

as the concertration of Actinomycin D is increased the
production of o« <amylase is progressively reduced. An
increase from 30 to 1oo‘yg/h1 ¢auses a greater reduction
than any other increment.

Iable 13.

Production of o< -amylase by wheat aleurone tissu¢ in the
presence of GA (100 a/ml) and different concentrations
of Actinomyein D, Zhe tissue was treated either immed-
jately after preparation or following an equilibration
petiod of 6 hours in water. Values in Starch-lodine-
Colour units per gm fresh weight of tissue.

(a) Treatments applied immediately after tissue isolation

GA (100 ?g/hl) + Act, D at:- gpg/hl).

Control O 1 5 30 100
Tissue 0.1 13.3 16 .7 12.5 1349 0.9
Ambient - 43,8 45,8 32.6 22,8 0.4
Total 0.1 57.1 62.5 45,1 36,7 1.3
Ratio of
ambient to
tissue L] 3.29 21:74 2.61 1-64 0»44

250
0.4
0.1
0.5

0.25

(b) Treatments applied after tissue equilibrated for 6 hours

Tissue 0.l 27.8 33.4 23.8 17.8 2.4
Total 0.1 89.4 oN.,5 65,9 41.0 4.3
Ratio of

ambient to
tissue - 2.22 1.71 1,77 1.30 0.79

0.6
0.6
1.2

1.00
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The ratio of the amount of o< -amylase in the ambient
solution to that in the tissue falls consistently as the
level of Actinomycin D increases. Since enzyme produc-
tion by the tissue is only inhibited at relatively high
concentrations, it follows that release in comparison with

production of o« -amylase, is more sensitive to Actinomycin D.

. 2
14, incorporation of ?'P into the Frep. Nuclecotides of
Wheat Aleurone Tissue

Portions of aleurone tissue (4 om) were weighed into
9 em petri dishes,10 ml of water added, and left to
equilibrate for 6 hours. The tissue was then rinsed by
removing 5 fil of the ambient solution, adding 10 ml of water
to the petri dish and, after mixing the ¢ontents; removing
10 ml of the solution. The procedure was repeated with
another 10 ml of water and then the volume of ambient
solution made to 10 ml again by the addition of 5 ml aliquots
of water of GA (2oo'yg/h1). After thorough mixing, the
treatments were incubated for periods of 1 or 3 hours,
32P was introduced 15 min, before the incubations were
terminated, by rinsirg the tissue again as described above
and making the ambient sclutions back to volume with 5 ml
aliquots of water ox GA (200 /'ag/ml) containing 50 };Ci

32
F fand 15,?9 KH2P04 as carrier,

The tissue was theu washed in ice-zold 10"4 Molar

KHZPQ4, ice-cold water and transferred to the cold room

for nucleotide extraction. Approximately 6 minutes elapsed
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between the time of removal of the tissue from the isotope
laboratory and its extraction, since the isotope laboratory
was sited some distance from the cold room, Means of
inhibiting enzyme activity during this period were examined.
The tissue was either fiozen in liquid nitrogen or placed in
an ice-bath, the former being subsecuently thawed in T.C.A.
before extraction, Nucleotide levels were determined after
each procedure and are shown in Table 14.

Table 14

The effects of freezing in liquid nitrogen or cooling in

an ice bath on the amounts of uucleotides extracted from
aleurone tissue, The periocd of incubation in the presence
and absetice of GA was 60 min,, and the time the tissuec was
held frozen or on ice was 6 min, Nucleotide levels ‘nmoles
per 4 gm fresh weight) were determined after thawing and
extraction in %% TCA at 4°C.

Liquid Nitfogen Ice Bath

Nucleotide =GA +GA «GA +GA
NAD 34 42 34 41
AMP 45 22 & -
ADF 77 71 20 19
ATP 64 109 212 210
cbP 18 12 - -
CTP 33 31 87 81
GDP 15 15 - -
GIFP 10 17 35 41
UMFP 4 o - -
uDP 34 18 -

UTP 36 61 135 139
UDPG 163 162 196 133

Since the nucleosiuz monophosphates weve not normally
detected in aleurone tissue, their presence in tissue frozean in

liquid nitrzogen indicated that zxtensive dagradatici: hac
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oceurred, Neither NAD nor UDFG were affected suggesting

that the breakdown was due to the action of one or more
phosphatases, possibly during the process of thawing.
Similar evidence for degradation in ice-cooled tissue was
not observed and it was assumed that adequate inhibition of

enzyme activity was achieved by this procedure,

The final chromatograms of radioactive nucleotides
were fastened to x-ray films for 6 hours, The films were
developed, and the areas denoting the prescenuce of radioactivity
compared with the U.V absorbing arcas on the chromatograms,
Reference to the U-V photograph and the autoradiograph in
Figs.3 and 7 respectively shows that radiocactive areas
and absorbing areas closely ¢oincide. The absorbance of
the compounds was measured, then portions of the eluates
dried on to copper planchets and the amount of radiocactivity
estimated with the gas-flow counter, After making
corrections for both decay (theoretical decay curve) and
the daily variation in the sensitivity of the counter
{standard 32P planche:), the incorporation oi 32P was
expressed as counts per min. p2r nmole. The actual data

are shown in Appendix 2, and the means in Table 15.

Bach section of Table 15 was statistically analysed
as a 6 x 2 x 2 factorial with randomised complete~block design.
after excluding certain valuez which were outside the limite
of accurate detection, Thus, the values for UDP were omitted

from the analysis cf nucleotiide levels, and thosz of UDP and NAD



Fig 7

Radioautograph of two-dimensional chromatogram,

corresponding to U~V photograph in Fig. 3.
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Table 15

The incorporation of 32p éato the free nucleotides of
wheat aleurone tissue, P (50 i) was added to the
ambient solutions for the final ¥5 min, of the indicated
times of treatment. Nucleotide levels are given as
nmoles per 4 ¢gm fresh weight, specific activities as
c.p.m./nmole. Values in parentheses are relative to
the control as 100,

(a) Nucleotide levels

1 Hour 3 Hours
Nucleotide -GA +GA Mean -GA +GA Mean
NAD 42 39(93) 40 34 38(112) 36
ADP 21 18(86) 20 20 18(86) 19
ATP 227 225(99) 226 230 234(102) 232
CTP 53 50(%4) 52 63 56(89) 60
GTP 36 27(75) 31 28 36(128) 32
UTP 129 121(9¢) 125 132  120(98) 131
uDP 5 3(60) 4 7 8(115) 8
UDFG 196 151(77) 174 179 192(107) 185
Mear ~ 100 90 95 98 100 99
NAD ADP ATP CTP GIP UTP UDP UDPG
. 38 10 228 55 32 127 6 178

UDP omitted from calculation of mean,
(b) Specific Activities

1 Hour ' 3 Hours
Nucleotide -GA +GA Mean =GA +GA Mean
NAD 9 6(67) 8 10 1(10) 6
ADP 343 455(133) 399 450 361(80) 405
ATP 776 896(115) 836 896 752(84) 824
CTP 631 850(135) 741 648 528(81) 588
GTP 566 703(124) 635 666 537(81) 602
UTP 816 1016(124) 916 10.0 758(75) 884
UDP 1632 5314 (326)3473 2134 1558(73) 1846
UDPG 348 _457(121)_402 _377 281(74)  _329_
Mean* 580 730 6585 674 536 605
NAD  ADP ATP CTF¥ GIP UTP UDP UDDG
6 401 831 680 621 6024 2660 3573

UDP 2nd NAD omitted from calculatiou of mean,
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Table 15 (Contd,.)

(c) Total counts incorporated (x103)

1 Hour 3 Hours
Nucleotide =GA +~GA Mean =GA +GA Mean
NAD 0,38 0,23(60) 0,30 0434 0;,04(12) 0,19
ADP 7.2 8+2(114) 747 8.6 6.6(77) 7.6
ATP 175.,6 201,2(115) 188.4 205,2 174.0(85) 189.6
CTP 33.4 41,0(123) 37.2 40,8 30,1(74) 35.4
GTP 2042 18,1(90) 19,1 19,0 19,1(100) 19.0
UTP 103,7 121,0(117) 112,3 132,7 98,7(74) 115,7
UDF 8.2 15.9(194) 12,0 14,9 12.,5(84) 13,7
UDFG 68,6 67.8(99) 6842 _67.2 _53,6(80) _60.4
Mean‘ 68,1 76.2 722 78,9 63,7 71.3
NAD  ADP ATP CTFP GIP UTP  UDP  UDPG

024 767 188,92 36,5 10,1 113,7 12,8 65,1
&
UDP and NAD omitted from calculation of mean,

omitted from the analyses of both specific activities and

total counts incorporated.

The mean levels of all nucleotides in the presence
and absence of GA were 94 and 99 nmoles respectively,
This difference is significant at the 5% level (L.S.D.=4).
After 1 hour, the mean nucleotide level was depressed by
GA compared to both the control and the values with and
without GA at 3 hours (significant at the 1% level).
Moreover, cduring the first hour the level of UDFG was
depressed by GA (siguifizent a* the 5% level}, This
effect was transient and could no longer be detected by
3 hours, There was no significant differance in ihe amount

of UDPG either with or without 3\ at 3 hcurs, however, the
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lavel in water-treated tissue was lower than the corresponding

treatment at 1 hour (significant at the 5% level).

A further analysis of nucleotide levels was based
on the null hypothesis of no differende between treatment
means. After 1 hour, the levels of both ADP and UIP were
depressed by GA, the effects being significant within 95%
confidence limits, No other significant effects of treatment

with GA were noted,

Factorial analysis of the specific activities showed
that the mean value over all nucleotides was increased by
GA after 1 hour (sicnificant at the 1% level) and depressed
after 3 hours (5% level) compared to the respective controls.
Further, the mean value after 3 hours with GA was significantly
lower than that following 1 hour with GA (1% level). For
both periods of incubation, all nucleotides responded in
the same way to the presence of the hormone, To reduce the
variance, the data were transformed by making the control
values equal to 100 and adjusting the other values
accordingly. A factorial analysis carried out on the
transformed data verified the absence of a specific effect
of the GA on any one nucleotide, The mean specific activity
for each nucleotide, in the presence and absence of GA, did
not change significantly with time of treatment,

It is evident that the individual compcounds exhibit
different amounts of incorporation of BZP“ The lescst

significant diffcrences for the average values shown in
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Teble 14 are 117 (5%) and 158 (1%) c.p.m./nmole, and it can be

seen that the nucleotides form 3 groups comprised of UTP and
ATP, GTP and CTP, and UDPG and ADP, No differences occurred
between the two members of a group, but each group was

significantly different from the others,

The analysis of the total amount of counts
incorporated showed that the mean value, after 3 hours in GA,
was significantly lower than both the control and the values

at 1 hour, No other differences were significant.

Thus, in aleurone tissue treated with GA for 1 hour,
nucleotide levels are depressed, the specific activity is
increased and there is no change in the total amount of
counts incorporated compared to a water~treated control,

On the other hand, after three hours treatment both the
specific activity and the total counts incorporated are
depressed in the presence of GA, but nucleotide levels are
not altered. These results are consistent with an initial
enhancement and subsequent depression of the rate of
metaholism of the phosphate moiety of the free nucleotide

pool by GA,

A comparison of the mean nucleotide levels obtained
after incubation of aleurone for 1 hour in the absence of GA
(total incubation time 7 hours) as shown in Table 15, with
those obtained after incubation in watexr for 6 hours as

given in Table 7, indicates certain differences. CiF and UTP
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have increased in amount by 18% and 55% respectively, whilst
thz level of GIP has fallen by 14%, However, the variance

of the individual values (Appendices 1 and 2) was sufficiently
high to preclude these difforeunces from being significant,

The mean values of ADP, ATP and UDPG were almost idemtiecal

[
in each case,

In some of the radioautographs prepared during
these experiments (Fig.7) there were indications that
inorganic phosphate and ATP were not completely separated on the
final chromatogram, Where this occurred, the U.V absorbing
area was compared with the radioaut »graph; and the portion
not co=chromatographing with inorganic phosphate was cut
from the paper, cluted, and the elvate used to determine
the specific activity of ATP It was assumed that the value
so obtained was identical with all of the ATP extracted from
the tissue, The remaining portiion was eluted, the absorbance
mzasured, and the total absorbance calculated from the two

szparate readings,

15. Time-Course Study of the Iucorporation of 32P into
Free Nucleotides in Response to GA.

Since it was aprarent that GA caused changes in
the rate of incorporation of 32p into nucleotides, a more
detailed investigation was undertaken, However, <th=
conditions under which the tissue was incubated were
modified from those used prcviously,

In an experiment designed to examine the effect of
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the addition of inmorganic phosphate to the incubation

medium, it was observed that the nucleotides extracted

from a sample of aleurocne immediately after the equilibra-
tion period, had considerably lower specific activities

than a similar sample incubated, in the absence of Gh,

for a further 60 min, Portions of tissue (4 gm) were
weighed into 9 cm petri dishes and left for 6 hours in

10 ml of 0,25 mM KH_PO One sample was then rinsed by

2 7a*
discarding 5 ml of the ambiert solution,; adding 10 ml of
0.25 mM KH2P04 and, after mixing, removing 10 ml of the
solution, The latter step was repeated and then the
volume made to 10 ml again by the addition of 5 ml of
0.25 M KH,PO, containing 50 yCi 92 . After 15.diH, the
tissue was rinsed and extracted for nucleotides. The
same procedu;e, without the addition of 32?, was carried
out with another sample whizh was then in¢ubated for 45 mini,
rinsed again as described above a2nd treazted with 50 yCi
32? for 15 min. This was also extracted. The results
are shown in Table 16. It is apparent that the specific

activities have been considerably stimulated by the additional

60 nin, of incubation.

