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caryopses was 1nvestigated with emphaSLS on: 4

l} The dlsappearance of the varxoﬁs/classes of endosoerm proterns._
2. The;enzymes resoonsible for hydroly31s of the reserve proteins.'
A3:'fHormona1 regulatlon of enzyme formatlon and proteln

hydroly51s in the endosperm." o B . "
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Degradatlon of the pr1nc1pal storage protelns,rzeln and

glutelln, was found to begln w1th1n the ﬁlrst two days of germlnatioh;,
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. After 3 days hydroly51s proceeded rapy?iy until the endosperm
.reServes were depleted, at about 8 da

S.. The rate of degradatlon
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of zein'and glutelin deﬁehdéd'on the compdéitio cf thei
endosperm, the more abundant proteln was hydro ysed most

¢

rapldly.

4
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The disappearance of zein'andﬂglutelin during
5 . - X 4 ' -

:germination was‘correlated withrprcteolytic'actiritf in the
endosperm. The principal protease ektracted frondgerminated
’maize endospern had'a pﬁrontimumﬂof 3;8, temperature Zptinum
of 46C, and.reqnired free'suipﬁydr?ngfoups‘forlits‘activityr
The enzyme prenaration.which had endopeptidase activity
degraded a“wide. range of substrate protelns. Denatured proteln,
'.such as hemoglobln, ‘was degraded more rapldlv than natlve
«protelns such as bovine serum'albumln,-and glladln waS'found
to be more readlly degraded after. partlal ac1d hydroly51s. An ' 9
| agar’ gel assay was developed to permlt use of the 1nsolub1e | L7 ‘
malze storage protéi;;\as substrates. In thls"assafwrean"_—_ﬁ“‘ufmrAi7.
‘and glutelln were degraded atéh rate comparable to hemcglobln.r
' The ahlllty of éhe preparatlon to degrade zeln and glutelln w1th
- equal eff1c1ency\can account for the non—spec1f1c pattern of

-

B proteln degradatlon duflng germlnatlon., ThlS protease and

,-.

u~amylase are absent from qu1escent caryopses.‘ These enzymes S
. appear 2-3 days.after Lmbxbltlon of 1ntact caryopses,-and
.w_lncrease 1n\act1V1ty throughout the course of proteln and

starch breakdown . “'..f_ T el
S , §
In contrast to other cereais’nelther the embryo nor T
eXogenous_factors were necessary fbr 1n1t1atlon ‘or continuation

v
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- of a- amylase and proteaee formation in de embryonated it\ v I uF

‘endosperme. Both enzyme activities appeared earlier in excised

endoeperm§ than ih intact caryopsee germinated at the eame
temperature. Zein, glutelin, and etarch were also degraded

more rapidly~in excised endosperms ‘Protease and a—amylaee!

production were found to require protein and RNA synthesis in'.
fthe endospérnﬁ hence:it dis tentatively concluded that thesel

| hydrolytic enzymes are eynthesieed de novo in the endosperm. ;

\
Enzyme production was: net markedly stimulated by

!

- treating de—embryonated endosperms with phytohormones: '
However hydrolase production and,etarch and protein breakdown - ”-.»
~were strongly inhibited by abecisic_acid,.a-hormone antagonist.
K This inhibition wae°reuereed by inclusion of gibberéllic‘acid
“ln the incubation medium. Neither>kinetin-nor indoleacetic
acid could overcome abscieic acid inhibition, indicating that
éibberellins may have a special role in regulation of hydrolase
;production. - e 't | ”1
The responee to gibberellic a01d of a dwarf-mutant maize,
thought to be deficient in endogenous gibberelltns, was tested. -
De-embr¥onated endosperms of ‘this mutant had low enzyme “
actxvitiee, and degraded little starch or protein en incubated
in buffer. IncluSion of gibberellic acid in the incubation
medium stimulated enzyme production five- fold, and accelerated
;.starch and protein hydrolysis._ Thus, .as in other cereals, the

- -gibberellins appear to influence the 1nduction of hydrolytic s

5 P “»
enzymes in maize endosperm. L '
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L " . INTRODUCTION’

/

Cermination of Seeds

-durlng germlnatlon. The hydrolysxs productsnare transpo ted,
. L

via the scutellum in/ cereals (Figure 1), to the;embryo tc

support. its initial growth. The amind acids released by’
| . . : ‘ St g

storage pfotein hydrolysfé are efficient 'incorporated into : - '?
embryo protein (5,47, 64 129 ngsz/E;f;;iiethe endosPerm S . :
. proteins appear to be the preferred nltrogen source for embryo
'proteln synthesxs durlné\early germlnatlon. ‘For example,
Srlvastava (171) found that supplylng nltrate d1d not 1ncrease
- prptein accumulatlon_ln the germlaat;ngembryo until after
depletioh of the endospe:; aittogen feserves. In both cereals
and dicotyledOneus p;ants seedling Gigour'and crop Yield-have_-
been pOsit%veiy-cotrelated With'ﬁatdre;seed ptotein (59;93,
94,151, 159); The-vigour-of Eeedlihg growth appears to‘Be
: determlned by the proteln content .of- the endosperm (95).
Embryos can be cultured in the absence of the seed
storage tlssue, but in- the case of malze must be Suppllea*W1th

sugars (36). OakS‘andrBeevers (126) found that in maize embryo o
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_ Structure” of the'Maiié Carfdpsis o o B (
(MayeingA;'M. and A. Poljakdffﬂugybér, 1963, The Germination:

of Seeds. Macmillan Co., New York.)
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A
protein accumulation depended on an exogenous amino acid
supply for the first 2~3 days a{ter excision. An endospeim
protein hydrorysate or synthetic mixture of amino acids of |
equivalent composition supported embryo protein synthesis

most effectively. This emphasises the importance of reserve.

protein hydrol}sis for embryo growth during normal germination.'
~ However Oaks (125) showed that the embryo has {Qe capacity to

‘syntheSise amino acids. Excised Fmbryos cultured without an

exogenous supply of amino acids began, after a three day lag,

-

lto accumulate both amino ac1ds and protein. - It appears that

during germination amino acid-synthe91s in ‘the embryo may be

_inhibited by amino aCids supplied from the‘endosperm.

4

-'Conversely in- many instances the hydrolysis of seed

'reserves has been- found to depend on embryo metabolism.' Ift

the embryo is killed or removed (18 98,130, 131 191) the

: storage tissues do not degrade their reserves when exposed to ‘

conditions which normally permit starch and protein hydrolysis.

?rotein degradation in pea cotyledons (53 196), protein L

fhydroly51s in squash’ cotyledons (138), and triglyceride -, J

metabolism in wheat (90 175) are also known to be- dependent

‘on the presence of the embryo axis In some cases the embryo ,

axis may Simply act as a‘“Sink" for utilization of hydrolysis

. -| : e . /

.products (196), but frequently an embryo extract or exogenous

,hormone can replace the’growing axis in stimulation of reserve

-

hydrolySis (50 130, 138 165 192). Thus there are clear.

Loair T T
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interactions between the embryo and storage tissuee during

germination. These interactions appear to modulate both

catabo/ic processes in the storage tissues, and embryo f

€ . !

development. r*

In barle interactions between the embrvo and endosperm

have beenVExte ively studied, with particular emphasis on
‘.regulation of starch hydrolysis in .the endosperm. The |
predominant enzymes of - starch hydrolysis are the amylases.,
a-Amylaseicleaves internal linkages of the starch molecule,
and B-amylase removes terminal maltose groups. Accumulation )
" of the- prgéuet maltose, apgears to inhibit breakdown of raw
. starch by the amxlases (159,165). " The presence of_maltaee
-may'therefore also be:required-for‘ligueéaction of starch ]\
reserves:in the germinated caryobsis. The ungerminated
endosoerms of many'cer;als-have been found to_contain B-amylase,
. mostly in a bound form (év— 154), but little a;axn}ilase (36,87) .
During germination amylase activity increases greatly., Somer
of this .is caused by release of bound B amylase, but it is
: mainly due to large increases in u—amylase (35), which has the
?more important role in starch hydrolysis (116) |
Production of a- amylase in the endosperm of barley is -
regulated both by metabolites and by hormones. Sugars and
:other osmotica, for example polyethylene glycol, have been :

found to inhibit a—amylase productiqn by isolated aleurone;

~
~J

layers (75).. 'Jones (75)'suggested'that high osmotic pressure -
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would reduce water’ availability for reserve protein hydrolysis
&ince the amino acids\requirod for enzyme Synthesis in the
aleurone are generated by hydrolysis of the reserve proteins
‘(45),'inhibition of protein degradation would also inhibit
a- amylase synthésxs.‘ De novo synthesis ‘of all :roteins should
“then be affected, and this has been demonstrated by Chrispeelsd
.(27). 'Effects on’ reserve-protein hydroly91s‘have not been
. investigated. ‘Aiternatiseiy'ChriSpeels (27) proposed-that the
protein‘synthetic‘capacity of-tne,cei1S-might be affected
'directly; For example, disaggregation of ribosomes could be
' caused by the water stress (62). | | .
Other researchers have also observed inhibition of
-a-amyiase'production'by exogenous_sugars. 'Yomo aﬁd Iinuma‘
(1§3j‘observed that 0‘1 M sucrose caused 50% inhibition of

e
amylase production by endosperm fragments whereas the same

concentration QEE little effect on enzyme production by whole
de—embryonated endosperms of barley. Different effects.were
'also.found-at different”sugar:concentrations. Briggs and
Clutterbuck (21) observed that‘high‘concentrations of sugar
.;(>0 1 M) interfered Wlth the ability of the aleurone to
synthes1se e-amylase, but 20 to igg mM sucrose- also 1nh1b1ted

a-amylase production. Since this inhibition could be'overcome

by addition of exogenous gibberellic acid they proposed that

these concentrations of sugars prevented endogenous ‘gibberellic

{
acid from reaching.the site of a-amylase synthe51s% Still

-
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 lower concentrations (5 mM) have been demonstrated to supprees‘

"
gibberellin biosynthesis in the scutellum (148) ‘
Considerable evidence has accumulated to shou that
an embryo factor, which is almost certainly gibberellic acid,

is- required ‘for initiation and. continuation of hydrolase

synthesis, and starch and protein. breakdown in barley endosperm ‘

These processes occur in excise\ endosperms only in the preSence
of excised embryos, embryo extracts, or exogenous gibberellic
acid (191)> The barley embryo and scutellum can synthe51se GA
during germination (148 194), and this appears to move into'-
the endosperm. - On reach1ng~the-aleurone cells GA stimulates:

de novo synthesis of d—amylase and_nrotease (45;68), andralso}

the release. of ‘these enzymes into the starchy endosperm or medium

-

- surrounding - excised a§eurone layers. Release of other enzymes,

~such.as ribOnuclease'and B-Y,3~-glucanase (12) is also controlled .

'by the hormone;: Thus GA emanating-frcm the embryo affects
) many aspects of endosperm metabolism.\
Recently investigators have sought the primary site

+

of action of GA in'the endosperm Early information showed

that 1ncorporation of precursors into RNA and protein, and activity

A
of specrfic enzymes such .as a-amylase and protease was

‘stimulated 8-10 hours after GA treatment of 1solated aleurone
. layers Study of events during this 8-10 hour’ i'1ag“ indicates

that an entire change in metabolism is evoked by ‘the hormone.

Table 1 summarises the_principal.hormone effects:recorded-to

e o )
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] TABLE 1 - S
- . r . “‘_'.4"*4 i
Early Effects of Gibberelllc Acid on Imbibed
Barley Aleurone Tissue IR .\.
‘Time\ﬂ observation ‘ _ References
(hr) ' . : ‘
oV GA added-to isolated imbibed‘aleurones
1 . Change in pattern of proteins labelled .. 46
by radloactlve amino acids
2 Increased act1v1ty of 1ecith1n . ‘ o 72
' synthesising enzymes,' . _ S e
4 Increased14c-chollne incorporgtion T a3
. into endoplasmlc retlculum‘:
Increased polysome formatlon _ 42
‘Increa ed'32P 1ncorporat10n 1nto | - g8
3 phospholipid b .
‘ Decreased pentosan- (cell wall precursor) b
. synthesis o
‘8. Protease and a-amylase synthesis . 45,69
Selective-incorppration of 3H—uridinew“. - 198
- into a polydisperse RNA fraction :
A _ ' : : R ‘ ] .
10412w‘ Increase in rough endoplasmic reticulum N 7q;182

it g

i .
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- date. The]apparent diversity‘of the processes affected by’
 the hormone has led Johnson and Chrlspeels (71) to propose
that "GA causes a structural and funct10na1 reorganlzatlon f SR

of the endomembrane system of the aleurone cell, . Thus GA .

. action may involve enhanced-formationsof-a speCific membrane
'_complex geared to: hydrolase synthe51s and release." This is

vague because the "target," or prlmary 51te of actlon of the

: g
hormone has not been dlscovered '

There is con31derab1e ev1dence‘that GA also affects
embryo metabollsm.. Intact caryopses can be stlmulated'to
germlnate with' GA, and effects on embryo metabollsm are apparent
1ong before 1n1t1atlon of hydrolysrs of the endosperm reserves .
(26). In barley embryos GA can stlmulate o= amylase synthe51s,

{;and in.dormant oat embryos it overcomes a block in sugar and‘
amino a01d utlllzatlon (119 164) | |

€

Ga may not be the only hormone involved in regulatlon".

of embryo and endosperm metabollsm in cereals. Hormone

1nteractLons have been demonstrated in both monocotyledons and

dlcotyledons, for example Eastwood et al. "(38) - found that - A@;

aleurones prepared from qulescent wheatsgralns produced much | | |

more - amylase when treated w1th GA and K. than when treated w1th
" either alone.. Khan (84) has suggested that these two. hormones

have distinctive roles in germlnatlon. He proposed that '.=‘ ;i\\ _

klnlns and lnhlbltors, such as abscisic ac1d, 1nteract ‘and

their balance determines,the ability pf a,seed to germlnate.-‘




_Even when this balance is favourable gibberellins are

T

required to induce hydrolase production in the germinating
seed, Experiments with barley showed\that when the balance

is unfavourable hydrolases cannot be induced by gibberellins ﬁ'

(83 85).

-

N
by

Hence the response of a seed to exogenous hormones

depends on 1ts endogenous hormone status. Eastwood et al. (3Br

g
Lt

also obServed that the kinetin rtquirement for u-amylase

production by wheat diifered when aleurones were prepared

a

from soaked- and from quiescent grains. The authors postulated

" that the starchy endosperm contains a thokinin—like factor

Whlch moves into the aleurone during soaking, eliminating the
requirement for exogenous kinin. An alternative explanation

- is consistent with Khan's hypothesis (84). . Inhibitors may be
.present in aleurones of quiescent grains, thus cytokinins

are required to- annul their effects and permit GA stimulation

of a- amylase synthesis. If the 1nhibitors leach out during

soaking the requirement for cytokinin is lost._ Since endogenous,

hormones have not been determined there is no evidence to
;“support either of - these hypotheses.‘ This emphasises the

importance of evaluating the roles of both endogenous and

exogenous factors in regulation of metabolism during germination.

It is evident that many hormones and metabolites can

1nf1uence embryo and endosperm metabolism during germination. .

ar

To fully understand interaction of the embryo and endogperm

- .x- - e

——
s

. o -




10.
durlng throlysis of the endosperm reserves{ it is necessary ‘i, 1
to characterlse- ‘

1. " the nature of the endosperm reserves, thelr pattern of S |
hydroly51s, and factors' affectlng thlS patte{ig ‘5 : . |
2. the enzymes with major roles in hydroly31s of torage

Lo products.

L

- 3. the or1g1n and 1nvolvement of hormones in regulatlon of L .,J
productlon-of these enzymes, and thus in regulatlon of I

hydroly51s of the endosPerm reserve materlals. | _Q S ._i ' 3

| For this thesis a study has been’made of the degradation
of endosperm protelns .of Zea mays during germlnatlon and the
enzymes 1nvolved in that degradatlon. The regulatlon of enZyme"h
productlon and proteln hydreiy51s has also been investlgated._"

1

'
— . o

Endosperm Protein Reserves. . .

| The proteln reserves of 4 mature seed functlon
pr1n01pally as a nltrogen supply for the embryo durlng
germlnatlon.' Slnce these protelns have no“apparent enzymatlc
act1v1ty, they can. only be 1dent1f1ed by thelr phy31co- ' | f‘~ i
chemlcal propertles: such as electrophoretlc moblllty, e ﬁ
solublllty, or 1mmunologlcal react1v1ty. In 1897 Osbdrne |
(129) develoPed a s;mple c1a551f1catlon of seed protelns, based o

on differential solublllty.__Proteins ‘soluble ln.pure{water _ - i

o L. . LI P vy




i

Were‘desighated'albumins, while those soluble in'salt solutions

. were called gIobulins; These proteins are the characteristic

nltrogen reserves of dicotyledonous seeds.

In cereals the bulk of the endosperm protein is not

. '

solublllzed by such mild treatments. Osborne found that

anothér proteln fractlon could be extracted in aqueous alcohol.

This was desxgnated prolamlne.; After extraction of albumln,
| globulln ‘and prolamlne, most of the remaining proteln was
‘soluble in dllute ‘alkali. This fractlon was called glutelin.
A small fractlon (about 5%) of the total endOSperm proteln
cannot ‘be extracted with these solvents, and- is termed .
‘scleroproteln. Nuclelc acids are not con51dered in this
fractlonatlon of endosperm protelns since they make up less.
than 1% of the total endosperm nltrogen (65) L |
B In cereals albumlns and globullns are of relatlvely
mlnor 1mportance_as nltrogen_storage protelns, bot_appear
-to.cogtaiﬁ.most ot‘theenrymatic proteihs ot gerﬁlnating-grain
(123) Ayraﬁaa andﬁNihler (4) found that'e—aﬁylase is a
globulln—type proteln, whlle 8- amylase from restlng or )
germlnated barley is water—soluble and thus an albumin.
Enari and Mlkola (40) determlned that-allvthe proteases
extractable fttmlgnxm malt at pH 4.9 wvere albumlns. Other

workers found that most of thlS protease act1v1ty was 1ndee§

associated with the_alhumln fract;on, butla s;gnlflcant amount

-

- of activity.was also-extracted with the globulin*prOtelas (61).