To examine this effest further, similar batches
of aleurone were incubated in conditions of constant
agitation. The tissve was weighed into 250 ml flasks with
30 ml of mM KH2P04 and incubated for 6 hours on a reciprocating

we.ter bath, The volume of sclution was increased above that
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used in the petri dishes to permit adequate mixing of the
contents of the flasks, One of the samples was then
drained, and the ambient solution replaced with 30 ml of

32Pa

nM KH_ PO, containing 50 yCi « After treatment for

2 4
15 min,, the tissue was drained, rinsed and extracted for
nucleotidess Fortiion (7.5 ml) of the ambient solution of a
second sample was discarded and replaced with 7,5 ml of
mM !(HzPO4 for a further 45 min, The solution was then
discarded, and another 30 ml of mV KH2P04, containing
SO‘?Ci 32P, added for 15 min,, after which this tissue was
also drainéd; rinsed and extracted, From Table 16, it can
be seen that this latter treatment has resulted in relatively
little stimulation occurring after the additional 60 min. of
incubation, The results thus suggested that the procedure
of rinsing the tissue after equilibrating in petri dishes
increased the rate of incorporation of 32P° Since it was
not known whether small variations in the efficiency of
rinsing caused changes in the degree of stimulation, the
technique of continuous shaking was adopted, o ~amylase

production, in response to GA, was compared for the two

types of incubation and the results are shown in Table 17,

It is evident that the amount of cr -amylase
produced by both GA-~ and water-treated tissue is lower when
the tissue is constantly agitated, ‘owever, the response
to GA by the shaken treatment is 275:1 compared with46:l

for the noneshaken, a six~fold increase,
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Table 16

Aleuronz tissue (4 gm) was equilibrated in petri dishes

or on a shaking wagﬁr bath. One sample from each was
then treated with P for 15 min, and the nucleotides
extracted, Further samples were treated as descrigsd in
the text and incubated for an additional 66 min. P was
introduced for the final 15 min. and the nucleotides
estimated, Specific activities are expressed as Ceo.p.H.
per nmole, Values in parentheses are relative to the
contrel as 100,

Petri Dish* Shaken i
Nucleotide Control 60 min, Control 60 min,
NAD i 1 (100) 1 1 (100)
ADP 50 84 (168) 30 42 (140)
ATP 116 183 (158) 64 70 (109)
CTP 74 87 (118) 52 51 (98)
GTP 99 146 (147) 70 72 (103)
UTP 141 208 (148) 68 80 (118)
UDFP 252 457 (181) 86 251 (292)
UDPG 42 76 (181) 26 31 (119)

Average of two determinations,

Table 17

Batches of aleurone (4 gm in each) were held stationary
in petri dishes or constantly agitated in 250 ml flasks,
The volumes of ambient solution were 10 and 30 ml respective=-
ly. Both treatments were left for 6 hours after prepara-
tion of the tissue before the addition of Gh, o -~amylase
was assayed after a further 22 hours, GA concentration:
1oot?g/h1. Values are expressed in Starch-Iodine-Colour

s

units per gm fresh weight of tissue (Average of duplicate
experiments) .
Shaken Not shaken (Petri dish)
=GA +GA ~GA +CA.
Tissue 0.1 10,7 0.4 16,9
Ambient - 16,8 0.6 290.0

Total 0.1 27 45 1,0 45.9
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As described in the previous section, ATP and inorganic

phosphatz were sometimes not completely separated on the final
chromatogram. It was found that the mobility of inorganic
phosphate was greater when the pH of the final solvent was
3,8 thau at 7.5 (P-L Biochemicals Circular OR-~10); Comparison
of the U-V photograph in Fig.8 and the radicautagraph in Fig.9
prepared after adopting this modification, shows that the two
substances were completely separated,

A time~course study of the effect of GA on the

32P into nucleotides was carried out in

incorporation of
the following way, After isolation, the tiscue was placed

in 250 m1 flasks (4 gm ih each) with 30 ml of water, and the
flasks were shaken on a reciprocating water bath maintained

at 30°C, After 6 hours, 7.5 ml of solution were removed,
replaced with 7,5 ml of either water or GA (400 yg/hl) and

the flasks further shaken ror periods up to 120 min, 15 min,
before the incubations were terminated, the tissuve was
completely drained, and the ambient solutions were replaced with
fresh solutions of water or GA, 0,05 mMolar with yespect to
KHzPo4 and containing SO’yCi 32?. After 15 min, in 32?,

the +issue was drained, rinsed, placed in an ice baivh and
transferred to the cold room for nucleotide estimaiion,

The means of two experiments are shown iu Table 18 and the

expe:lacntal data is givean in Appendix 3. The speciric

activities are depicted graphically in Fig.lO.

Each section of Table 18 was analysed as a 6 x 2 x 4



Fig 8.

U~V photograph of two-dimensional chromatogram.
Solvent 1 : iso~butyric acid : ammonia : water
(57 : 4 : 39 v/v/v)

Solvent 11: 95% ethanol : IM ammonium acetate

pH 3.8

(0.01 M in EDTA) (7 : 2 v/v).
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Fig. 9
Radiograph of two-dimensional chromatogram correspond-

ing to UV photograph in Fig. 8.
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Table 18

Timgécourse study of the effect of GA on the incorporation
of ““P into the freec nucleotides of wheat aleurone tissue,
Aleurone tissuc (4 gm) was incubated in flagks on a
reciprocating water bath at 30°C. 50 pCi P was added
to the ambient solutions for the final‘l5 min. of the
indicated times of treatment, (Average of two determina-
tions.)

(a) Nucleotide level (nmoles)

Time of incubation (min.)

15 30 90 120
~-GA +GA -GA  +GA -GA _ +GA ~GA  +GA Mean
NAD 52 52 40 52 41 52 46 62 50
ADP 18 22 21 22 20 20 17 18 20
ATP 321 313 307 236 281 277 310 294 298
CTFP 126 120 114 . 114 128 102 110 106 115
GIP 52 48 54 50 54 52 46 52 Sl
UTP 250 232 228 214 210 231 244 220 228
upr 10 8 12 10 15 9 7 10 10
UDPG 214 193 190 194 166 168 208 190 191
Meanf 147 140 136 133 128 129 134 134
Mean 15 3 0 120 ')
144 135 1z9 137 138 134

excluding UDP
(b)  Specific activity (c.p.m./nmole)

15 30 90 120

~GA  +GA =GA _ +GA -GA _ +GA  -0%° +Gh Mean
NAD 15 14 13 18 17 15 12 14 15
ADP 151 124 133 160 165 150 190 168 155
ATP 265 260 314 375 361 372 380 372 337
CTP 160 151 166 228 200 246 246 240 205
GTP 246 228 287 342 320 330 366 372 311
UTP 264 257 312 372 362 380 376 374 337
UDP 688 862 680 1682 609 857 770 712 857
UDFG, 140 132 156 156 172 186 i94 185 165
Mean 204 192 228 272 264 277 202 285
Mesn' 1s 30 % 120 e oA

" 198 250 270 239 247 257

excluding UDP and NAD
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Table 18 (Contd.)

(c) Total counts incorporated (c.p.m. X 103)
Time of incubation (min,)

15 30 90 120

=GA +GA -GA +GA -GA +GA -GA +GA Mean

NAD 0,78 0,73 0.52 0.94 0.70 0.78 0.55 0.87 0,73
ADP 2.7 2.7 2.8 3.4 3.2 2,9 3.1 3.2 3.0

ATP 85.4 81.0 96.3 105.8 100.7 102.2 119.8 111.4 100.3
CTP 19,9 18,2 18,5 25.4 25,0 24,4 27,2 25,5 23,0
GTP 12,8 10.6 15.5 16.9 17.C. 17.2 17.0 18.4 15,8
UTP 66,3 59.3 71.4 77.4 744 86,0 93.2 84,9 76.6

ubpP 6.9 6.9 8,2 16.8 9.1 7.7 5.4 7.1 8.8
UDFPG 30,2 25.4 29,0 29.4 28,6 31.2 41,2 35,2 31.3
]
Mean 36,2 32.9 38.9 43.0 41,6 44,0 50,2 46,4
3
Mean s 30 90 120 »GA +GA
34.5 41,0 42,8 48,3 41,7 41.6
»

excluding UDP and¢ NAD

factorial with randomised complete-block design, after
excluding the values for UDP from nucleotide levels, and
those of UDP and NAD from both specific activities aud

total counts incorporated,

No significant differences occurred from the
analysis of nucleotide levels, The mean valuwe for the specific
activity at 30 min. was 26% above that at 15 min, significant
at the 5% level), 36% above after 90 min. (1%), and 46% higher
by 120 min. (1%). Thus although the period allowed for the
uptake of 32P was the same in each case (15 min.), the average
specific activity increased as the total time of incubation

was extended, ATP, UTP and GIP were more highly radioactive



Time course of the effect of GA on the specific

antivities of free nucleotides.
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than CIF, UDPG and ADP (significant at the 1% level), and

CTP more than ADP (5%).

In Table 19 for each time, the specific activities of
the compounds are compared by expressing the values as a
pexcentace of the value for the compound with the highest
specific activity. As no significant hormonal effects
were detected by the preliminary statistical analy#is,
the results in the Table are the averages of both treatments.
It is clear that there is no Jifference between the specifie
activities of ATP and UTP and these iwu compounds are the
most highly radioactive. Thz specific activity of GIP
was only 8% lower than that of ATP and UTP, however, the
amount in the tissue was some 80% less. Moreover, CTIP was
more than twice as abundant as GIP, but was 30% less radioactivei
The relative uptake of 32p by ADP and UDPG was almost identical,
and that of NAD consideratly lower than any of the other

nucleotides.

Although the total counts incorporated increased
with time, the statistical znalysis indicated tha® a
significant difference occurred only between the mean values
at 15 and 120 min. (5% level). The mean value at i20 min, was
407 higher than at 15 min. ATP incorporated more counts
than the other nucleotides (1% level)., The uptake by
UTP was 24% lower than that of ATF, but was significantly
higher than the remaining four compounds (1% level).

UDPG showed greater incorporation than GIP (5% ievel) and
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Table 15
The incorporation of 32P by the free nucleotides of wheat
aleurone tissue, The mean specific activity of each

nucleotide was calculated for the specified incubation
time, an¢ is expressed relative to the highest value as 100.

Time of incubation (min,)

Nucleotice 15 30 90 120 Mean
UTP 9¢ 99 100 100 100
rTP 100 100 99 100 100
GTP ©0 91 88 o8 52
CTP 59 57 60 64 61
UDIG 52 45 48 50 49
£DP 52 42 42 48 46
NAD 6 ] 4 3 4

ADP (1% level), but was not significantly different from
CIP, No difference was detected between CIP and GTP;

however both were significantly higher than ADP (1% and
5% levels, respectively), Since the relative abundance
of each nucleotide occurs in the same order, it is clear
that the incorporation of 32; s in direct proportion to

the amount of the compounc present,

Nucleotide levels were further analysec by treating
each separately as a 4 x 2 factorial with randomised-
complete block design, 3oth NAD and UDPG showed a
significant variation with time (5% level) when the values
in the presence and absence of GA were averaged, The
least significant cCifferences were 6 and 26 respectively,

The level of NAD at 30 and 90 min, was depressed
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below that at 15 min., whercas the drop in UDPG was not

apparent until 90 min, After 120 min., the initial levels
were regained in each case. In addition, the mean treatment
effect independent of time, was signifiecant for NAD and

CTP (1% and 5% levels respaectively), indicating that the
level of NAD was stimuiated in the presence of GA, whilst
that of CTP was depressed. The interaction of time with
treatment was not significant, thus no nucleotide was

specifically responsive to GA at a particular time.

The specific activities at ezch time of incubation
were analysed separately as ¢ x 2 factorials with randomised
complete-block desigi. After 15 min, the average value
with GA was below that of the control, The means were
102 and 204 c.p.m./nmoe respectively (least significant
difference 12 at the 5% level), But after a further 1S min.,
the corresponding values ware 272 and 228 (least significant
diffexrence 32 at the 5% level). Thus, in the presence of
GA, the mean specific activity at first falls and then rises.

No significant effects were noted after 90 and 120 min.

The null hypothesis of no difference hetween
trestmeni meanc was applied to the change in wvalue metwean
15 and 30 min., for each ireatment. The rise of 24 c.p.m/amole
in the mean valuz of the control was not significant, whereas
the difference of 80 c.p.n./nmoie following GA treatment was

significant within 97% confidencs limits,

A further analysis was performed with the specific
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activities for the four nucleoside triphosphates alone. The

effect of GA, after 30 min., showed significance at the 1%
level compared to 5% when all the nucleotides (except UDP
and NAD) were analysed. Also, although there was no
significant interaction of nucleotides with treatments, the
data suggested that GA had a greater effect on one of the
triphosphates than on the others. The variance of the
values was therefore reduced by transforming the control
levels to 100 and adjusting the other treatments accordingly.
The transformed values are shown in Table 20. Statistical
analysis of the transformed data was carried out as a

4 % 4 factorial of randomised complete-block design.

The least significant differences for time of
jncubation were 4 (5% level) and 6 (1% level). Thus
after 15 min. GA has depressed the incorporation of 32P
into the triphosphates, after a further 15 min, greatly
increased it, and over the next 90 min. the effect of GA
disappears. The mean value for CTP was higher than the

other three compounds (5% level).
Table 20

The specific activities of the nucleoside triphosphates
shown in Table 1§, are here expressed as the percent
ratio of GA-treated to control.

Time of incubation (min.)

Nucleotide 15 30 90 120 Mean
ATP 98 124 108 98 106
CTP oS 138 127 98 114
GTP o3 126 106 100 106
UTP 97 124 106 98 106

Mean 96 128 111 99




The interaction of nucleotide with time was also highly
significant, the least significant differences being 12

(5% level) and 16 (1% level), In the presence of GA, the

rise is the specific activity of CTP is clearly greater than

for the other triphosphates after 30 min. (5% level) and 90 min,
(1% level) but no different after 120 min, ATP, UTP and GIP
also show a transient increase, with maxima at 30 min., but in

each case return to the control level by 90 min,

As previously described, the specific activity of
CTP is less than that of ATP, UTF and GIP, Also, the
relative response to GA is greatest for CIP, The actual
changes in specific activities are given in Table 21 where
it can be seen that at 30 min,, there is little difference
jn the effect of GA between the triphosphates, although the
relative increase in CTP was about 13% greater at that time.,
At 90 min., however, both the relative and absolute response
of CTP to GA is more evident, The results are therefore
consistent with a general increase in phosphate metabolism
of all the triphosphates, followed by a specific requirement
for CTP. This specific effect is more apparent when the data
of Table 18 are further examined, Whereas the increase in
specific activity of ATP, UTP, GIP and CTP at 30 min. is
due mainly to an increase in the total number of counts
incorporated, the increase in specific activity of CIP at
90 min. results from a drop of 20% in the level of this

nucleotide.
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Table 21

Changes in specific activities of the nucleoside triphos-
phates, The difference between the values with and
without GA, as shown in Table 17, are expressed below as
C.pP.m. per nmole, The relative effect compared to the
control as 100 is shown in parentheses.

Time of incubation

Nucleotide 15 30 90 120 Total
ATP -5(98) 61(124) 11(105) -8(98) 59
CTP -9(95) 62(138) 46(127) -6(98) 93
GTP ~18(93) 55(126)  10(108) 6 (100) 53
UTP -7(97) _60(124) 18(106) -2(98) 69
Total -39 238 8s -10 274

Aliguots of the radiocactive solutions prepared for
the experiment were counted; the values adjusted to give
the total c.p.m. added in each cas=, and the data analysed
as a 4 % 2 factorial., The mean value was 26.7 x 10° co.p.ms/
30 m1 of solution and the standard deviation of the mnan
was = 1.2 x 106 c.p.m. (P=0,99). There were no sicnificunt
differences between means and it was therefore concluded

2P in which the tissue was

that variation in the amount of N
incubated could not account for the differences recorded

between times of incubation or for the effects of GA,

By comparing the mezn nucleotide levels in Tzble .5
with those in Tsble 18 it is apparent that most of the
compounds have increased in amount following continuoug
agitation of the tissua, The greatest effect has cccurred

with CTP which has increased by 92%%. UTP has risen by
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. 74%, GTP by 5%, NAD by 39% and ATP by 28%. ADP and UDPG

were almosti unchanged,

16. The effect of GA on the Uptake of 32P by Wheat Aleurone

Tissue

The finding that nucleotides were more highly radio-
active in GA.treated aleurone could be accounted Zor by a
greater uptake of 32? in the presence of the hormone.
Accordingly, the influx of 32? into aleurone was investigated

as a possible explanation of the observed changes in

labelling of nucleotides after treatment with GA.

It was assumed that, after the addition of 32?, the
specific activity of inorganic phosphate in the tissue and
ambient solution would rapidly reach equilibrium. Any
heormonal effect would then be detected by a change in the

time at which equilibrium was reached.

Batches of tissue (2 ¢gm) were weighed into 9 cm
petri dishes and allowed to equilibrate in 7 ml water.
Aftex 6 hours, the tissue was rinsed by removing 3.5 nl
of ambient solution, adding 10 ml of water to the petri
dish and, after mixing the contents, removing 10 ml of
the solution. The procedure was repeated with another

.

10 ml of water, and them the volume made to 7 ml again by

the addition of 3.5 ml aliquots of water or GA(200 9g/m1).

o~
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The solution and tissue were mixed and the incubation
continued for a further 60 nin, The rinsing described
above was then repeated and the ambient solutions made back
to 7 ml with 3.5 ml aliquots of water or GA(200'yg/ml)

containing SOAyCi 32? and 11,?9 KH2P04 as carrier.,

Thereafter, at S min, intervals up to 20 min,, the
contents of each petri dish were transferred to a small
nylon sieve aad the ambicut solution drained into a flashk,
The tissue, still in the sieve; was washed with two 10 ml
aliquots of ice-cold water. It was thien pressed geuntly
with a spatula to remove much of the entrapped liquid, and
the filtrate was collected with the ambient solution.

The solution was placed in a refrigerator and the tissue,
after further drainage for 15«20 seconds on absorbent
tissue, was held in an ice-bath, Vhen all the samples

had been rinsed in this way, they were transferxed tc the
cold room and assayed for inorganic phosphate by thc method
of Weil-Malherbe and Green (1951), Portions of the
jimo-butanol layer, containing the phosphomolybdate complex,
were dried onto copper planchets and the radio-activity
measured in the gas flow counter. The resulis are shown in

section 1 of Table 22.

On another occasion a similar procedure was carried
out with 1 gm portions of aleurone incubated in 5 ml solutions
o{ water or GA. After adding 12954yci 32?, sanples were
taken at 5 min., and thereafter at intervals of 30 min, up to

90 min, In this instance, the tissue and ambient solutions
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were assayed between samples, The results of this experiment

are given in section 2 of Table 22.

Table 22

Wheat aleurone tissue (fresh weight specified) was equilibrated
for 6 hours, then treatgg with either GA or water for 60 min.
before the addition of “"P, At intervals thereafter both
issue and ambient solution were assayed for Pi,

Time P. cipem.(X 103) Specific acgivity
(min) séz/bm %issue) per ¢om tissue (cepot. x 10 4yg Pi)

+GA -GA +GA =GA +GA
1(a) TIissue (2gm)

5 37 38 262.,7 372 .4 7. 9,8
10 38 46 361,0 372.0 9.5 841
15 40 40 352.0 308,.0 8.8 77
20 42 39 386,.,4 401,7 0,2 10.3
(b) Ambient solution

5 20 20 8,332. 8,836 416,6 441,8
10 34 34 8,789, 9,115. 258.5 268:1
15 36 32 8,982. 8,941, 249,.5 279.4
20 42 35 6,778. 9,366, 209.0 267.6

2(a) Tissue (i cm;

5 62 37 353.4 37040 5.7 10,0
30 70 53 504 .0 514.1 7.2 9.7
60 62 60 688.2 624 ,0 11,1 10.4
90 63 54 655,2 702.0 10.4 13.0
(b) Ambient solution

5 14 15 6.889, 7,077. 492,1 471.8
30 19 20 6,561, 6,342, 345,3 317.1
60 22 26 5.980, 6,570, 271.8 252,7
90 23 35 0,079, 6,062, 264 .3 173,.2

It is clear that equilibrium does not occur rapidly
since even after 90 min. there was a 10- to 20~ fold
difference between the specific activity ot the phosphate
in the tissue and that in the abient solution. Moreover,
the decrease in the latter as the time of incubation was

extended was cdue :lmost entirely to an efflux of inorganic
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phosphate from the tissue. This efflux was nresumed to arise
by the dilution of inorganic phosphate in the ambient sclution.
Before and after the addition of 32? the councentrations were

0.25 and 0.1 mMolar respectively.

The rate of accumulation of counts in the tissue is
dependent upon the specific activity of the phosphate in the
ambient solution, Iif the latter Jigure is divided into the
counts taken up by the tissue, an estimate can be obtained
of the net phosphate accumulated in the tissue, Between 5
and 60 min. there is an approximately linear rate of 0,032 yg
per nin, However, over the same period the net efflux is
0.173‘yg/hin or & 5.4+ fold greater tate than uptake. There
is therefore considerable control over the movément of phosphate

into and out of the tissue,

Althovgh GA has apparently increased the specific
activity of inorganic phosphatz in the tissue after = min,,
the results were considered to be spurious. In section 1
of Table 22, the value was due to a low incorporation of
32? into control tissue, whilst in section 2 an abnormally

low level of inorganic phosphate was recovered from hormone

treated tissue.

Between 5 and 60 min, of incubation, the rate of

Kio
uptake of 32? was almost linear and was about 5Ac9p~m,/hin.

In the first 5 min., however. the rate was approximately

)&\o's

72kp,p.m./min. Uptake apparently occurred in two hases.
This pattern cf ascumulation suggested that a large amouut

of 32? was rapidiy adsorted on to the surface of the tissue.
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If this postulate was correct, more of the 32? should be

removed from the tissue by rinsing it in non-radioactive
phosphate as compared to watex. Accordingly the following

experiment was designed to test this hypothesis.

Batches of tissue (4 ¢m) were allowed to equilibrate
for 6 hours in 10 ml of water, treated with GA oxr water for

32P added to each for 10 min.

a further 60 min,, then 1oo/yc1
§ ml of solution were discarded and a small sample of tissue
removed, mounted on a copper planchet and the radioactivity

measured, 10 ml aliquots of water or mMolar KH2F04 were

added to the remainder of the tissue in the petri dishes,

the contehts mixed and 10 ml of the soclution removed.

Further samples of tissue were taken and counted, and this
rinsing procedure repeated eight times in all. The samples
were then dried in a forced-draught oven at soqc, weighed,

and the radioactivity calculated as c.p.m. per mg dry weight.
The results, shown in Table 23, are expressed as moving point
averages to reduce the variance, Bach value is the mean of
the count gbtained for a particular rinse and that imnmediately

preceding and following it. A graphical representation is

shown in Fig,11, and the actual data are given in Appendix 4.

Two rinses in mMolar KH2PO4 removed about ?/3 of the

radiocactivity from the tissue, whereas threez rinses in water

were required to reduce it by the same amount, Thereafter

both treatments removed approximatzly the same amount of 32?,



Fig.11

Removal of adsorbed 32P from aleurone layers.
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Table 23

Wheat aleurcne tissue was treated with 32P for 10 min., after
incubating for 60 min. with either GA, or water. Tne radio-
activity in the tissue was measured =2%ter successive rinses
with water or mMolar KH OO, . The results are esxpressed as
moving point averages, @ach value being the mean of the
radicactivity obtained for a particular rinse and that
immediately precediug and following it (c.p.m. per mg dry
tissue). Values in parentheses are the percentage of the
initial radiocactivity.