.;_.;:"_ e




‘_In mature caryopses, enzymes may be bound to, or associated

- .o - - ) ) R . |

1 . |
’ .“ . 12- 'f.\-ﬁ

{
H

with storage proteins. For example B—amylase is bound to
wheat glutelin (154 155), and wheat proteases are extracted
_with both alcohol and alkali soluble storage proteins (77, 184)
Ory and Hennigsen (128) have reported the association of
acid phosphatases -and acid proteinases with protein bodies
(prolamlnes) of ungermlnated barley. It has not been‘ '
'suggested that any of. these enzymes are 1n fact prolamines
or glutelins. I : 2 .E‘ o o P
In maize zein and olutelin'are the principal'storage
:proteins, andxtogether comprise 60~ 80% of total endosperm | S - é
protein (189).- In all cereals the two classes of protein | | ‘
differlextensively-in amino acid composition (2). The prolamines,
- for example zein,rare generally rich in glutamic'acid,.prorine
and 1eucine, but def1c1ent in tryptophan and lysine.. - ; , ‘;é
| o ‘Table 2 compares the amino acid composition of maize ‘ é
proteins and ovalbumin, which,was chosen as a “standard" | ‘
_protein, -Zein is clearly deficient in lysine, and rather‘lQW;
in histidine; arginine'and'glycine. The amino»acid compositions o
of’ globuliu'and glutelln are - 51m11ar to that of pvalbumin. : !
Zein from‘maize dan be fractionated 1nto two components;
da— and.Bﬂzein. The u-zein represents about 80% of the total,.
and is soluble in 95% alcohol. The minor component, B=- zein,

dissolves in 60% but not 95% alcohol.’ Both components-are o i

extracted by 1ntermediate concentrations - of alcohol (104) oo
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TABLE 2

Ty

Amino Acid Gompoéition of Ovalbumin and of M

i

13.

aize -

-‘EndOQPErm Proteins* .

~

|

mMoles Amino Acid/g Protein Nitrogen .

Ovalhpmiﬂ

£
o

.}

3

*Data from Boundy, Wochik, Dimler and Wall (16)..

Globulin 'Zein Glutelin k\
) T

ysine 2.35 0.05 1.08, 2.74

istidine . 1.56 : ;0,58 1.84 -0.69

rginine 4.58 . '0.71 1.84 2.09

spartic 3.76 2.94 2.58 4.44
acid _ _
hreonine 2.04 1.66 2.22. 2,15
Serine 3.52 '3.24 . . 3.34 4.92 -
Glutamic . -
acid _6.1?3 :11.90 | 9.37 7.12
Proline 2.84 . 6.77 7.56 1.99
Glycine 5.04 1.22 3.80 2.58
Alanine 4.39 - 8.06 5.40 " 4,79
%-Cystine . 1.41 0.27 1.02 - 0.98 .
Valine 3.04 2,40 ' 2.90 ; 3.83
Methionine 0.58" ' 0.18 1.00 .. v 2.21
Isoleucine 1.67 - 2.60 1.58 3.39
Leucine 2.79 11.14 -6.18 4.45
Tyrosine . 1.24 2.08 . 1.96 1.29
Phenylalanine 1.84 3.59 1.94 - 2.94 L
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Turner et al. (178) found thdt sein'has a molecular weight S
" of 44,000, and contains disulphide linked aggregrates. On Y

electrophoresis of native zein’ they observed several mobile

) I

components, together the equivalent_of a—zein, and an

-

immobile fraction. Rednction of disulpﬁide bondsirendered
-the latter fraction mobile,/and it was identified by its
_solubility as B- zein. Electrophoresis df dilute_solutions _ Cos |
Hhas.shown that zein has at least'six components (157) . The ; i

'

. maize prolamire clearlyhis not a single protein, but a group

I

& _ , -
of polypeptides associated in an undefined way. 'Gliadin and_

.. -

—

| hordein, the wheat and barley prolamines, also have many
component polypeptides (14 15, 108).

/ '-Glutelin from maize is also heterogeneous. In the
“endosperm glutelin appears to. be extensively cross—-linked by -
disulphide bridges, and cannot be extracted withodt disulphide
bond cleavage (122) : Paulis and Wall (137) detected six
components of different electrophoretic mobility in alkylated-
reduced;dlutelini ‘Their mobilities ranged between those of
«izeins-and of‘globulins;'and.the amino-acid.compositiOn of -

total‘glutelin is also intermediate'between globulin and

zein (16, 91) .

Modern knowledge of the heterogeneity of the Osborne

'protein groups makes claSSification of seed proteins by their o
solubility appear arbitrary. However in maize the distinction _} l

between zein and glutelin.has—physiological significance. Zein

[~

' . :
. . . . |
- - 7 i . : . ; _
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is "compartmented" in membrane-bound protein bodies (37,188).

-

These and starch greine are,embedded in a oytop}asmio matrix

. R . '
of extensively cross-linked glutelin (29). Thus intracellular

- : ] ‘ ‘
Alocatione of the two classes of proteins differ, and so do -

their p&tterns of eynthesie in developing grain. Glutelin
accumulation begine 10 days after pollination in- maize,

continues at a steady rate until 42 days, and then ceases.

In contraat, zein synthesis is elight until about 22 days and

~ then becomes very rapid until 42 daye. Between 22 and 42 days

the rate of‘zein accumulation is about three—fold greater

'than Khat of glutelin (31) . eThismpattern of prolamine and,

‘-

it

_individual proteinS'(l

glutelin increase is also found in developing barley (67).

" Further evidence for the validity of dividing endosperm"
proteins into‘the clasgses of zein and glutelin is that
synthesia of the two groups. of protein appears . to be under
independent genetic control. Genetic regulation of the
protein compositiqn of the grain became evident with the uﬂ
discovery of single gene- mutants in which lysine and tryptophan

content were doubled (107,121), This_doubling was apperéntly

not due to an alterationiin_amino acid ‘composition of

bu 'is ceused by a change in the

'zein_to glutelin ra io of the e dosperm. The mutants, called

] reduced amounts of zein and

iincreased levels of glutelin, albumin and globulin (30 70).

Zein containing protein bodies are smaller and much less

-

L i 7 o




abundant in the high-lysine mutants‘(laa) The accumulation'
of zeln in the endosperm 1s therefore genetically controlled.

Envxronmental factors can also ‘influence not only the

' total amount of proteln syntheSLSed during seed development

1

but also “the zein to glutelln ratios of the mature endosPerms..-~

The effects of nltrdgen fertlllzatlon have been investlgated

(55 80,145 187) and the results show that endosPerm g%ﬁ%@

: content remains fa1r1y constant. On the. other hand the zein

) content 1ncreases when ample nitrogen is present, and is

R

greatly reduced when nltrogen &S'llmltlng. Thus the zeln to
glutelln ratios of mature caryopses can’ vary enormously.
Durlng germlnatlon both proteins are. broken down, but
the sequence and rates of degradatlon of ze1n and glutelin
have not been studled In the first section of this thesis?-

development of extractlQn technlques for endosPerm protein

analysis are descrlbed’ and the patterns of‘hgdro;yszs of maize“

endosperm proteins determined. e

Endosperm Proteases
',_, : - - ' NN

For many years it has been recognized that proteases

" -

"and peptidases occurrintresting‘seeds and in germinating.

graln, and that thelr act1v1t1es increase during germlnatlon

(97 114 139).' Peptidases here.refer to enzymes which hydrolyse

i Lo . ' : - . toe .
‘ . . : s [
i . . B
. o ' . I :



| ’ . .
only small-peptides,.and proteases'to-enzymes mhich. “
degrade protein.‘ Both endo- and exopeptidases fall into
. the lattér class. . Eﬁbpeptidases remove a-amino or E )
carbokyterminal aminq acids from their protein substrateye e

whereas endopeptidases'cleave'internal peptfde 1inﬁages of

the moleonie; - . | , - f,. ' B o
Durinélgermination the insoluble reserve'proteins. _

-are probably first solubilized by,endoPeptidages. -Subsequently‘ .

}peptldases can complete the hydrolysis to amino ac1ds and. = T:L ”

-small peptides suitable for transpoft to the embryo (110)

| Many spec1f1c peptidases have been identified in germinating

barley (89, 110 143 183), and thelr distribution and activ1ty

durinq germination investigated. However .endopeptidases, /.

K
7

whicnfwould appear to have the more 1mportant role in protein
/

breakdown“in the earlier stages of derminatiOn, have-been/
f.less thoroughly - described .f.- . S f

"The prominent modern reports on proteases in resting )
and germrnated cereal grains are 1isted in Table 3. 'In many
cases it is not clear whether the enzymes have endo—- or
exopeptidase act1v1ty, Since the assays measure products
"'characteristic of either class of enzyme. For example, both_;
_endo; and exopeptidases can,, release tyrosine, which may be h
';determined by the Lowry - method (96), or c-amino nitrogen
:‘measured w1th ninhydrin, or total nitrogen determined after

-ngldahl digestion of the’ hydroly31s products.} Endopeptidase“

. . ) o
| “ : | ‘
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._activity can be specifically measured by change in viscosity )

- of a gelatin substrate,'or hydrolysis of the synthetic peptide
BAPA.- Both exor and endopeptidase activities .are present
in ungerminated caryopses (52,110) .- |

. Few studies have been made -of protease activity during

\seed germination.‘ An endopeptidase with optimal activity
at‘pH 7. 5 is present in the milky endosperm of developing_'_

. maize, but has very low activrty in. the mature‘caryopsis..h_ -
During germination it is present in the scutellum, but is not
detectable in.the endosperm (106): In kidney bean cotyledons
both hemoglobin degradation and autoly51s in oxnde extracts
were measured (147) " Both activities fluctuated, apparently
unrelated to reserve protein hydrolysrs in the cotyledons.