Number kinsed with watexr Rinsed with mM KH2PO4

of rinses =GA, +GA =GA, +GA
0 7274(100)  5431(100) 5796(100) 4908(100)
1 5568 (76) 4466 (82) 3250 (56) 2828 (58)
2 3871 (53) 3340 (61) 1818 (31) 168% (34)
3 2402 (33) 1909 (35) 1346 (23) 1285 (26)
4 1462 (20) 1648 (30) 1082 (19) 1144 (23)
5 1303 (18) 1265 (23) 907 (18) 838 (17)
6 1327 (18) 1171 (22) 855 (15) 661 (13)
7 1314 (18) 806 (16) 732 (13) 504 (10)

(1100 c.pe.m./mg dry weight), By comparing the values for
GA.- and water-treated tissue it also appears that the reuoval
of 32? is more varioble when the rinsing is carried ont with

Wa Lef

It was therefore concluded that a large proportion
of tae radioactivity of the tissue shown in Table 22 could

be attributed to adsorptiom,

The examination of whether GA influences the
rate of uptake of 32P wes therefore repeated under conditions
in which the tissue was more rigorously washed before

assaying for inorganic phosphate. Batches of aleurone
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(2 gm) were weighed into 9 cm petri dishes and equilibrated

in 7 ml of water for 6 hours. It was possible that the
observed efflux of inorganic phosphate from the iissue was
initiated by renewing the ambient solution at this time,
Any variation in the amount of efflux could be expected to
cause variation in the specific activity of the phosphate
in the ambjent solution, To avoid such a source of error,
GA was added without any prior rinsing of the tissue.

2.5 ml of each ambient solution, which contained an average
of 0,44 mMolar inorganic phosphate (9$5% confidence interval
0.02 mMolar), was discarded and replaced with 3.5 ml
aliquots of water or GA (Zoolyg/hl) containing SO’yCi 32p
and 11 Yo KH, PO, as carrier. At S min. intetvals there-
aftet, the tissue was placed in a small porous holder,
immersed 3 times in each of four 1 litre solutions of
mMolar KH,PO, and then 3 times in each of four 1 litre
portions of water. Bxcess liquid was drained on absorbent
paper and the sample of tissue placed in an ice-bath.

Afier all the samples were collected, they were transferred
<o the cold room and assayeC for inorganic phosphate by the
method of Lipmann and Tuttle (1944). Aliquots of the
acid-soluble extract were hydrolysed as described by
Bartlett (1959) and also assayed for inorganic phosphate.
The absorbange of the butanol layer containing the vanado=-
molybdophosphate complex wzs measured (Parvin and Smith,
1969) then portions of the butanocl laye: were dried onto
copper planchets and radiocactivity measured in the gas-flow

counter. The results are shown in Table 24, As insufficient
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Table 24

Wheat aleurone (2 ggi was treated with either water or GA
in the presence of P for the times indicated. = After
rigorous washing in both mMolar KH, PO, and water, the
tissue was assayed for inorganic afid total acid-soluble
phosphate (average of two separate experiments).

Time Level in tissue CipeM. (X 103) Specific activity
(min) gyg/g fresh weight) per gm tissue (c.p.m.éﬁg P)
-GA +GA -GA +GA -GA +GA

(a) Inorganic phosphorus

5 52 54 304.2 3Q6.8 5833 5632
10 50 57 312,6 344.8 6331 6112
15 40 40 319,8 31%.0 7994 8054
20 38 45 336,0 359.5 8852 7951

(b) Total acid-soluble phosphorus

5 772 854 397.8 392,0 518 465
Io 890 898 420:8 444,8 484 496
15 741 819 352,0 343.,5 474 420
20 751 803 386.8 402,.0 514 500

Table 25

oc -amylase production, in response t« GA, by the tissue
nged in obtaining the results of Table 24, Period of
treatment was 24 hours. Values expressed as Starch-
Iodine-Colour units per gm fresh weight. (Average of
two determinations,)

Tissne Ambient Total
~GA 0.9 0.6 1.5

+GA 37.9 80.1 118.0
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tissue could be isolated at nne time the experiment was
carried out in two stages, the values for 5 and 10 min., and

those of 15 and 20 min, being obtained separateliy.

Small portions of tissue (0.5 gm) were used to test
the produc:iion of ex -amylase in response to GA. The

results are given in Table 25.

It is clear that even after wasning thoroughly in
non-radioactive phosphate, the specific activity after 5 min.
had already risen to 70% of the value at 20 min. The
data obtained for the amounts of orthophosphate in the
tissue, the total counts incorporated and the specific
activity were analysed sepatately as 4 x 2 factorials with
randomised complete~block design. In no case was the
presence of GA associated with a significant effect. Since
no significant changes occurred during a period when it has
been shown that significant effects of GA occur on free
nucleotides, it was concluded that the presence of the
hormone was not associated with changes in the rate of

uptake of 32P.

17. Hormone-induced chanqges in the _evels and Specific
Activities of Free Nucleotides after Incubation of
Aleurone Tissue with Different Concentrations of

Irorganic Phosphate

The efflux of inorganic phosphate which occurred
after replacement of the ambient solution with water (Table 22)
suggested that some site within the tissue was seasitive to
modifications in the size of the external pool of inorganic

phosphate,
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The effect of adding different coucentrations of

KH2P04 to the ambient sclution was examined in a number of
different experiments. In one experlment, carried out

in petri dishes, the concentration of KH2P04 was kept at

0.25 mMolar throughout the entire incubation period of

7 hours, including 6 hours for equilibration. In another,
the tissue was continuonsly agitated in solutions maintained
mMoliar with respect to KH2P04, In both cases GA was added
for the last 60 min. and -2P for the final 15 min. the
results are shown in Table 26 and in Appendices 7 and 8
respectively., As GA had no sipnificant effect on

nucleotide levels, the values for each treatment were averaged,
The specific activities are presented as the ratic of GA
treated to control. For comparison, the rorresponding values
for tissue incubated without added KH,PO, (except for a small
amount of carrier with the 32P) have been calculated <rom
those presented in Tables 15 and 18, the latter being the

mear of the values obtained after 30 and 90 min. of incubation,

Since the results are derived from different
experiments, they may simply reflect differences in batches
of tissue, However, it is apparent that in experiments
where inorganic phosphorus was adde? to the extermal
medium higher levels of free nucleotidcos are measurerd,
Moreover, ths greatest differences are evidznt among tche
nucleoside triphosphates. The average lewzl of *these four

compounds, extracted from tissue incubated ir petri dishes
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Table 26

Wheat aleurone tissue (4 gm) was equilibrated for 6 hours
and then incubated in water or GA for 60 min. The
concentrations of KHZPO specified below were maintained
throughout, Where pet%i dishes are indicated, the volume
of ambient solution was 10 ml, For continuous shaking,

a volume of 30 ml was used. P was added for the final
15 min. of incubation in each case, The level of each
nucleotide, relative to the smallest value as 100, is
given in parentheses.

N:;ézo- e KH2 PeiiEO%%E%M ﬁHzPOZ* antlzuozf ?%1taé§38h?
(a) Nucleotide levels (ndoles)

NAD 40 (100) 48 (120) 46 (115) 44(110)
ADP 20 (100) 21 (105) 20 (100) 21(105)
ATP 226 (100) 290 (128) 288 (127) 327(145)
CIP 52 (100) 68 (131) 114 (219) 134 (258)
GIP 32 (100) 47 (147) 52 (162) 62(194)
UTP 125 (100) 192 (154) 221 (177) 232(186)
UDPG 174 (100) 194 (111) 180 (103) 200(115)
Total 617 (100) 860 (139) 921 (149) 1020(165)

(b) Specific activity - Ratio of GA treated to control)

NAD 0,67 0482 1.13 0.92
ADP 1,33 0.88 1.04 0.81
ATP 1.15 1.00 1,11 1.01
Cip 1,35 1,49 1.30 1.18
GIP 1.24 1.22 1,11 1.11
UTP 1,24 1,01 l.12 0.95
UDPG 1,31 1.01 1,04 0.97
Mean 1.19 1,06 1,12 0.99

*
Values obtained from one experiment,

P2 .
Values ob%ained from two experiments,

nB . .
Values obtained from *three experiments,
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in the presence of 0.25 mMclar KH,PO,, is 40% greater :

+han for incubation in water. The effect has been most

prounounced fox UTP and GIP,

With continuous agitation of the tissue, the total
level of free nucleotides is again greater in the presence

of added mMolar KH2P0 In this case, however, the

46
difference is smaller, about 14% for the nucleoside

triphosphates:

Compared with incubation in petri dishes, the
amounts of nucleotides extracted from continuously agitated
tissue are considerably greater: in water the amount of
CTP is more than double, and is 2,6 times greatet in mMolar
KH,pO, . Howevcr, there are relatively small differences

between experiments, in the amouhts of NAD and ADP,

with the exception of the experiment in which tissue

was shaken in mMolar KH,PO, ,

the incorporation of 32? into nucleotides, when the mean

GA appears to have increased

values are considered. However, closer inspection of the
Gata in Table 26 reveals that for several of the nucleotides
the results are inconsistent. For example, in three cases
out of four, GA depressed the uptake of 32P by NAD, and a
similar result is seen in two cases for ADP, In only one
treatment is there a marked effect of GA on UDPG, and in
only two treatments is there much effect on ATP and UTP,

The most consistent effects of GA are evident in the values

for CTP and GIP, and of these the larger response is seen in CTIP.
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18. The Uptake of 32?, in Response to GA, by Free

Nucleotides., _ Changes in Composition of the
Incubating Medivu,

The results of several unrelated experiments with
tissue incubated in peiri dishes; suggested that the rela-
tive effect of GA ou the incotpofation of 32P by nucleo=
tides was influenced by the composition of the ambient
soYution. The experir mtal details of “hese experiments
are collated and shown in Table 27, and ox-amylase produc-

tion in Table 28,

It can be seen that the effect of GA is more obvious
in experiments where the ambient solution was completely
replaced with fresh water or solutions of GA, The value
for GIP in the treatment where the ambient solution was
returned almost unchanged was not significantly lower than
the other values. In the experiment in which half the
ambient solution was replaced, only the value for CTF is

significantly greater than unity (5% level of significance).

It could be suggested that the differences in the
cftects of GA on the incorporation of 32? into nucleotides,
which have been attributzd to differences in the composi-
tion of the ambient solution, could equally wzll be due to
variation between batches of tissue. To distinguisn
between these two possibilities, two of thz treatments
were repeated on a singie batca of tissne, In one treat-
ment, the tissue was rinsed with two 10 ml aliquots of

i s . 3
water prior tc both ihe addition of GA ox water, and ZP,



103,
Tab e 27

Wheat aleurone tissue (4 gm) was enuilibrated for 6 hours in
9 cm petri dishes containing 10 ml water.

In one series of experiments. 5 ml of ambient solution was
then discarded and replaced with 5 ml of either water or

GA (2oo/pg/m1). After 15 miun,, another 5 ml was discarded
and the’/tissue rinsed twice with 10 ml aliquots of water.
The volume was again made to 10 ml by the additi ) of 5§ ml
aliquots of water or GA (both comtaining SOdyCi TUP and
15.5 wg KH_PO, as carrier) and left for a further 15 min,
(“Hai¥ repiacvd") (Appendix 6).

In the other series, 5 ml of ambient solution was also
removed after the first =zix hours. However, after adding
0.5 ml water or GA (2 mg/ml) to these, they were returned
+o the tissue. After 15 min., 5 ml was again removed,

50 uCi “9P added with a micro-syringe, and the solutions
returned to the tissue for a further 1f min. ("unchanged")
(Appendix 5).

The tissue from both series was agﬁayed for free nucleotides
after the 15 min, treatment with ~ P,

The results are prescented below as the ratio of the
specific activities of GA treated to control. Values
from Table 18 axe shown for comparison. The experimental
conditions in this instance were that the tissue was
constantly shaken in 30 ml. water and all of the ambient
solution wagzdecanted, and replaced with fresh solutions
containing Pi The total period of incubation was again
30 min. ("“completely replaced",). (Appendix 3)

Ambient Half the* Ambient
solution ambient solution
completely solution returned
replaced replaced unchanged
NAD 1.38 1,00 (.83
ADP 1,20 1.05 1,12
ATP 1,19 1,04 0,51
CTIP 1.37 1.20 0.94
GTP 1.19 1.02 0,79
UIF 1.1¢ 1,06 0,90
UDPG 1,00 0.97 0,90

%
Average of 2 experiments

#es
Average of three experiments
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Table 28

oc -amylase production by wheat aleurone tissue in response
to GA ., BExperimental details shown in Table 32, 27.
Enzyme assay after 24 hours incubation. Values in
Starch-Iodine~Colour units per gm fresh weight.

Ambient Half ambient Ambient

solution solution solution

completely replaced unchanged

replaced

=GA +GA -GA +GA -~GA +GA
Tissue 0,1 10.7 1.9 29,5 1.4 25.4
Ambient - 1648 1.0 66.8 3.5 45.2
Total 0.1 27,5 2.9 %6.3 4.9 70,6

In the other, the ambient solution was kept almost unal-
tered throughout. An oc¢-amylase assay was cartied out on
the latter treatment only. Nucleotide levels and 32?

jincorporation are shown in Table 29, and c¢-~amylase pro-

duction in Table 30.

With the exception of NAD, GA stimulated the
incoxporation of 325 into nucleotides when the tissue was
suspended in fresh, but not in unchanged solutions.

The effect was duc entirely to an enhanced uptake of label,
since the effect of GA on nucleotide levels was not
appreciably different between the two treatments, There
was a consistent increase, due to GA, in the specific
activity of CTP and this nucleotide had the lowest specific

activity of all the nucleoside triphosphates.
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Two of the treatments, carried out on different batches of
tissue as described in Table 27, were repeated on a single

batch of tissue.

They were "completely replaced" and

"unchanged",
Ambient solution Ratio Ambient solution Ratio
completely replaced +GA to returned unchanged +GA to

-GA +GA -GA -GA +GA «~GA
(a) Nucleotide level (ntoles/4 gm fresh weight)
NAD 38 30 0.79 34 34 1.00
ADP 14 10 0.71 16 14 0.88
ATP 182 177 0,97 196 101 0,97
CTP 60 48 0.80 50 50 0.85
GIP 34 32 0,94 37 3s 0.94
UTP 112 118 1.05 110 105 0.95
UDPG 125 116 Q.93 160 137 0.86
Mean 8l 76 0.94 87 81 0.93
(b) Counts incorporated (x 103)
NAD 3.5 1.9 0.54 0,8 0.5 0.63
ADP 14,1 13,1 0.93 3.1 2.3 0,74
ATP 422 .4 493,9 1.17 86,3 79.5 0.92
CTP 80.3 84.4 1.05 15.7 15.2 0097
GIP 70.8 77 .8 1.10 14,2 13.2 0.93
UTP 295.2 359.6 1.22 53.2 47 .4 0.89
UDPG 130,.4 136,6 1.05 31,7 25.1 0,79
Mean 145.2 166.8 1,15 29,3 26,2 0.89
(¢) Specific activity (c.p.m/nilole)
NAD 91 62 0.68 23 16 0.70
ADP 1011 1310 1.30 104 162 0.84
ATP 2321 2790 1.20 440 416 0,94
CcTP 1338 1759 1.31 267 303 1,13
GIP 2084 2432 1.17 384 377 0.98
UTP 2635S 3048 1.16 484 451 0.93
UDPG 1044 1176 1,13 1¢8 183 C,.92
Mean 1503 1797 1.20 284 273 0,96
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Table 30

oc-anylase productxon in tesponse to GA, by the treatment
in Table 29 in which the ambient solutxon was returned
almost unchanged in compos1tion. Period of incubation
with GA was 18 hours, Values in Starch-Iodine-Colour
units per gm fresh we1ght4

Tisste Ambient Total
=GA 2.9 2.3 5.2
+GA 18.2 25,0 43.2

There was less incorporation of label in the treat-
ment where the ambient solution was returned unchanged,
This was probably due to the dilution of 32p by the
presence of a greater amount of non-radioactive phosphorus
in the solution. The amount of inorganic phosphorus in
the ambient solution had generally reached a concentration
of about 0.4 mMolar at the end of the 6 hour equilibration

period, Since only water was added initially, this phosphorus

is secreted by the tissue.
19, The Production of cox-amylase by, and Incorggration of 32P

into Free Nucleotides of, Tissue Extensively Damaged
During Preparation

Both ox-amylase production and the incorporation of
32? jinto free nucleotides have been shown to be enhanced
in wheat aleurone layers by the presence of GA, No
evidence, however, has so far been obtained to indicate
whether the two responses are related, An opportunity
to test the existence of a relation between the two

phenomena occurred when the polypropylene bottle used for
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tissue preparation developed a fault which resulted in

extensive shredding of the aleurone tissue during rolling,
The production of ot ~amylase in response to GA under these

conditions fell markedly as shown by the results in Table 31,

To examine the incorporation of 32? into free
nucleotideé} batches of tissue (4 gm), prepared with the
faulty bottle, were incubated in 30 ml water on a
reciprocating water bath, After 6 hours, 7.5 ml of solution
were discarded and replaced with aliquots of 7.5 ml of GA,
at different concentrations, or water., The incubations
were resumed, and after 15 min. the solutions were decanted
and replaced with fresh solutions of water or GA, 0.05
mMolar with respect to KH2P04 and containing SOJyCi 5ZP.
After a further 15 min., the treatments were terminated and the
tissue assayed for free nucleotides. The results are shown
in Table 32.

Table 31
The production of oc<-amylase in response to GA by wheat
aleurone tissue extensively damaged by a fault which
developed in the polypropylene bottle used during isolation.
Enzyme production after the bottle was repaired is shown

for comparison, Time of incubation with GA (1oo'yg/m1y

18 hours, Values in Starch~Iodine-Colour units per gm
fresh weight,

Damaged tissue Normal tissue
~GA +GA =GA +GA
Tissue - 6.9 0,2 13,8
Ambient - 7.2 0,3 22,9
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Wheat aleurone tissue, extensively damaged during preparation,

was incubated with GA 052

for 6 hours in water,
incubation, after which the tissue was extracted for free
nucleotides. (Average of two determinations).

(b)
NAD
ADP
ATP

0 1074 10” 100
Nucleotide level (nmoles).
42 40 46 40
21 22 19 19
330 310 320 320
113 120 118 116
52 50 52 49
241 232 234 228
12 10 12 10
240 224 226 230
Specific activity (c.p.m./nmole)
33 20 22 29
156 163 155 155
328 335 329 328
215 191 203 204
292 292 292 294
328 318 322 315
512 469 485 465
158 159 156 1s8

Concentration of GA gyg/ﬁl).

water for 30 min. after equilibrating
P was added for the final 15 min, of

Ratio of GA-treated
(100 pg/ml)to
control

0,95

0.90
0.97
1.03
0.94
0.93
0.83
0.96

0.90
0,99
1,00
0.95
1.01
0.96
0.91
1.00

Since oc -amylase production by the damaged tissue

was not entirely inhibited, it would be expected that

some increase in the labelling of nucleotides would occur

in response to GA,

The absence of the latter suggests

that the two processes may not be directly related. On the

other hand, however, less than 40% of oc-amylase was produced
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by damaged, compared to normal aleurone., From Table 18,

jt can be seen that the mean increase in specific activity
of nucleotides was 19% after treatment for 30 min. with

GA. A reduction in the incorporation of 32P by damaged
tissue of the same magnitude as the reduction in oc¢ -amylase;
would therefore mean an increase of less than 8% in

specific activity. A response of this size may not have

been detected by the methods employed.

Further comparison between the data in Tables
18 and 37 reveals that the level of UDPG is 20% higher in
damaged tissue, whilst that of NAD is 16% lower. In

addition, the specific activity of NAD is 73% greater,
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DISCUSSION

The production of o« -amylase by aleurone layers
isolated from mature wheat grain was greatly enhanced
after the administration of gibberellic ecid, Engyne
activity was linearly related to the logarithm of the
concentration of GA applied (Table 1), Similar results
for wheat (Phillips, 1968), barley (Varnmer and Johri, 1967),
and rice (Ogawa, 1966) support this finding, At concen-
trations of GA higher than 10-100 hg/ml (2.89 x 107> -

by
2.89x 10 M), production of ot-amylase decreased,

The ratio of the amount of o« ~amylase in the ambient
solution to that in the tissue was also respounsive to GA,
The relation was sigmoidal up to lolyg/hl, but thereafter
was less clearly defined, This effect has been shown to

occur in wheat aleurone layers by Phillips, (1968).

There was a lag phase of approximately 8-10 hours
between the application of GA and the appearance of
oc-amylase (Table 12), aad this is comparable to the
interval found for barley (Chrispeels and Varner, 1967a).
However, Phillips (1968), working with aleurone isolated
from wheat, found a lag phase of 16 hours, Since the
incubation procedures she used were identical to those
used in the present study, it seems probable that the
difference in the time of detection of the enzyme was due

to the smaller amounts of tissue assayed by Phillips (1968),

Postponement of the addition of GA until 6 hours
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after the tissue was isolated decreased the period of enzyme
induction by 2 hours (Figure 6.). Other workers have
observed similar effects with barley aleurone layers (MaclLeod,
Duffus and Horsfall, 1966; Yung and Mann, 1967), However
the iicrease in the activity of cr -amylase which occurred
after the induction period was considerably greater when the

tissue was pre-incubated in water for 6 hours.

The effect of GA on the production of o< ~amylase
was almost completely prevented by the addition of
Actinomycin D at a concentration of 1004?9/#1 (Table 13).
Varner and Chandra (1964) reported that barley aleurone
responded similarly to Actinomycin D, Postponement of the
addition of both hormone and inhibitor until 6 hours after
wheat aleurone layers were prepared did not greatly alter

the degree of inhibition (Table 13),

It is apparent that the aleurone layers of wheat
and barley respond in a similar fashion to the application
of GA and that therefore many of the findings reported
elsewhere for the response in barley may be assumed to be

pertinent for wheat,

Isolated aleurone tissue may thus be regarded
as a homogenaous collection of cells which roect in a
reproducible manner to the addition of small amounts of a
specific compound classed as a hormone. The raesponse

becomes greater as the concentration of the hormone is
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increased, reaches & maxigum, and then apparently declines,

During the first phase of this response, each
added increment of GA causes a relatively greater increase
in the amount of o -amylase secreted by the tissue compared
to that detected in the tissue, This result could be
explained by assuming that release of c¢ ~-amylase occurs
only when a critical concentration of the enzyme has been
synthesised in the tissue, Secretion would then become
proportionately greater as total enzyme production was
increased, On the other hand, separate mechanisms may
exist for synthesis and release of o -amylase, In this
case, either the cell wall could become more permeable to
the passage of o« -amylase, or secretion itself might be
influenced by the hormone, higher concentrations of GA

causing release earlier than lower levels,

There was a lag phase of some 6 ~ 10 hours between
the addition of GA and the first detection of o< -amylase,
Several alternative Bypotheses can be put forward to explain
this phenomenon-

(a) isolated aleurone does not respond to the
presence of GA before a time interval of 6 -~ 10 hours has
elapsed, However the inhibitory effect of Actinomycin D
on ot -amylase production by barley aleurxone is greatest
when it is applied at the same time as GA, The effect

becomes smaller as the addition of Actinomycin D is delayed,
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and no effect is detected when the interval between adding

GA and Actinomycin D is 7 hours (Chrispeels and Varner 19678B),
Thus, it is unlikely that the lag phase is due to an
unresponsive state of the tissue,

(b) the level of o =amylase which can be detected
by the methods used is not reached in aleurone tissue for
the first 6 - 10 hours, It can be seen from Table 12 that
¢ -amylase can be detected in tissue treated with water
alone, Further, the level of o< =amylase wi thin tissue
incubated in water is sometimes greater than the amounts
measured there in the presence of GA, It is apparent
therefore that the sensitivity of the enzyie assay is
adequate to preclude this hypothesis;

(c¢) certain biochemical events preceding the
appearance of o< -amylase require 6 « 10 hours for completion,
This hypothesis is supported by evidence that, in barley
aleurocne, all of the o =amylase induced by GA arises from
d 2 novo synthesis (Filner and Varner, 1967), Thus, by
implication, both transeription and translation could be
expected to precede the detection of oc-amylase in wheat
aleurone,