In pea.cotyledons (11 53,196) , chickpea (5), rice (135), and '
barley (139), protease actiVity is known to 1ncrease during _' -</ﬂ

‘ germination. In oats. proteases reach their maximum activity |

when degradation of the storage proteins is almost completed (174) .

| Since activities of several of these proteases do not
appear to correlate wrth the observed rates of protein
breakdown, they,may not have a crucial role in hydrolysis .? . 0
of thé endosperm protein reserves. Furthermore several seed
proteases have been found to degrade only‘denatured proteins,
such as hemoglobin (54,16 ) or ‘the synthetic endopeptidase
substrate BAPA (99). Such.enzymes could not attack undénatured

'_ storage proteins during germination., Criteria should therefore




21.,
be established'to facilitaterevaluation”of the'physiologica1:
function of a protease during germination.' I propose the

. ]
‘D‘

P

To fulfil an essential function in 1n{tiation and

'contlnuatlon of reserve - proteln hydrOIYSlS a protease should beﬂp

1. Van endOpeptldase, . | L | |

,2: capable of degradlng the storage proteins in their o

: native states, ' |

3. sufficiently active'toraccount for:protein‘degradatipn
during‘germination,f.‘ ,I - X o

Malze endosperm proteolytlc act1v1ty has . been
mnvestlgated w1th reference to these crlterla. Endopeptidase
acthltY of the protease preparatlon has been established,
and 1ts ability’ to degrade the maize storage protelns
1nvest;gated Development of activ1ty durlng germlnatlon
is traced, and correlated with dlsappearance of zein and

glutelln from the endosperm. The actlvity measured in V1tro

1s calculated to be suff1c1ent to degrade a ma;or fractlon of

/—-'
total endosperm proteln during . germination.

[ —




Hormones, Proteases and Protein Hydrolysis

e i s e TR

.‘!.'. .
'Q .
E ' Starch and proteln are ‘the prlncipal endosperm

ireserves of cereals.r In barley, starch and proteln breakdown
f in the endosperm depend on gibberelllc acid supplied exogenously~

- or by the embryo.. a—Amylase and protease synthesis and ‘

; release by the aleurone are controlled by the hormone.

: Ungermlnated cereal grains contaln little or no a—amylase
(36 117 131), whlch is essent1al for starch hydroly31s (116)
Thus hormonal regulatlon of a-amylase synthes;s .can prov1de
an excellent control of starch hydrolysrs. However the

:"picture is 1ess clear 1n the case of - proteln breakdown..'A

new protease is 1nduced in barley aleurone by gibberelllc

-

f-ac1d (69), but the endosperms of ungerminated caryopses

-contain both en peptidases and exopeptidases {52, 110)

&

waurthermore consrderable proteln hydrolysrs occurs 1n 1solated
abarley endosperms, in the absence of GA (105) .

‘ As yet there is no evidence that the endosperm protease

ZK induced by glbberellic acid 1n barley has an 1mportant functlon
'ln proteln breakdown durlng germlnatlon. This must be |

establlshed before rt can be valldly clalmed that GA controls B

-

'productlon of a key enzyme for proteln hydrolysls, as 1s the -

-case for starch hydroly51s. T

h

~Maize endosperms have’ been observed to rapldly degrade

their reserve protelnS'rn the absence of the embryo or exqgenous

]
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| hormone (124 177). Thése may indicate that endosperm protein - -
_-catabolism 1s relatively independent of the embryo or

hormonal control. In contrast to' this report Ingle and

Hageman (65) have reported that in excised endosperms l
protein breakdown is stimulated three—fold by the hormone,

while,sugar release is completely dependent on the presence

+ of exogenous GA. I _ S : . oo ,

- Thus there is conflicting evidence concerning the
role of hormones in regulatlon of protein hydrolysis in maize I

endosperms This is investigated by examining the pattern

of reserve protein hydrolys15 and protease act1v1t1es in
‘ germinating grain, in de—embryonated grain, and in excised
-endosperms supplied w1th exogenous hormones. For comparison

'embryo and hormonal control of amylase apt1v1ty and ‘gtarch

', hydroly51_%é falso determined ThlS study permits evaluatlon

“the roles of ‘the embryo and hormones in control of
protease production and. zein and glutelin degradation 1n )

germinating-maize. B O ' . _§ i
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' plant Material

" the caryopses. - R »

MATERIALS AND METHODS

The maize hybrid Wf9 x 38-11 was used throughout .

2

this study. Caryopses were purchasod in batches from tha ¢

Agricultural nlumni Association, Lafayette, Indiana, or

. were grown in Hamilton. Dwarf maize mutant d-5 was a gift

from Professor-ﬂ. Kende of Michigan_ﬁtate Univereity, endlf
later was grown in Me%aster Greenhouse;faciiitiés. W64A,

normal and opaque-z, were supplied by Professor Nelson ‘of

‘the University of'Wisconsin, ‘and later grown by theﬁWarwick ‘

Sced Company of Blenheim, Ontario.

¢ . . ’ L v
Fl

Preparation of Céryopses ' °

et

chmercial maize caryopses were received coated with
funqicide dust. This was removed by a 30 second treatment
’w1th JaVex, a domestic bléach containing 6% sodium hypochlorite.
The caryopses were then thoroughly rinsed in tap water, or’

autoclaved-distilled water ior experiments requiring sterile~’

Wcoéditions; fThi; treatmeng also served to surface sterilize

T

28 -
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Caryopses of maize grown in Hamilton, and gsome of - ' ) |

L) . i

those supplied by the Warwick Seed Company, had, not been

) treated w1th fungic1des. ‘ Po reduce fungal contamination . these
were 1nfiltrated with a commercial fungicide (Captan, Plant '

s

< Products Co. Ltd ) as described by Meyer and Meyer (109)

45 hours before use. This treatment did not affect
germination or hydrolysis of the endosperm reserves.
I ' .

.
1 x

"~ Germination of Maize. Caryopses

‘ baryopses wereltreated with Javek, rinsed thoroughly

in ta; water. and imbibed for 4 hours before planting in
.-m01st vermiculite. The caryopses were germinated at 28C and '_ . !f

grown with a daily cycle of 16 hours 111umination. Samples

of 50 seedlings were harvested as required.‘ As all stages of

seedling growth the endosperm + scutellum could be easily

excised and qulck -frozen: in liquid nitrogen. The de—embryonated.
| caryopses were .stored at —20C until required Wlth no loss of '
V»enzyme activ1ty.,‘Before each extraction the scutella were

rapidly dissected out qf the frozen endosperms thus preventing

“.loss of -the liquid endosperm which forms in the_later.stages'

of germination.
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. Incubation of Excised Endosperms

f" - . .
_ Caryopses were surface sterilized in Javex, then rinsed-
thoroughly with sterile distilled water. Afterwimbibition
for two hours. in sterile distilled water the embryos and

scutella were dissected out in sterile conditions. The

endosperms were.trénsferred to sterile 50 ml Erlenmeyers,

10 endosperms per flask. Each flask contained lo.ml of.acetate.

buffer 0.1 mm;'pn‘s 0, with 1073 M calcium chloride.
PenlClllln (10 ug/ml), chloramphenicol (10 ug/ml) and f
streptomycin (250 ug/ml) were included -to minimize bacterial
contamination. These antibiotic concentrations were found to
have no effect on endo"perm starch’ and protein hydrolysis
during 1ncubation. A total of 50 endosperms were used per
treatment. The flasks were incubated at 29cC, with shaking..
After the required incubation time aliquots of incubation medium
- were plated on nutrient dﬁar, to test for contamination. The
endosperms were frozen in liquid nitrogen and stored at -ZOC.

The incubation medium was immediately assayed for hydrolytic

enzyme, activity, total nitrogen ‘and reducing sugars;

El

Products of Endosperm Starch and Protein Hydrolysis
_ ; . — - .
Redu01ng sugars, relqased 1nto the medium by starch

) hydrolysis - were measured by Nelson's method (120). For

s
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”estimation‘oﬁ”nitrOgen relqgsed'from endosperms as amino

' acids, peptides, and poseibly polypeptides,:aliquots of medium B
were concentrated and then digested'by the Kjeidahi method (56).
The nitrogen was cohverted to ammonium'sulphate, and measured

colourlmetrlcally by reactlon w1th Nesslers Reagent {92) . The_

total nltrogen released into the lncubatlon medlum per endosperm.

could then be_calculeted.‘?Thls includes non-protein nltrogenous
’ \ ' ’ - . 1 .
compounds, but these are an insignificant percentage of total

B e p i e

. endosperm protein—nitrogen {64). . RN

- .Endosperm Protein Extraction - - - | ' S

v -

¢

The endosperm protelns cla551f1ed by Osborne (129) were

'extracted by a modlflcatlon of the method of Jlmenez (70)

' Lipidsﬁwere first extracted by defattlng endosperm powder- in
a_Sokhlet epparatus for 24 hourS'f70), or‘by grinding the
powder w1th defattlng solvent using a pestle and mortar.
Routlnely n-butanol was ground for 10 mlnutes w1th the endosperm’
_powder, which was then:pelleted and.ly0phlllzed. ‘The butanol o

fextract was retained for nitrogeo measurement. OCne graﬁ sampleeA E

- of the defatted endosperm powder were subjected to four-
consecutive extractlons, w1th d15t111ed water, 5% sodlum
chlorlde, 70% ethanol and 0.2% sodium hydrox1de respectlvely

The powder was stlrred for 24 hours with 50 mls of solvent at

3C then centrlfuged down at 28 000 X g for 20 mlnutes. The

1 - e
. ~
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,rosidue waa%waehed.with cold distilled uater, and‘the:washinga | o
combined with the extraction solvent, This uasgrepeated‘with |
allgfour solvents. Total,nitrogen in each extract was
determined byeKjeldahlfdigeetion'followed“hy Nesalerization. .l
~After thé final extraction withlalkalijthe inaoluble-reeidUe
waa‘lyophiliZed, and its'nitrogen content also measured;. The
nitrogenﬁper gram of endospern powder nas'recorded,'and from
this the nitrogen per endoeperm could be calculated. Total
nitrogen pey’g;;a endosperm powder, or per endoeperm was also
'_measured directly by Kjeldahl digestion and Nesslerization of
a sample of endosperm powder._ This would be compared with '
féijtentage

the total obtained from the protein ana1y91s, ‘and the

'recovory of the extraction calculated

Radioactive Labelling of Endosperm Proteinsg

i

LS

!