(d) a short period of rapid synthesis may be
followed by a long period of activation, (e.g. organisation
of secondary or tertiary structure), lasting several hours,
This infers that of ~amylase synthesised at 10 hours would

not be detected until, for example. 16 hours. Inhibitors
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of protein syntheeis such as cycloheximide, if added between
10 and 16 hours, would then be expected to have no effect

on the amount of o< -amylase measured at 16 hours, Chrispeels
and Varner (1967b) have shown however that the addition of
cyclcheximide at intervals after the addition of GA causes
an immediate céssation in the production of ot ~-amylase,
Moreover, if tissue is treated with GA for 7 hours and then
incubated in its absence, less ot ~amylase is produced after
13 hours than if GA had been present continuously. Howaver,
when such tissue is again treated with GA at 13 hours, the
rate of synihesis of ot -amylase bimost immediately risdes to
that observed in continuously treated tissue (Chrispeels and
Varner, 1967b)i It may be concluded thereforae that
activation does not require a significant portion of the

lag phase,

The biological property of Actinomycin D is
considered to arise from its binding to the guanine moieties of
DNA and consequently preventing transcription (Reich and
Goldberg, 1964). As discussed in the Literature Review,
the use of this compound by several workers studying its
effects on the production of cf-amylase by barley aleurone
treated with GA, has produced conflicting results, In the
present study, considerable inhibition was preduced, and,
assuming that Actinomycin D has no effect other than the
blockage of transcription, it can be concluded that at some

stage(s) in the response sequence, from the initial action
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of GA to the production of o¢-amylase, there is & requirement

in this tissue, prepared in this way, for RNA produced from

DNA o

It was found that if the amount of GA was kept
constant and the level of Actinomycin D was increased, the
amount of o¢cwamylase found in the ambient solution was inhibited
to a greater extent than that extracted from the tissue
(Table 13), Up to a concentration of 30’yg/h1, the decline
in total of ~amylase production was accounted for almost
entirely by the decrease in the amount of o¢-amylase released,
but thereafter enzyme activity in both tissue and ambient
solution dropped sharply. These results may indicate that
as the concentration of Actinomycin D is increased there is
an increasingly longer interval before GA produces any effect,
They may also be interpreted as indicating that release does
not occur until enzyme concentration inside the tissue reaches
a critiecal level. Again, as with the effect of increasing
concentrations of GA, a third alternative is that both
synthesis and release of enzyme are controlled by different
mechanisms., Chrispeels and Vaxrner (1967a) concluded that
their results, on the effect of Actinomycin D on the
GA-induced synthesis of ox-amylase in barley aleurone,
supported the latter hypothesis, Several studies with
tissues derived from animals indicate that r-RNA production
is inhibited at low lavels of Actinomyein D before any

significant effect is detected on m-RNA synthesis (Roberts
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and Newman, 1966; Penman, Vesco and Penman, 1968; Cheevers

and Sheinin, 1970). There does not appear to be any evidence
to show that this occurs in plant tissues. However, low
conceatrations of GA are reported to enhance the incorporation
of 14C-uridine into r-RNA in barley aleurone layers to a greatexr
extent than into other forms of RNA, (Chandra and Duynstee,
1568), As the level of GA is increased, the amount of
radicactivity associated with these other forms of RNA alsc

increases,

I+ was found that the interval between the addition
of CA and detection of oc-amylase zould be shortened by
subjecting the tissue to a period of pre=incubation in water,
Six hours pre~incubation rediced by only 2 hours the time at
which the responsc was first detectable. One possible
explanation for this result is that the permeability of the
eleurone cells to GA imcreases after a time of incubation in
water and that GA is able to act more quickly. A second

xplanation is that the method used to isolate the aleurone
from the starchy endosperm may make freshly prepared aleurone
unresponsive to the presence of GA for the first 2 - 3 hours,
A third alternative is that the semsitivity of the aleurone to
GA increases after a period of pre-incubation in water due

to the accumulation of a factor(s) necessary for the action

of GA, Studies by Marcus and Feeley (1964, 1965) indicate
that both the activity of ribosomal preparations, as measured

by the incorporation of amino acids into proteins, and
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the formation of polyribosomes, increase during imbibition

in peanut cotyledons and wheat embryos. A further hypothesis
can be advanced suggesting that the series of events which
precede o--amylase synthesis take place in both GA= and Water=
treated tissue, but that all of the events are greatly
accelerated in the presence of GA, According to this hypothesie
the addition of GA to aleurone arter a period of pre-incubation
of about 30 hours should result in an almost immadiate
production of c¢-amylase. However, no evidence was obtained
to show whether an interval of pre-incubation longer than 6
hours would reduce by more than 2 hours, the time at which

¢ -amylase appears,

From the foregoing it is clear that GA elicits a
hormonal response in wheat aleurone which is detectable,
after a lag period, by an increase in the activity of
ot ~-amylase in both tissue and ambient solution, By analogy
with results published for barley aleurone it can be
inferred that the enzyme arises by de novo synthesis, and
further, that this process requires some DNA-directed RNA
synthesis, As discussed in the Literature Review, increases
in the incorporation of radiocactive precursors into the RNA
of GA~treated barley aleurone have been repoited by some
workers to occur under specific conditioms, The results
of others do not support this finding. Evidence indicating
that protein synthesis precedes nucleic acid metabolism in

germinating wheat embryos has beeu reported (Marcus and
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Feeley, 19663 Chen, Sarid and Katchalski, 1968), suggesting

that some or all of the mechanism for txanscription may be

present in an inactive form.

This is substantiated by the results of Chen and
Osborne (1970), whichk show that whilst wheat embryos were
capable of incorporating labelled amino acids into acid-
insoluble compounds immediately after germination, there was
no detactable incorporaticn of 1"ﬁ'c--"l_\r:i.d:‘u'u-:‘ into XKNA until
12 hours later. Moreover, the incorporation of labelled
amino acids was enhanced by GA after 6 hours, Although
these results strongly suggest that an effect of GA on
{ranslation precedes an effect on transcription, and thus
infer the presence of an inactive species of m-RNA, the
authors point out that there may have been synthesis of
a small RNA component not detectable by the methods used.
No comparable studies have been carvied out on the cells

of the aleurone layer,

In view of the conflicting results obtained by
different workers on the events preceding the GA~induced
increase in protein synthesis, it was apparent that some
type of metabolism other than that of nucleic acids warranted
investigation, It was highly probable that some or all of
the biochemical manifectativas of hormonal action would
involve free nucleotides as coi2ctoxsa In addition a
stimul=tion of RNA synthesis, if it did occur after GA

treatimeni, would probably requiic an increased supply of
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nucleotide precursors. A study of these compounds in the
aleurcne or wheat, shortly after the administration of GA,
would probably reveal facets of the mode of action of GA

not detectable by other means so far studied,

A iechnique was developed for the extraction and
separation oif free nucleotides from isolated aleurone layers
of wheat, recovery of these compounds being greater than
80%, The method was based on extraction with cold
tricliloroacetic acid followed by separation with ion-exchange
and paper chromatography, and measurement of extinction at
260 nm¢ The nucleotides identified were NAD (50 nmoles/gm
dry weight), ADP (20), ATP (218), CTP (34); GIP (34),

UIP (72) and UDPG (204). The latter compound yielded

gluccse, fructose, galactose and xylose aftex :aild acid

hydrolysis, and was presumed to be a mixture of the four UDPssugars,
However, confirmation of this suggestion was not obtained

as no clear separaticn took place in the solvent systems

used by Carminetti et al (1965). Measurements cf TUDPG"

thex~fore probably =eprx~nent the total absorbance of four

different compounds,

Derivatives of edenine and uracil itogether accounted
for zlmost 9% of the nucleotides mzastred, This finding
is similer to data cbtained for wheat plants (Bergkvist, 1956),
corn roots (Cole and Ross, 1966), yeast (Oura and Suomalainen,

1967), Spirodela olicgorrhiza (Bileleski, 1968), immature

wheat graia (Jenner, 1968), phloem exudate (Bieleski, 1969),
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and Chlorella pyrenoidosa (Sanwal and Preiss, 1969),

Individual nucleotide levels were somewhat different
to those “ound in intact immature wheat grain by Jenner (1968).
Tweniy days after anthesis, the amounts of ATP, UTP,; and UDPG
in immature grain were 2,8-, 5.2-, and 6,8~ fold hicher
respectively than those found in mature aleuxone (per gm fresh
weight), while derivatives of cytosine and guanine in the
former were either absent or too low to be measured, In
addition, the developing grain contained significant quantities
of ADPFG, which was not detected in either the aleurone or

endosperm of mature grain,

Moreover, the nucleotide content of the endosperm
of the developing grain was higher than that of the testa-
pericarp fraction (which included aleurone and embryo).
This is in contrast to the mature grain, the endosperm of

which was found to contain no free nucleotides. (Table 5),

The absence of detectable levels of AMP, and a
constant ratio of ATP to ADP (approximately 11:1l) indicated the
presence of the enzyme, adenylate kinase. This enzyme
controls the reaction -

(AMP) + (ATP) = 2(ADP),

Bomsel and Pradet (1968) suggested that a measure of the
degree of activity of adenylate kinase can be obtained by
estimating the ratio ¢/E,

wnere = e = 2(ATP) + (ADP}, and

E = (ATP) + [ADP) + (AMP),
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For isolated aleurone, where (ATP) and (ADF) are 218 and
20 nmoles respectively, this value is approximately 1l.5.
Usiug Ada‘'a from several sources, Somsel and Pradet (1968)
showed that a value of this order corxresponds to an
equilibrium constant, K, of about 2,5, where ~

(ATP) (AMP)
(aDP)2

K =

Thus, the concentration of AMP can be estimated as 3 nmoles,
an amount too low to be detec¢ted by the techniques and

amounts of tissue used in these experiments,

The value of the equilibrium constant of the
adenylate control system appears to change with the stage of
maturity of the wheat grain, From data supplied by Jennexr
(1968) it can be calcuiated that, at 10 and 20 days after
anthesis, the values for K are 0,58 and 0,49 resp:ctively,
Thus, the free adenyl nucleotides of the fully imbibed

mature alenrone layer are clearly at a high ene~gy potential,

Considerable quantities of AMP were extracted
from aleurone after thawing tissue previously frogzen in
liquicd nitrogen. Other nucleoside mono=~ and diphosphates
also appeared as a result of this treatment or, if already
prssent, were increased in amount, This occurred at the
expeuse of the nucleoside triphosphates which weie extensively
degraded, Since NAD and UDPG were unaffected, it was
apparent that phosphatases cf high activity were present

and were capable of action at 4°C in the few minutes



122,
before TCA could completely penetrate the thawirg tissue,

Poor recoveries of ATP were reported by Williams (1970)
after thawing fractions of wheat grain, previously frozen
in liquid nitrogen; in perchloric acid. This extremely
rapid hydrolysis, by enzymes capable of working at low

temperatures, has also been described by Bieleski (1964).

The amount of inorganic phosphorus in the nucleotides
represented less than 2% of the total acidwesoluble phosphate,
The level of acid~soluble organic phosphorus was lé6-fold
higher than the level of inorganic phosphate; and this
finding is in agreement with the results of Jennings and
Morton (1963), and Williams (1970), Up to 20«30 days
after anthesis, inorganie phosphorus accounts for almost
all of the total acid~soluble phosphorus, but thereafter
non-labile organic phosphorus (such as phytic acid) increases
substantially, By day 35, nearly all of the phosphate in

the aleurone layer occurs as phytic acid,

The addition of dilute solutions of KH2PO4 to the
incubation media induced increases in the levels of
nucleotides, especially those of ATP, UTP, CTP and GIP, Since
the level of inorganic phosphate in mature aleurone is relatively
low, it may be the limiting factor in phosphate-requiring
metabolic reactions, Bieleski (1968) showed that the
imposition of a phosphate deficiency on the aquatic plant,
Spvirodela, caused a concomitant drop in the phosphate

ester content, However, the relative proportions of the
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esters remained constant apd this is ia coutrast to the results
obtained mith aleurone tissue, In the presence of 1mM KH2P04'
the level of ATP rose by about half, whilst that of CTIP
incrcased 2,6~fold, It has been observed that the level

of ATP in red blood cells is increased significantly when
additions of inorganic phosphate are made to normal blood
(Lichtman and Miller, 1970). The activity of phosphorylases
can be stimulated by increases in the physiological
concentrations of inorganic phosphate, Degradation of
polysaccharides, phospholipids, and nucleic acids may then be
catalysed and the high energy phosphate bonds conserved in

phosphorylated intermediates such as free nucleotides

(Kornberg, 1962).