(202 mc/uM) and acetate-z\\ C (L 46 mc/uM)

-Proline—UL-l
were obtained from New England Nuclear - Corporation. .The
14C--prol-ine was purified by'paseage\first throughEDoweerOf'
~ion exchange reSin, to remove neutralhand.acidic compounds,
then through Dowex~14acetate to'remove acidic amino acids.
After this procedure no. impurities were detected by
chromatography. .About 25% of the original radioactivity was
;removed during purification.. Maize, growing in the field, was

fed the tracer at appropriate times during seed development using

rT’J"

: ' . N . - . ! . - R N ‘.‘
R - : h : :
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the method described'by'Spenser and Gear (170) . The tracer (25 uci
in 1 ml Qater/cob) wasﬁplaced‘in,a vial,.which Qas taped to
the maize stem j@ét below a cob. A ﬁicﬁ was ‘threaded through
the stem atlthe base'of the cbb, and-one end placed‘in the
vial. The radiOactiVe prolinerand acetate moved uputhe Wick:
and‘intolthelstem.~3$nde_it entered the trahspiration stream -
of the_piant} and waS'drawn into the cob. The‘l mlubf tracer
was_completely taken up in Less thanl4 hours.. The viai;wasg'
- rinsed by addltlon of 1 ml water. K At maturity the cobs vere

i harvested a?d a1r—dr1ed for about a month. The dry caryopses

were then removed from the cob and stored at room'temperature.

Separation .of Labelled COmpounds in the Endosperm

#
s : S ' ' :
Acetate-2414c was expected to be incorporated into
endosperm protelns, starch, and to a lesser extent lipid, 'd' } .
whrle prollne—ULrl4C was ant1c1pated to selectively 1abe1 storage

proteins. Endosperm protelns were'extracted as descrlbed -

previously., In1t1a1 defattrng w1th butanol extracted the
Iipids,_and their radroact1vrty was measured. "The defatted
endosperm powder was sequehtially extracted for albumin,f:

' glqbulln, zein ang glutelin. However:starch-as well as’proteih
was extracted in the aqueous solvents.x To degrade'this“ g
starch each protern fraction was hydrolysed with 1 d HCl for |

-1 hour at 100C. The hydroly51s'prodqcts were removed hy :
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dialysis and‘identified as glucose (167). Proteina were
not hydrolysed by this treatment since o= amino nitrogen
. tests on the concentratéﬂ dialysate were negative.r Starch ]
left in the endosperm- residue,after extraction. of all protein
fractions was released by mild acid hydrolyeis.. Res dual H

x

protein was removed by hydrolysis w1th 6N HC1 for 12. houra
at 110C in an autoclave.

To getermine radioactiVity in each fraction aliquots
were spotted onto Whatman No. 3 paper discs, and placed 1n
vials with 10 mls of séintillation-fluid (5.5 g.Packard_Pre-‘
_‘Mix M per litre.toluene). »No-radioactiyity was lost fraﬁ the
ldlSCS into the fluid. -Radioactivity wastmeasured'withla, |
Nuclear Chicago Model 720._ Countinc'efficiency was‘conatant"
throughout,-aﬂ about 65%. Tne ualues were-not‘converted
from CPM to DPM. ~The total radioactivityuin;starchAand in
protein was calculated as the sum of that found in each protein
,extract and in the re51due.: No direct measurement of totall'
‘,starch ox of total protein radioactivity was made.
| The fate of proline or acetate was determined by
_-hydroly51ng the indiVLdual protein fractions in 6N HCl at
110C for 2 hours, and separating ‘the component amino acids

.1as described by Barnard (9) and-Oaks and Johnson (127).

LA

.RadioactiV1tym1n each amino acid fraction_was determined (127)

‘and’ the contributiOn of thesmajor_lahelled amino acids to

total'radioactivity calculated. p
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Proteolytic nctivity'in'Flour Suspensions - -

. l

. . 4

~ - - o ) !
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|

The proteolytic activity of endosperm flour was -
measured. Endosperms of caryopses germinated 3 days were_
freeze—dried and powdered.f 125 mg of the flour‘wae incubated
.with_Z.S'ml of 5% femoglobinand 7.5 ml of.water or 0.1 M
‘baffer. .Tris, phosphate, citrate or acetate buffer was
" used, depending on the pH required."The flour suepenaions

were incubatedhwith'shaking at room tenperature.- Two_mlf.
Hsamples were_removed at tna beginning‘of incubation and after:
1l, 2 and 3 hours, and added to 2 ml of 5%'TCA-to stop the
“reaction. Blanks with flour alone, or heated flour ahd
hemoglobin Were also 1ncubated and assayed. Activity was
pmeggnred‘as‘reiease of a;amino nitrogen from protein into
‘the‘TCA#solable_fraction.‘lq:Amino nitrogen was measured by
the method of Yemm and'ﬁodking (190) osing.alanine ae‘the‘
standardi TCA interferes with the ninhydrin _assay for a—amino E
nitrogen, so the alanine o~amino nltrogen standard was
constructéd in the. presence of appropriate amounts of TCA.
.Act1v1ty was expressed as’ pg. a-amino-nitrogen released per

hour per 100 mg endosperm'powder.

.,--__;
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Extraction and Assay of Protease

Frozen endosperms were homoge;i;ed in an Omnimix with

0.2.M acetate buffer, pH 3.8, which contained 5 mM
'B-mercaptoethanol. ‘Two mls of buffer were. used per g'fresh |
‘;weight of endosperm tissue, and the homogenate was centrifuged . \\\\;f
at 28, 000 x g for 30 minutes at OC.‘ The supernatant~was . | |
assayed for proteolytic activity with a. 5% solution of hemoglobin

or glladin as substrate. Gliadin was found to be most easily
'soluble 1f the pH was. adjusted to 3 8 with dilute acetic acid.
‘Each assay routinely contained 50 'mg substrate, 1 ml acetate‘

blfer, 0.05 M, pi 3.8 with 2.5 mM EDTA, and 0.2 ml of enzyme
in'a.total'vglume of”2;5 ml. Thermixture was-incubated for
leo minutes at 40C, and the reaction stopped byfadding an equal

volume of 5%_TCA.- Undigested protein was allowed to precip}tate-

for 15 minutes at room‘temperature. The precipitated hemoglobin
* was removed by filtration, gliadin by centrifugation. |
lActivity‘was routinely heasured by the increase'ip absorbance .
at 280 nm of the TCA-soluble fraction. This was arbitrarily" ;
calibrated against the absorbance of tryptophan at 280 nm.
Release of q—amino nitrogen into‘the TCA soluble fraction was S

o)
also measured'_ Release of total nitrogen from'protein into -

.the TCA-soluble fraction was measured by Kjeldahl digestion _
followed by Nesslerization.

Protease act1v1ty released 1nto the medium by excised

b




'\wlncubated endosPerms was also measured. An aliquot of

'fresh medium, 0. 25-0 s ml, was 1ncubated with 50 mg protein

1.5%. 25 ml allquots of the ‘mixture were poured’ into petri

-containinl gels were washed for 24 hours with frequent'changesA

33.,

l

—
substrate and 1. S5ml assay buffer, in a total volume of 3 ml.

The-reactlon was stopped by addition of 3 ml'of 5% TCA, and
act1v1ty determined as- descrlbed for the enGOSperm enzyme
preparatlon. Soluble proteins in thé’endosperm extracts.were
determlned by the Lowry method (96), using bov1ne serum albumin
as a standard. Protease act1v1ty per mg proteln in the

extract Could"then be calculatedx

 Assay of Protease Activity on Agar ‘Gels -

1
»

- Agar éels containing the substrate proteir were

prepared. The substrate was dlssolved 1n acetate buffer,

0.05 M, pH 3.8, “to make a 0. 05% solutlon. 8 M Urea was
included 1f zein or glutelin were to be dlssolved. The
solution.was warmed to 50C. A 3% solution of aoar in water

was prepared, ano cooled to SbC; ,The‘agar’and protein}solutions:
were mixed'in equal voiumes, so that the’final.protein R | §

concentratlon was 0.025%, the buffer 0 025 M, 3nd-the agar
plates,. d allowed to set in the cold room. The urea-

of 0. 025 M acetate buffer, pH 3 8 before use. Holes 7 mm T

in dlameter were punched through the proteln-contalnlng gels

.‘,,l‘




' with_ a/c'o?ic-borer .

'fthin layer of 4% agar in a petri-plate, so that the wells had i

| the substrate protein had been degraded

\ExopeptidaSe Assay

.act1v1ty-wa5'used.

-
.

34.

These gels'were each placed on-tep of a
\

-

a base of 4% agar.f Enzyme wa pipetted into these wells, and

the gels incubated fbr 12 hours at 30C.
RN

wrapped in polythene to prevent drying out. During this time

The plates were

" the enzymefdiffused out of the'wells and could degradé the .

substraté protein in the gel. At the end of incubation the
gels were washed with dilute acetic acid then water and ‘_' ) o

stained w1th nigrosine, 046/§ in 0.2 M phosphate buffer, pH & 0..-

1

To minimize microbiai/;rowth the gels were- kept at 3C while

/
staining. After 8 -hours or 1onger, therexcess stain was

washed off with tap water, and clear rings were visible where .

-
il

Activity of an exopeptidase on gliadin was measured.
Bov1ne pancreas carboxypeptidase A, pretreated With
d11sopropylfluorophosphate to eliminate contaminating seine—t
proteases, was obtained from Sigma.' The method described by

Fasold and Gundlach (44) for measurement of - Carboxypeptidase A
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I'dLAmylase Extraction and Assay

o«

. Frg—’L endosperms were extracted by grinding in am
1Apestle and mortar with 0, 005 M acetate buffer, pH 5. 0, which
 contained 10 3 CaGl Two mls of buffer were: used per g
: fresh weight of endosperm tissue. The homogenate was
centrifuged_at 28,000 x g for 30 minutes_at OC.;_c-Amylase .
‘activity of the extracts was determined by“tbe,methpd outiined
: by Jones -and Varder_{?ﬁ)} JWhen;necessarx the extracts-were
diluted with extraction buffer before assaying.. Activity-;

- was express;d as mg starch degraded per minute per endosperm.

-Amylase activity released into the medlum by excised
endospérms lncubated in buffer was also neasured. Aliquots‘ 1
of medlum, d11uted 1f hecessary, were substitnted for

endosperm extract in the routine assay. e

’

Materials o

The reagents'were obtained from the follouing sources:
Radloactlve isotopes were purchased from New England Nuclear.
Protease substrates hemoglobln, edestin, bovineé serum albumin,
zeln and glladln were obtalned from Sigma.;'Gliadin was also
purchased from Brltlsh Drug Houses when not avallable from

Slgma. -Amylase substrate, potato starch was. obtalned from -

AJlied.Chemlcals.' Phytohormones gibberelllc acid A3,
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- L
.

1ndoleacetic ac1d and kinetln were supplied by931gma, and

abSClSlC acid was a gift from Dr. Mlllborrow, Shell Research
Sy e

Centre, Slttlngbourne, Kent', England' Plant growth retardants

AMO "1618 and CCC were purchased from Calblochemical
Corporatlon,‘and.Phosphon D was donated by the Rlchmond
Chemical Co., Rlchmond Virglnla. Inhibitors cyclohexlmide,
puremy01n, streptomyc;n, pen1c1lan and 6-methylpur1ne wereﬂ'

obtalned from Slgma. Actlnomycxn D was & gift of Merck,

Sharp and Dohme. WNessler reagent was obtained from Paragon'

T

; .Co., New Yorkf nlnhydrln from Sigma, ‘and 1 2—napthaqu1none 4-
sulphonlc ac1d from Eastman Organlc. Amlno acids and
Carboxypeptidase A were pnrchssed.from Sigma;‘-Inqrganic_
chemicals and.solVents were supﬁlied-by Fisher-Scientifié

Company.’

36.
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S , RESULTS
_ I.,. ENDOSPERM. PROTEINS .
The Osborne method (129) of endospérm}protein
.gxtraction”was'developed to give a 100% recovery and the
‘reliability of the extradtibhiwas‘teSted._ Using this
methdd:the_eﬁdospefm'ﬁrotein compositions of ungerminated
- caryopses were determiﬁedh and the éeQuence'ofiprotéin'loss
during germinatibn investigated. -~ ' - )
Protein Extraction _ , . o ‘

Cereal endosperm proteins were classified according

to their‘soldbilityfas'albhmins; globulins, prolamines, . -

R

l 'gluteiins_ahd scleroprotein (lé9)._ They can be extracted by - -
conéecutivé:tieétmehts'ﬁiph_water, 5% 'salt,. 70% alcohol, and.

0.2% alkali. Complete extraction: of the soluble proteins is .
. o . . ' ) ! . . N R ' . - ff ' o
> necessary if conclusions are to be drawn about the protein

compositioh, or changes in composition of the endosperm. The,

Léxtraction procedure_described by'dimenez (70) wag modified
R i . : -‘ > V"{ , . o ) e

to obtain complete extraction of the proteins. The ‘principal
difficulties met during protein ekttac;ion were:.

o : ’ ) - V ' - L in ‘-.‘1"‘ . - o °
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1'

‘ Replicate sampling. Initially there were problems withl -

the homogenous powderingmof endosperms .
Lipid extraction. Proteins cannot be efficientlyi" : . l: t?
extracted without defatting the endosperm powder, but . h ". &
care must be taken to avoid nitrogen losses during

v

the 1ipid extraction. . . ' A.“ . o o ..4

'Extraction of the_protein fractions. - An exhaustive

'extraction,of.endosperm powder in a miniwmum time-wee

required. L S ' o e .
A K S
Protein-nitrogen measurements on the extracts. The

accuracy. of this measurement is essential since errors- °

' are'magn%fiedwﬁn c;iculation oflnitrogen'in-the‘total S e

e

difficulties- e_. Coe

£

fraction. SN . : L " R PR
] ’ r ’

[ o

'ﬂ Techniques were developed to deal Wlth’ ach‘of"these
. -
i ", _ - i .

"‘-' ; Y

Homogenization of the endosperms. The endosperms were

“freeze—dried, then ground in arcommerCial Blender. Liquid

nitrogen was repeatedly poured4onto the powder to facilitate :

A

,breakage of membrane-bound structures, such as protein

bodies. A final milling was performed by hand with pestle f{ﬁ'?

and mortar. The powder then,appeared homogeneous. Otherr

7,
methods, such as sonication, were: not satisfactory.;

Lipid’ extraction. Hexane, chlorofgrm-methanol (2 1, v/v),

"acetone, ether, ropanol .and butanol were tested as-_“ L

defatting solvents (Table 4). The very-volatile solwe@te

?
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were used only in a'Soxhlet Apparatus, butanol and ‘ o
propanol were also ground by hand with the endosperm
hpowder. Nitrogen in the endosperm powder (mg N/g powder{
‘—was measured before and after defatting. The
percentage nitrogen loss for each solvent, and the
‘ _percentage dry weight loss during defatting was calculated.
'There were considerable nitrogen losses with the more
volatile solvents (Table 4) . Extraction in a Soxhlet
also. resulted in greater nltrogen losses than grlnding
the powder by hand with the 'solvent.- Dry-welght losses
“~were conszderable\from samples extracted with hexane or

o

chloroform—methanol but not. suff1c1ent to account for
&

: the percentage nltrogen losses.a "’

3

Srnce grindlng by. hand with butanol mlnimlzed nltrogen CooE
A
;and dry welght ‘losses, . this method was adopted for routlne

i

. ‘;r'

leld extractron.: f" .
3. Extractlon ‘of the protein fractlons. The optimal time

.for extractlon with each solvent was tested. Extractlons

of albumln, globulin, zeln and glutelln were each made A

for 6, 12 2 x’12 24 and 48 hours.. Table 5 shows that -

the proteins were not fully extracted in 6 orwl2 hours.

ﬁo slgnlflcant difference was observed 1n the yleld after

extractlon for 2 x 12, 24 or-48 hours.’ A 24 hour extraction
*\T*"w1thout change of solvent is most conven:.enj;1 and was

‘used routinely..
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‘TABLE 5

. The Optimal Extraction Time for Proteins of Maize Endosperm

One gram samples of defatted endosperm powder were extracted.
Albumin, globulin, zein and glutelin were consecutively
‘extracted by stirring at -3C with the appropriate solvent, for
the time shown. 'In one sample (2 x 12) ‘the solvent was P
changed after 12 hours and the two extracts pooled. Total '
nitrogen ‘in each fraction was measured. - ‘ :

Protein ~  Solvent Extraction . Extraction . Yield
: Time (h)- .Volume\(\ml) {mg N)
L . .
. Albumin -Wate$ ‘ 6 ‘ 50 - 0.45
| S 12 o 50 . .. 0.98
o - 2 x 12 ' 100 -~ 1,71
A ' o o 24 ' 50 -+ 1.68, -
S 48 . - 50 ' 1.70
b Zein 70% S 6. . - 50 - = 3.35,
. ' Alcohol = 12 ' © 50 - 4.43
' 2 x 12 100 - 5.90 .
- S ' 24 500 5.99 .
= T 48 . . 50 - 6.02
Glutelin =~  0.2% .6 .50 . 4.60
' o Alkali S -+ 50 - 6.55
o 2 x 12 100 . -7.35
. 240 - . 50 7.30
;. 48 -~ 50 - - 7.26
-

v o o IR 4L,
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4. Prqteia-nltrogen measuremeats. The,accuracy Of.nitrogen
‘ measurement by Kjeldahl-digesticu aad Nesslerizatien
was'tested. Table-§ shows results obtained in five
1'replicite'determinations made on two different samples
of eadesperm powder.. The variabilitv between replicate
determlnaticns Qas very smallajastandard errors of the means
were not.calculated due to tue smallAnumbers'of replicates.f;
Percent varlablllty was calculated as.

(hlghest value ~"lowest value) X100 . .
mean value _ . -

—

Py

. The variability of the deterﬁinations was only'zt_for
both samples. Nitrogen determination is therefore not

an 1mportant source of error.-

4 i
r“

' The errors at each stage have been mlnlmlzed as f
described above{ but the:determlnatron of each proteln fraction,
““involves a total of the errors:at each stage.' Con51derab1e
variabill ty can therefore ‘be expected between repllcate
protein extractlens. Table 7 shows data from three separate
gxperlments."Three repllcates were extracted 1n Experlment I.
The percent recovery was calculated in each case by suming -
Cthe nltrogen fractlons and comparlng with dlrect measurement‘
of total nltrogen. This was made by dlgesilon of endosperm :
powder. Only 2 to 5% of the total nitrogen remained 1nsoluble‘
_iuithe final residue, and'tge recoverffa s petween 97'and'101%
-in all five samples. ‘The efficrency of Ehe-ertraction was

therefore satlsfactory._
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- TABLE 6

o

Reliébility of Nitrogen Determination-

‘Endosperm powder was subjected to Kjeldahl digestion and its
nitrogen measured by Nesslerization. The nitrogen content was
calculated as ug N/mg endosperm, and the values averaged.