Samples of aleurone tissue were incubated in the
presence and absence of GA and the nucleotides measured
at intervals up to 24 hours (Table 7). It was clear from
the results that while only smell changes were related
to the pr esence of the hormone, relatively large fluctuations
were recorded in both water~ and GA~treated tissue, These
reached a maximum after about 2 hours, when the levels of
ATP and UDPG were depressed and those of ADP and UIP were
increased., Except for UIP, the efrfacts disappeared over
the next 24 hours, VDPG was especially affected, After
an initial drop of 33%, there was a net accumulation between
2 and 6 hours of 121 nmoles or almost 60% of the original

smount,
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Further examination of the effect revealed that it

was closely associated with the method used to isolate the
tissue (Table 9), Compared to most other plant parts, the
cell walls of the aleurone are exceptionally thick.
Nevertheless, damage occurs during preparaticn, md it was
concluded that this damage provided the stimulus for the major
modifications in nucleotide levels, Ambient solutions were
examined for evidence of leakage of either nucleotides or
bases, but no significant smounts of U,V~absoxbing compounds
were found, However, this does not preclude the possibility
of exirusion of purine and pyrimidine degrading enzymes by
damaged aleurone which would be capable of transforming the
bases of any nucleotides in the ambient solutién into non UGV,

=absorbing products, This possibility was nct investigateds

Studies with the Saguaro cactus (Steelink, Yeung
and Caldwell, 1967), indicaté that mechanical wounding leads
to o marked stimulation of the reactions leading to shikimic
acid, and thence to flavenoids wia aromatic amino acids, In
1living cells, flavenoids are converted to the more stable
glycosides by glycosyl transfer from sugar nucleotides such

as UDirG (Barber, 1962),

In addition, rapid cell differentiation and ma jor
changes in carbohydrate metabolism follow wounding,
(Steelink, Riser and Onore 1968) and this may account for

some of the changes obsexved in UDFG,

Bagi and Farkas (1967) demonstrated that ribonuclease
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activity in tobacco leaves increased after the leaves were
mechanically damaged, A similar increase has béen reported
to occur in barley aleurone layers after separaticn from the
starchy endosperm (Chrispeels and Varnmer, 1967a), It seems
highly probably therefore that some of the changes which occurred
in free nucleotide levels during the 6 hours after preparation
of wheat aleurone may have resultad from degradation and

resynthesis of part or all of the RNA complement,

During the total incubation period of 24 hours, two
distinct effects of GA were discerned. The levels of ATP
and UDPG, depressed after 2 hourz in the absence of GA (Table 7),
were depressed still further when the hormone was present,
The effect disappcared after a further 60 min., A second
phase occurred at 15 hours, after the production of of -amylase
had commenced, when the levels of UDPG and ADP rose, and then
at 24 hours, similar trends were observed in UTP and ATP,
The first effect,manifest at 2 hours, was generally not
observed if the tissue was left to equilibrate for 6 hours in
water before GA was administered. It seems likely, therefore,
that some part of the wound response is sensitive to the
preseace of GA, Since only the short-term effects of GA
were of major interest, the changes taking place from 15 hours

onwards were not investigated further,

To obviate the infliuence caused by damage during
isolation, the practice of allowing the tissue to equilibrate

in water for 6 hours was adopted, Subsequen tly, treatment
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with GA, in the presence of 32?, showed clearly that the

specific sctivities of the nucleotides were altered by the
hormone, The mean incorporation of label was 6% less than

the control treatment after 15 min, and 19% greater after

36 min,, both effects being significant, By 90 min, the
increase had fallen to %%, and after 120 min, there was a
slight (3%) but non~significant depression (Table 17). These
results were supported by those of another experiment in which
GA caused an increase in specific activity of 26% after 60 min,

and a depression of 20% after 3 hours (Table 14).

Onily slight effects werxe found to occur in nucleotide
levels, When the values for UDPG in the presence and absence
of GA were averaged for each time of incubation, it was found
that the level at 90 min, was depressed simiflcantly below
the levels at 15 and 120 min, Similarly, the values for NAD
at 30 and 90 min, were significantly lower than those at 15
and 20 min, The sverage effect of GA on NAD was found to be
significant, this value being 12% higher than the control,

In contrast to the earlier experiments, carried out without a
6 hour recovery period, GA had no effect on the levels of
UDFG or ATP, Levels of UTP and GIP were also unaffected

by GA, and, as with ATP, were not affected by time of
incubation, However the amount of CTIP was significantly
depressed overall by & by GA,

2

An increase in the uptake of Bep by GA could be

expected to lead to the increases in specific activities of
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nucleotides observed at 30 and 60 min, The incorporation

of 32 into the inorganic and total acid-soluble phosphate
pools of water- and GA-trecated aleurone was examinede It
was found that uptake of 32%p is a relatively slow process,
since even after 90 min, the specific activity of the phosphate
in the ambient solution was 10~ to 20=-fold greater than that
in the tissue, Mo®eover, uptake occurred in two phases, the
first and most rapid being attributed to adsorption, When
precautions were taken to ensure that this component of the
total counts was the same for all treatments, it was found
that GA had no effect on the uptake of 32p up to 20 min. after
administration, Thus, this factor did not contribute to the
effect of GA on the radioactivity of the nucleotidass. It

was also apparent that movement of inorganic phosphate into
and out of the tissue is under stringent control, Efflux

was estimated to be 5,4~fold greater than uptake when both

were measured over the same period of time,

The specific activities of ATP, UTP and GIP increased
by approximatzly 25% after treatment for 30 min, with GA,
whereas that for CIP increased by 38%, However, initially
the specific activity of CTP was significantly lower tha
the other trirhosphates, and the absoiute increase in
spccific activity for each of the four compounds was almost
identical, By 90 min, the level of radiocactivity in ATP,

UTP, and GTP had fallen to the same value as the control,
but that in CTP remained significantly higher than the ccntrol,

It then fell to the control level by 120 min, Thus, of the
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four triphosphates, CTP appeared to respond uniquely to GA.

This was further showu: by the fact that whereas the increase

in the specific activity of each of the triphosphates at 30 min,
was due almost entirely to an increase in the total counts
incorporated, the increase in the specific activity of CTP

at 90 min, was ascribable to a drop of 2% in the level of

that compound,

Although 32P was administered for only the final 15
nin, of incubation in each case, the total counts incorporated
by the control increased as the incubation period was extended
indicating a general increase in the rate of phosphorus

metabolism,

As discussed earlier, very few changes occurred

in the actual levels of nucleotides, However it is apparent
that, in some cases, specific activities are increased by at
least 2% by GA, These results suggest either a stringent
control on nucleotide levels, or the participation of only the
phosphate moieties of the nucleotides, It is unlikely that
UTP, GTP and CTP would be involved in reactions requiring only
phosphate donation to the same extent as ATP. Thus, the most

reasonable explanation is that of stringent control,

If the ambient solution around tissue incubated in
petri dishes during the 6 hour equilibration period, was
diluted before further incubation of the tissue for 60 min,

in water alone, the uptake of 32p by nucleotides was stimulated



129,
1,5-fold (Table 16). This result could be explained by either

a decrease in the concentration of some inhibitory end-product(s) of
of metabolism, or a lower level of Pi in the ambient solution

32

when ~“P was added after the additional 60 min. of incubation,

Moreover, a reduction in the extent to which nucleotides
increased in specific activity in response to GA could be
brought about by the same treatment (Table 32), When a
portion of am ambient solution was removed, small quantities
of concentrated test solutions added, and the portion of
ambient returned to the tissue for a further 30 min,, a
depression in specific activity of nucleotides was observed
in the treatment which received GA, A similar depression
in 32p uptake was noted after 15 min, under conditions in
which the tissue was kept constantly agitated, It seems
probable, therefore, that the response to GA can be slightly
retarded by maintaining the ambient solution and its

concentration relatively unchanged, Slight effects were

also observed on the production of oc-amylase,

When aleurone layers were extensively damaged during
preparation and, as a consequence, production of o<-amylase
was severely restricted, no effects were observed on the
specific activity of nucleotides after treatment with GA
(Table 37), A relationship between nucleotide metabolism
and enzyme production may none the less exist, however more
direct evidence for this was not obtained here, Changes

in nucleic acid metabolism, induced by hoxmones, have been
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reported for a number of tissues, For example, the addition
of indolyl-3-acetic acid to sub=-apical sections of Avena
coleoptile is reported to increasey; by about 50%, the
incerporation of 3H-utidine into all classes of coleoptile

RNA after 8 hours (Hamilton et al,, 1965), Chandra and
Duynstee (1967) found that the incorporation of 32? into

RNA of barley aleurone cells was increased by 88% after treate
ment with GA for 30 min. However, these authors treated
embryo=less half seeds and then removed the aleurone layers

by hand peeling before estimation of RNA, As discussed
earlier the removal of aleurone layers from the endosperm
rapidly initiates both a wound response and an increase in
ribonuclease activity in the tissue, Moreover, it was

found that, in wheat aleurone, part of the wound response is
enhanded by GA, Thus «t least part of the effect of GA on
RNA metabolism in barley aleurone reported by Chandra and
Duynstee (1967) may be attributed to the same phenomenon,
Other transient increases in the incorporation of precursors
into RNA have been reported for specific RNA fractions obtained
from rat kidney after treatment with aldosterone (Forte and
Landon, 1968), and for both acidesoluble and acideinsoluble
compounds extracted from rat uterine tissue exposed to
oestradiol (3illing, Barbiroli and Smellic, 1969), In
addicion the initial significant depression in the spzsrific
activity of nucleotides éaiter treatment of aleuroi:e for 15 min,
with GA maybe analogous to the slight but xeproducible

depression in nuclear RNA synthesis (incorporation of 32P)
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found by Kenny and Kull (1963) to occur in the liver of

adrenalectomised rats 15 min, after ~“he administration of

hydrocortisone,

Although both free nucleotides and RNA metabolism
appear to be involved in the hormonal responses of various
animal and plant systems, the relation between the former two
seems to be obscure., Thus, Varner and Chandra (1964)
concluded there was no qualitative change in the incorporation
of 32? into acid-soluble compounds of barley aleuronc after
treatment with GA, although the amount of RNA was found to
increase, Other raports with different tissues show that
both RNA and acid-soluble components are affected by hormones,
but differ in the time sequence at which each is affected

(Wicks and Kenney, 1964; Billing, Barbiroli and Smellie,

19693 Liew and Gornall, 1969; Peck and Messinger, 1570).

As already mentioned, the increase in specific
activity of ATP, GIP, UTP, and CTP after treatment of aleurone
for 30 min, with GA, was almost identical in each case,
although the relative increase in CTP was greater, If nucleic
acid synthesis alone was stimulated by GA at 30 min, then the
increases in specific activity would be expected to be in
proportion to the amount of each triphosphate present
(assuming approximately equal incorporation into RNA), As
this was not found, the results cannot be interpreted as
reflecting exclusively the synthesis of new RNA, Also

contrary to the evidence that many hormones can bring about
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changes in RNA metabolism, the relatively small effect of GA

observed on nucleotide metabolism in wheat aleurone argues
against a major alteration in nucleic acid synthesis in

this tissue, The data appear to be more consistent with

the presence of m-RNA in a masked or inactive form which has
the potential to support the greatly enhanced enzyme synthasis

induced by GA,

It is apparent that in wheat aleurone CTP exhibited
a8 unique respounse in relation to the effect of GA on the
metabolism of free nucleotides. Additional evidence for
this response is given in Tables 33 and 34, In both cases
the results of 10 experiments, which include a total of 20
observations, have been pooled, These observations cover
incubation periods varying from 15 to 180 min, Only the
specific activities of the nucleoside triphosphates have been
considered, and these have been transformed to the percentage
ratio of GA~treated to control, The data collated in the
Tables is detailed in Appendices 2 to 8, The mean per-
centage effect of GA is shown in Table 33 together with the

values of t for the analysis of paired observations,
Table 33

Test of significance of the percent effect of GA on specifie
activities of nucleoside triphosphates, Analysis of 20
paired observations pooled from 10 experiments.

% effect Value Level of
Nucleotide of GA of t, Significance
ATP 101,5 0.383 NS5,
CTP 112,6 20,099 S
GTrP 103,6 0,723 NeSe

UTP 102,0 0,485 NeSe
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It can be seen that over a large range of treatments
and incubation times, GA has a specific and reproducible
effect on the specific activity of CTP, This is not so
in the case of ATP, UTP and GTP, An increase in specific
activity can be brought about by either a decrease in
nucleoctide level or an increase in total counts incorporated,
or both, Increases in the specific activity of CTF were
found to be due to different combinations of both factors,
and this can be seen from the data in the Appendices from

which Table 33 has been compiled,

In Table 34, the percent effect of GA on the
triphosphates has been compared for pairs of compounds and
the value of t for the mean difference computed, In addition,
the correlation coefficients between the percent effect of GA
on pairs of nucleotides have been calculated,
Table 34,
Test of significance of the difference in percent effect of

GA between pairs of nucleotides, and the correlation coe
efficient between the response of pairs of nucleotides to GA,

Nucleotide Mean % Correlation Confidence Coefficient of
Pairs Difference value Coefficient Interval Determination
(%) (x) (95%) (x?)
ATP«GTP 2,2 0,873 0,859 0,673«0,943 73.8
GTP=-UTP 1,9 0,795 0,770 0,498=0,904 59.3
ATP<UTP 0e5 0,388 0,047  04871-0,979% 8947
ATP=CTP 11,0 2¢258: 0,591 0.202-—0.819b 34,9
CIPCTP 2.3 2.104' 0,717 0390-0,884 51.4
UTP-CTP 10,7 2.3518 0,654 0.298-0.850b 42.8

% Significant at the 5% level
a Significantly different from b,
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It is apparent from the mean difference of the

effect of GA on different nucleotides that CTP responds in

a significantly different mammer to that of ATP, UTP and GIP.
It is also clear that both ATP and UTP respond in an almost
identical fashion to tae presence of GA., Furthermore, the
correlations between the effect of GA on ATP and CTP, and

on UTP and CTP, are significantly lower than between ATFP and
UTP, The co=efficient of determination indicates that
prcportion of the sum of squares of the correlation coefficient
which tan be attributed to the interdependence of the sample
populations, Thus, ATP and CIP respond in a similar fashion
to GA on only 35% of the occasions investigated; whereas

ATP and UTP show similar effects on 90% of occasions,

The initial work of Kennedy and Veiss (1956)
outlined the relation between the cytidine nucleotides and
lipid synthesis, and further studies have confirmed that,
in addition to its role as a nucleic acid precursor, this
is the major function of CTIP in cellular metabolism at present
known (Kennedy, 19563 Weiss et 21, 1958; Kiyasu et al, 1963;
Carter, 1968; Sumida and Mudd, 1968). The importance of
ribosomes, and membranes of the endoplasmic reticulum, in
protein synthesis has been discussed by Tata (1967, 1970) and
it is clear that there is a closz correlation between the rates
of RNA accumulation, membrane phospholipid synthesis, and
protein synthesis, In addition, Xerkof and Tata (1969) have

shown that the incorporation of 32p_labelled phospholipids



135,
into microsomes of rat parotid slices is greatly enhanced in
the presence of thyrotrophic hormone, Some evidznce is also
available for the selective effect of hormones on the
incorporation of cytidine nucleotides into RNA, although
again this is derived from work on mammalian tissues (Talwar,
Gupta and Gros, 19643 Bashirelahi and Villee, 1970)., On
the other hand, Johri and Varner (1968) have reported a
decrease in the number of uracil-cytosine pairs iu RNA extracted

from dwarf pea seedlings after treatment with GA.