. as highest wvalue-lowest value
Varlatlop_%lwas calculatgd ag — mean _ 3 10Q\
Sample “sémgle Nitrogen T ug N per - Mean vVariation

- Digested in Sample mg sample - .
mg'. Jqug. o - Gy ' . B
W64A-0,  52.4 ‘1.110 - -21.18
53.0 o  1.129 . 21.31 '
86.0 1.791 - - 20.82
. 105.0 2.210 _ 21.05 |
10.7 °  2.413  21.08.  21i09 - 2.3
W64A  52.5 1.324 - . 25.43 |
. . . - . 4
| 53.0 ° 1.320 24.91
82.6 2.088 25.28
101.5 . 2.555  25.17
1108.3 20730 25:21 - 25.20 0 2.1
T - '. ' s N
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Examinationlof the.replicates for each protein—fractiong
shows tﬁat there was considerable variability inithemeasurements.~
The values obtained for zein'ranged fronjﬁ.gdato-ﬁ;ss.mg |
zeinénitrogen per g endospermnpowder;'for glutelin the range
for “7.17 to 7.75 mg glutelin-nitrogen per g endosperm. |
Standard errors of the mean values were not calculated ‘since
'the number of- replicates was small . A'larger number of
replicates would increase the reliability of the mean\\alue,‘ N\
‘but this was 1mpossible on a. routine ba31s. To further\test f
the.sultability of the method, caryopses of the W64A wild- type
- and W64A opaque-2 nutant were“anal?zed{ The opaque- -2 mutant
| is'known.to be deficient in zein (107) - It may have increased
_levels of albumin, globulin and glutelin in~partial compensation o,
'for the reduction in zein. mhe results in Table 8 show that
zein is ‘reduced by 66% and total nitrogen by 20% in the opaque-2
mutant. Albumins and globulins were doubled in the mutant,
and glutelin 1ncreased by 15%. The differences between ;lld—

'type and the mutant are’ readily detectible u51ng this method
of protein ana1y51s. This 1ndicates that the extraction |

procedure can be used routinely to measure gross changes in

*  the pattern of protein distribution in the endOSperm of maize,

/

for example the changes which occur during germination.-

-
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TABLE 8

A Test of Endosperm Pfotein Aha1ysis

The endosperm proteins of W64A and W64A-0; were analysed
as described in METHODS. The caryopses were supplied by
Warwick Seed Company' in 1971 and‘analysed'in 1972.

4

Nitrogen . : . Nitrogen mg/l0 endosperms | ' Lo
Fraction e - : 4
CWe4A - . We4n=0, -
i .- 4i  Mean - iii  iv  ‘Mean
Lipid - . 0.3 .0.5 0.4 0.4 0.5 0.4
albumin. 2.1 1.7 1.9 3.5 ‘4.4 4.0
" Globulin . 0.9 . 1.7 1.3 2.8 2.2 2.5
Zein . C16.7  17.5  17.1 6.0 - 5.1 5.6
Glutelin 14.8 12.9 13.9  15.4 16.5 15.9
Residue . 3.0 3.8 3.4 . 2.0 . 2.4 - 2.2
TorAL . 37.8 38.2 .38.0  30.1 3.1 30,6
Total AVMeasured"” . 40.2 . R O
on endosperm oL ' :
powder - ‘ ;
Recovery (%) . . .95 i o - ‘97
AR _ B |
| RN
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Protein Composition of. Ungerminated COrn Endosperm

t N
'

Endosperm proteins were extracted from several
different batches of the hybrid Wf9 x 38-11. Table 9 shows
the results from four different batches ofrcaryopses.w Both
the total nitrogen and protein composition varied considerably
from-batch to hatch. The lowest protein caryopses contained
29 95 mg and the highest 42 5 mg nitrogen per endosperm. |
The " nitrogen content of each protein fgaction varied,'but
* the variations were ‘most. pronounced in the case of zein.

Zein nitrogen ranged-from GfO_to 21.5 mg per 10 endosperms.
mwhereas‘glutelin CQntent nas‘between 14 5 and 18.2 mg per'"

10 endosperms. This is in agreement Wlth observations that
.zeln is the protein fraction. increased by nitrOgen fertilization
during deVelopment of the'céﬁyopses-(ao 187). Calculation of -
the zein to glutelin: ratios of the caryopses illustrates the
differences in their protein comPOSition.‘ The caryopses

_ analysed (Table 9) had zein to glutelin ratios of 0 3 0.7,

1.0 and 1-5. Both the protein content and the pattern of |
distribution of nitrogen between the. storage proteins can

vary enormously from batch to batch’oi}the same maize hybrid

!-'—\
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pattern of Protein Breakdown During#Germination'

.~Caryopses were germinated‘and‘at approximately 20
hour 1ntervals samples of 50 seedllngs were taken for
endosperm protein analy51s. Figure 2 shows the pattern of
hydrolys;s of the major endosperm proteln fractlons. Data
for albumln and globulin fractlons were pooled, slnce they
followed a similar trend. The albumin + globulln fraction
1ncludes a dlalysable nltrogen component, chlef y amino |
acids and small peptldes. Changes in total enéisperm
-nltrogen were also measured Durlng the flrst day of
germlnatlon total nltrogen and the albumln + globulln ‘
fraction declined sllghtly. ‘Durlng the-second.day zeln and
glutelin loss began.;_This was not initially reflected in |

’.

loss of total-nitrogen,'dne to increases in the salt and .
wadter soluble nltrogen. -This'increase-was mainly'in%dialysable
nltrogen, probably the products of zein and glutelrn degradatlon.
Increases in water soluble fractlon durlng the. flrst days of’
germlnatloh were also observed by Ingle, Beevers and Hageman

(64) .- After 2 days total nltrogen, zein and glutelln decllned
Krapidly.- The water andrgglt'soluble fractlon continued to ’

l'rise, doubllng between 24 and 68 hours. Glutelin degradation
“-appeared more rapld than zelin. hydroly51s from 30 to 80 hours,

then both contlnued at 51m11ar rates untll the proteln reserves'

?'were depleted. ‘By=7%7days 90% of the zein and glutelin had -




. FIGURE 2

 Changes in Endosperm Proteins during Germination j~

Caryopses were germinated as described in MATERIALS AND
METHODS . At.daily.intervals Sb'seedlingé werefharvested‘
and the endosperms freeze -dried and powdered Total

: nltrogen per endosperm (O) was measured dlrectly on

endosperm powder. Endosperm protelns glutelin (4),

zein (E]), and albdmiﬁ‘+ Globulin + dialysable hitrogen (.}

'were extracted and measured as descrlbed ln MATERIALS
AND METHODS. The dlfference between the sum of the brotein

fractlons and the total nltrogen was insoluble nltrogen

left in the residue after extraction, - ' <

-

. Jc
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TABLE 10

Changcs in nndosporm Proteins During Germination

caryopses were germinated as described in MATERIALS AND METHOD%
AL daily intervals 50 seedlings were harvested and tho.ondOSperms
freeze-dried and powdered. Total nitrogen per endosperm was
measured directly on endosperm powder. Endosperm proteins -
glutelin, zein, and albumin + globulin + dialysable nitrogen were
extracted and measured as described in MATERIALS AND METHODS.
The difference between' the sum of the protein fractions and the
total nitrogen was insoluble nitrogen left -in the residue after -
. extraction. Total nitrogen and proteins are expressed in mg

e
- Pime after .Water and o Zein. Glutelin . Tdtdi
,imbibition salt soluble i , R . Nitrogen
‘hrs - Protein g
0 0.58 115 72 .o3.98
26 0.48 . 1.0 1l.66 ©3.96
52,  0.80 ~ 1.03 1.49 . 3.92
" 68 . 0.99 _-‘,, 0.81 _ 1.23 N 3.53
80" 0.90 0.63° - 0.99.  2.78
100  0:81 0.5  0.77 - . 2.35
114 0.74 0.3 0.65 -, L.9L.
iz o.64 © 0.28 - 0.48 1.6l
162 059 0.18 . 0.34 1,35
185 . © 0.61 0.13  0.21 11
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!

been degraded but 30% of the total endosperm nltrogeh ' \h
_remalned. ‘This was mainly albumln, globulln and 1nsolub1e |
nitrogeh‘left in the residue.after e;tractlon. THis
pattern pfeproteinjdegradation'was similar whether the“
caryopses were grown in the presence or absence of nitrate.

The more rapid initial ioss of glutelin than zein is
 interesting since it could imply independent degradation of
the two storage proterns. 'HoweVer it is consistent with'

Lo 'y - '

elther of two hypothe31s- :

i

1. The rates of hydroly51s of the two protelns are
V'ipdependent, ahd glutelln generally is the majori
supplier~of aﬁihe‘eeids te‘the embrfo during early
(germlnatlon. ﬁy ". ’ 4?:_ | ' |
2. The more abundant proteln of the endosperm is degraded
most rapldly.
. These- p0551b111t1es were tested by examining protein |
_“lose in caryopses ‘of dlfferent proteln comp051txon. CaryOpses-
_of the four batches of.W£9 x 38—11 analgsed in Table 9 were
germinated for apprerimately three and ‘2 half days, then
harvested for-protein'analysié;. At-3% days the total proteih
losses ranged from 20 to 30% values con51stent with the
losses. seen in Figure 2. Table 11 shows that the high glutelln
caryopses, batches A and B, again degraded glutelln nore

a- -
rapidly than zeln; The converse was true of the high ze1n

-

caryopses, batch D, where zein was more rapidly degraded than

I’- . I

d o l o :
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+

glutelin during the germirjation period. -Batch'diinitially o T
had the same_amount.of ze}g and glutelin, and'eQual amounts

of the proteins were degraded Euring the experiment. .These

rosults showgtha% tﬁe“more abundantdproteinwas degraded

‘most,rapidly.

Radioactive Labelling of Endosperm Proteins

- . ) !