It is clear that the most consistent effect of GA
on the free nucleotides of wheat aleurone is an increase in
the specific activity of CTP, In addition, according to
present knowledge, most of the metabolism of the cytidine
nucleotides can be accounted for by either nucleilc acic
metabolism or the synthesis of phospholipids, However, as
has been discussed earlier, the results obtained do not support
the coaclusion that major changes in nucieic acid metabolism
occur, nor is there any evidence to suggest that cytidine~
rich nucleic acids are induced by hormones in plant tissues.
Thus, the most recasonable explanation for the observed response

is an enhanced synthesis of phosphoiipids,

Chen and Osborne (1970) found that ribosomes
extracted from wheat embryos which had been incubated with
GA had a greater capacity to incorporate labelled amino acids
into acid~insoluble material than the controls, However,

there was no effect of the hormone on the formation of
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polysomes. Moreover, the addition of GA to a cell-free system
of ribosomes from wheat embryos actually evoked an inhibition
in ribosomal activity, They suggested therefore that a
cofactor, which could be associated with the membranes, was

necessary for the in vivo function of GA,

Tata (1970) has described the effect of hormones
on the incorporation of various precursors into the phospholipids
of the endoplasmic reticulum obtained from different tissues,
and concludes that the formation of membranes is tightly co-

ordinated with an increase in protein synthesis,

It is suggested therefore that one of the earliest
effects of GA on wheat aleurone tissue is manifest in an
increase in membrane synthesis, and that the new membranes
so formed act as a participant in a system already provided
with sufficient m-RNA, albeit inactive, and ribosomal material

to support active protein synthesis,
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APPENDIX 1

Levels of free nucleotides in wheat aleurone tissue
(nméles per 4 gm fresh weight).
A ATP ADP UDPG UTP GTP CTP
Time Treat-
(Hrs) ment 1 2 2 1 2 3 ) 2 3 1 2 3 1 2 3 1l 2 3
C 222 162 214 21 21 19 230 160 236 70 63 78 31 26 32 26 29 25
1 =GA 227 198 216 2Q 23 19 18% 177 188 ¢9 98 103 38 30 138 36 25 50
+GA 197 171 218 26 21 18 172 160 183 86 86 116 35 23 38 36 23 47
C 237 268 232 21 19 15 242 274 245 89 66 95 38 36 17 40 40 24
2 =GA 237 218 220 31 22 28 176 171 186 123 110 131 35 32 24 41 35 36
+GA 208 216 216 26 21 29 156 164 169 126 131 130 32 29 26 43 40 37
C 236 202 1¢8 16 17 47 208 109 227 66 62 63 48 35 19 27 32 28
3 =GA 222 195 1:6 26 16 50 204 102 165 87 79 81 37 38 14 30 31 28
+GA 222 180 1€3 31 11 51 189 100 153 94 75 87 41 37 19 36 37 30
C 200 267 2C4 12 23 15 156 194 168 54 73 51 38 44 44 44 37 42
6 -GA 205 248 225 13 25 23 209 216 174 77 S3 80 44 43 38 43 45 A7
+GA 214 246 220 15 29 25 217 235 191 %6 103 o3 42 50 46 43 59 37
C 206 200 2(9 1d£ 19 19 188 187 234 63 50 67 33 34 33 32 33 33
15 -GA 222 202 2(8 18* 18 17 202 195 222 82 88 89 28 32 33 52 35 56
+GA 218 222 255 21 20 22 229 247 284 89 83 93 31 37 45 50 29 55
*
. . C 202 236 2(3 19 31 12 169 250 168 62 81 83 36 39 24 39 35 37
24 =GA 199 216 210 16 24 13 165 254 234 65 70 63 34 35 41 47 61
+GA 244 274 220 16 22 14 196 272 240116 133 109 43 39 39 51 67 59
2 Estimated missing values. -GA = Treated with water
C = Control at zerc time +GA = Treated with GA
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APPENDIX 2

Nucleotide levels and specific actigéties following
incubation of aleurone tissue with = P in the pres=znce and
absence of GA

nmoles/4 gm fresh CspsM. per nmole
weight

1 hr 3 hrs 1 hrx 3 hrs

-GA +GA ~GA +GA =GA +GA -GA +GA

1 49 48 35 39 9 12 - -

NAD 2 39 36 33 36 - - 10 1
3 36 33 - 1

1 22 18 22 23 359 532 393 342

ADP 2 20 18 17 14 370 464 506 380
3 21 18 299 368

1 218 223 234 226 868 1159 837 ©56

ATP 2 225 221 225 241 801 840 954 547
3 23¢ 232 659 688

1 48 50 62 60 763* o9s2* 684 599

CTP 2 59 41 64 53 6192 1036 612 458
3 53 50 512 530

l 28 27 22 36 636 864 668 640

GIPr 2 32 18 35 35 607 745 664 434
3 37 35 456 500

1 116 111 133 128 048 1347 917 877

UTP 2 121 116 130 133 838 2390 1103 640
3 146 137 663 763

1 1 l 8 10 1578 2062 2012 1440

UDF 2 6 1l 7 6 2254 11752 2256 1675
3 S 6 1666 212¢

1 206 156 203 188 426 553 362 339

UDFG 2 194 129 155 195 348 524 392 223
3 188 168 269 295

¥ . . s
Estimated missing values,
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APPENDIX 3

Time-course of levels and specific activities of nucleotides

after treatment of aleurocne with GA.

(a) nmoles

NAD ADP ATF CTFP GIP uTpP UDP UDPG
Time Treat- i
{(min,)ment 1l 2 1 2 1 2 1l 2 1 2 1 2 1 2 1 2
15 ~-GA 53 51 17 19 286 356 107 144 49 55 211 288 11 8 168 230
+GA 55 49 24 20 326 300 112 128 58 37 249 214 8 8 207 179
30 -GA 38 43 23 19 304 310 162 127 55 52 230 226 18 6 175 206
+GA 52 52 20 23 263 308 103 125 48 51 179 249 8 ii 180 208
90 -GA 38 44 19 20 271 291 117 138 62 45 188 231 19 11 167 166
+GA 47 57 22 17 258 256 88 115 Sl 53 14 268 5 13 163 174
120 -GA 46 47 20 14 280 340 107 113 42 56 2i3 274 6 8 190 227
+GA 62 €1 16 21 268 319 103 109 62 42 178 263 6 13 185 1%4
(b) Specific activity (c.p.m/nmole)
15 —3h 13 17 154 148 256 274 170 150 230 261 256 273 448 927 132 149
+3A 10 19 108 141 241 278 148 154 204 253 245 269 862 408 122 143
30 ~GA 13 13 146 120 402 227 209 124 374 200 402 222 737 623 198 1.3
+GA 18 18 176 145 431 319 280 175 391 2% 435 309 852 2512 222 Ql
90 ~3A - 17 189 141 434 288 257 144 394 247 434 201 443 775 202 142
+3GA 17 14 136 165 410 333 287 204 368 292 426 1334 1175 539 209 162
120 =GA 12 - 150 229 314 446 207 285 312 420 328 425 906 633 160 226
+3GA 12 15 130 207 295 450 216 264 276 467 316 432 838 585 146 224
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APPENDIX 4

Residual radioac}iv:i.ty of wheat aleurone tissue afterx
incubation with ““P and subsequent rinsing with indicated
solutions (c.p.m., per mg dry weight).

Number of Rinsed with water Rinsed with mM KH2P04
rinses -GA +GA -GA +GA
0 7274 5431 5796 4908
1l 5562 5362 2200 2152
2 3869 2605 1755 1424
3 2183 2052 149% 1476
4 1164 1070 785 955
5 1050 1823 063 1000
6 1705 503 973 559
7 1225 787 628 424
8 1012 909 565 528




Ambient solution "unaltered",

APPENDIX 5

157.

Incubated 30 min.

nmoles Counts/min. (x 103) Specific

1. ~Gh +GA ~-GA +GA -GA

NAD 38 sl 0.2 0,1 7 2
ADP 11 20 0.5 0,5 L2 24
ATP 167 230 12,5 11,6 75 51
CTP 61 83 2,9 2.6 48 31
GIP 40 41 3.5 2,2 87 53
UTP 80 134 6.8 7.8 85 59
UDPG 143 180 7.1 6.2 49 35
2.

NAD 22 23 0.4 0.1 17 6
ADP 23 20 l.4 1.3 61 67
ATP 201 186 32.7 30.4 162 163
CTP 64 79 7.9 77 125 97
GTP 37 33 5.1 447 139 143
UTP 122 103 20,9 16.9 171 164
UDPG 183 175 14 .4 14,0 79 80
3.

NAD - 18 - 04 - 22
ADP - 15 - 2,0 - 132
ATP 198 183 6)..3 52,9 210 289
cTP 76 55 W0,.3 9.0 158 164
GTP 37 43 S.1 7.8 246 le2
uTP 102 o7 31.1 27 .9 305 287
UDPG 166 155 25,6 22,5 154 145



Ambient solution "half replaced",

APPENDIX 6
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Incubated 30 min,

nmoles Counis/min(x 103) Specific Ar

1, -GA +GA -GA +GA -GA

NAD 43 43 0.4 0.4 8 8
ADP 16 12 0.9 0.7 57 62
ATP 224 218 27,2 28,2 122 126
CTP 63 54 S.1 S.1 80 94
GTP 38 39 4,5 4.7 118 121
UTP 143 136 18.9 18,6 132 137
UDPG 168 168 10.6 10.5 63 63
2,

NAD 34 41 0o6 0.3 17 7
ADP 20 19 2.1 2,0 103 104
ATP 212 210 63.8 65.3 301 311
CTP 87 81 14 .4 16.6 166 204
oTP - 41 - 10,8 - 264
UTP 135 139 44 .8 49.5 332 356
UDFG 196 163 26,8 24 .9 137 129
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APPENDIX 7
Entire incubation carried out in mM KHZPO
L J

Treated with and without GA for 60 min,

nmoles Counts/min(x 103) Specific Activ.

=GA +GA ~GA +GA -CGA +GA

NAD 32 55 0.04 0.07 1.3 1,2
ADP 18 24 0.8 0.8 42 34
ATP 328 326 23,1 23.1 70 71
CTP 132 137 6.7 8.2 51 60
GIP 58 67 4,2 54 72 80
UTP 209 255 16,8 16.3 80 76

UDPG 199 200 6.2 6.1 31 31
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APPENDIX 8

Entire incubation carried out in 0,25 mM KH_PO
Treated with and without GA for 60 min.

nmoles Counts/min(x 103) Specific Activii,

1. ~GA +GA -GA +GA -GA +GA
NAD 45 52 0.1 0.1l 2 2
ADP 22 26 2,0 2,2 89 83
ATP 288 299 57.5 60,2 200 201
CTP 66 - - - - -
GTP 48 49 77 2.3 160 150
uTp 191 201 42,6 46,7 223 230
UDPG 200 200 16.5 17.6 83 88
2.

NAD 43 43 0.02 0,01 0.4 0.3
ADP 15 18 1,2 1.2 79 66
ATP 279 260 46,6 43,0 167 166
CTP 75 73 6.5 9.5 87 130
GTP 43 44 5.7 7.2 133 165
UTP 187 .185 35.9 34.9 102 189

UDPG 189 161 13.2 10.6 70 66