Caryopses'containing a specifically 1abelled endosperm
_,toragc protein would be useful in measuring breakdown rates

of the protein during germination, and’ in détermining tho mode
of protein degradation. Identification of the hydrolysis
products could indicate ‘the nature and specificity of proteases
“1n the endosperm. | '

“ _ In 1966 developing caryopses were fed radioactive
tracers -by Oaks, as described by Spenser and Gear (170) T
was:dec1ded to‘label zein rather than glutelin since at
tnat time-zeinlwas considered to be. the‘principal endosperm u ;flp-
storage protein‘fl?l In maiza starch synthesis is rapid for
30 days efter pollination, and.then slows to a negligible
rate._ lutelin accumulates at a steady rate between‘lo and N
7"42 days after pollination, whereas zein is rapidly synthesised
between 22 and 42 days. Zein 1ncreases from 30 to 45% of
~ the total endosperm protein over this interval, and so is
syntheSised more rapidly than the other endosperm components in

*
L
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i

Lhe laterletages of development (31). with late adminietration
of radioactive tracers zein ehould ba preferentially labelled. .
zein 1is. rich in proline, hence administration of 14C—proline
‘should 1ead to selective 1abolling of zein. ldC-Acetate'was
also fed, since it might be expected to label 1lipid, etarch

and protein. ‘In the initial experimente the tracere were
administered at 19 end 26 days after pollination, and in a

second experiment in 1969 14

c- proline was fed at 33 daye. At
maturity, 50 days after pollination, -.the cobs were harvested
‘and stored ‘at room temperature o

T"‘r_

Samples of 14C acetate«%lQGGL and 14

C-proline (1966

and 1969)° 1abelled cary0pses were analysed, to deternine the -~
pecific1ty of incorporation. \ﬁndosperm proteins were {i,,_

lgwextracted as described in MATERIALS AND METHODS . lhe'

caryopses grown in 1966 and 1969 differed considerably in

total nitrogen and in zein conten (Table 12). Table‘13 shows

the total incorporation of each trader into staréh, protein-
and 11pid Total incorporation was- ‘best when the tracers “

. were fed 19. daye after pollination, and greater in caryopses '

fed thh }4C-acetate than. 14C proline. A higher percentage\

. of the total radioactivity was incorporated into protein in

_caryopees~fed with 14 -proline than with 4C--"a‘cetate, and

those fed proline at days incorporated the largest proportion

of their total radioactiv'ty into protein (77%). Table 13

14
also shows labelling of the major endosperm protein fractione,

%
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_TABLE 12

!

- Protein'Compositio

MATERIALS AND METHODS.

n of Endosperms from 1966 and 1969

Carxogﬂea

50 Endosperm samples of the 1966 and 1969.caryopses were
oxtracted and their proteins analysed as described in

Total -endosperm nitrogen was

measured directly on endosperm powder, to allow calculation

of % recovery.

Protein Fraction

, Caryopses
‘mg nitrogen/g endpsperm -

' Zein/Glutelin

1966 - 1969
Lipid - 0.7 0.3
‘Albumin + Globulin. 1.9 2.4
Zein \4,4'. : - 9.5l
. 'Glutelin 3.4 10.1
Residue . 1.8 - 1.8
TOTAL L 22.2 S 2301
‘Téfél nitrogen measpred ‘22f4 ’ . 23.6.
-~ on endosperm powder : S ) _
. ¢ Recovery fri - TTTTN100 -~ o BQA

0.3 0.9

pe]

oy
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A

nloumin + globulin, -zein, and glutelin. 'In 1§GG glutelin
‘xoprcsented the major storage protein (Table 12) -and moet
- of the radioactivity of 14C-acetate and proline was
incorporated into this fraotion. In 1969 ‘there was an
'nppreciable accumuletion of zein wnich-ie{reflected in the .
larger -incorporation of-14c-proline into this fraction.
The spocifib activitiee of the endoeperm oroteine werae -
a]culated from the data in Tables 12 and 13 and ore ehown
~in Table 14. Zein and glutelin ware’ 1abelled with similar
qpec1fiq activity (2,100-2,400 cpm per mg protein nitrogen)
. in the caryopses fed with-ldc-acetate, Glutelin had a
awllghtly higher Bpecific activity than zein in caryopees‘fed
with 4. proline at 19 or 26 days, but in‘thosegfed at
33 deys the zein and glutelin specific ectivities were again

very similar. = S

-

To determine whether proline was. extensively converted ‘
-to‘other amino acids the proteins were hydrolysed and the ﬁlf- ‘
distri/gtion of radioactivity determined.: The amino acids in
‘he hydrolysates were separated as deecribed in MATERIALSiAND
MLTHODS, and their radioactivity measured._ The data
’1prcsented in Table 15 show that- (a) proline + glutamic aoid +
glutamine contained 70 to 80% of. the total radioactivity of
-rc1n and glutelin. -and (b) the distribution of 4C was the
same whether the caryopeea had been fed radioactive proline—

or acetate.

N e
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From the data, for 1abelling of protein and starch
it is apparent that both tracers were extensively metabolised
'before 1ncorporation into the endosperm reserves.
Incorporation into starch was inltially high, at 19 days
Vafter polllnation, but was much reduced in caspopses fed at
later times (25,000 and 7,100 cpm/g endoeperm in caryopses

feq 14

Cc-proline at 19 and 33 days reséectiveiy) Protein
Asynthe51s, measured by tota//rncorporatlon of rad10activ1ty

'lntO proteln, also decllned W1th time after polllnatlon.

This drop was 1ess than in starch labellrng, conflrmlng that
protein synthesxs contlnues longer than starch synthesrs

in the developing caryopsis. The incorporatlon patterns

‘appear to 1nd1cate that most radioactivity was 1ncorporated

into the fractlon belng ;ynthe91zed most rapldly at the time

of feedlng the tracer. Slnce rad10act1v1ty was incorporated

into all proteln fractlons, the project to spe01f1ca11y label
zein was unsuccessful This work has not been contlnued.

o Recently a mgthod of specrflcally labelllng glutelin

has been publlshed. Soedek and Wllson (168) have ‘studied thé\i\
ly51ne metabolrsm of normal maize and of opaque-2 high 1y51ne |

V'mutantSa Thelr data for ‘normal maize showed that when : . L
'14C 1ysxne was fed at 12 days after polllnatlon, 78% of the
dtotal rad10act1v1ty remained in lysine. Most of this

radiocactivity was extracted w1th glutelln, and only 10% was

in zein.. Table 16 reproduces their data for noxrmal malze. and
. : P
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63.
shows calculatlons of the Spelelc activities of ‘the labelled
protemns. Glutelln had' a spec1f1c act1v1ty of 2, 700.- dpm/mg
protein nltrogen, approximately five times that of zein.
However 24% of the total nltrogen and 34% of the total
radioactLVLty remalned in the residue afterfextraction.

‘ Re51dua1 proteln 13 normally 5. to/IO% of total endosperm

.

nltrogen, so this’ fracflon must have included storage proteiﬁs._
The spec1f1c act1v1ty of the .xesidue proteln is the same as
~ that of glutelin. Should thls fractlon prove to be glutelln,
it would be evident ‘that feedlng 14C ly51ne is a good method

of selectlvely labelllng a spec1f1c endosperm proteln.

5

K]




II. ENDOSPERM PROTEOLYTlC ENZYMES

-.__.‘

An assay for endosperm proteolytlc act1v1ty was

developed. The" assay was opt%mlsed s¢ - that activmty of
“ 4 -“.
unpurlfled enzyme oould“be rellahly measuréﬁ wlth different ¢

substrates, or .in endosperms of dlfferent ages. - The

capacity of the protease(s) to degrade varlous ‘substrates,

N

1nclud1ng the maize endosperm protelns, and 1ts mode of
' actlon were 1nvest1gated. The changes 1n endosperm proteolytlc
-actlvlty durlng germlnatlon were followed,,and correlated

with- the degradatlon of the endosperm proteins. o e L
. ) ' C ’

-

Proteolytic,Activity-in‘Endosperm péwder - _ Vlf o -
Proteolytlc act1v1ty of endosperm powder suspen31ons.

was measured in experlments de51gned to 1ndrcate the pH

_range most favourable for endosperm protease act1v1ty and

the time of hlghest protease act1v1ty during germlnatlon..":

. ACthlty was measured by “the. release of a—amlno nltrogen __s .. f

from protein-into the TCA soluble fractlon. The endosperms

- of caryopseg germlnated 0 3 or ﬂﬁdays were lyophilised and f

Ipowdered.. The flour was 1ncubated 1na¥ater ‘with hemoglobln '

'as suhstrate, -and TCA. soluble a-amlno nltrogen measured after

"3

0-and 4 hours 1ncubat10n. Flour was lncubated alone to test fof’/fk

- | ( )

‘for autolysis.’ Hemoglobln blanks were alsorlncluded.




., A bolled flour +.hemogloﬂin blank was not included sinco

i

thc_fiour suspension became gelatinous if heated above 65C.
.rable 17 shows that activity-in ungerminated caryopses was -
'JOW' Some a- amino nitrogen was released when the flour was

1ncubated alone, and activity was enhanced by the presence
i
of exogenous substrate, hemoglobin. No a-amino nitrogen

was released from hemoglobin in the absence of endosperm -

-

"Hpowder. Activity was calculated on a per endosperm basis, as

.

well as per g éndosperm powder,'since endoeperm dry'weight

ehangcs during'gernination. Both measurements showdﬁ that
protcolytit activity increased during germination. The
cndosperms of caryaopses germinated 5 days had most nutolytic ﬂg_
'act1v1ty, -and degraded hemoglobin most rapidly. ‘

‘The effect of pH on proteolytic actiVLty was tested

Ly 1n¢ubat1ng endosperm pow er at pH 4.0, 6, 0 and 8.0 in

0.1 M acetate, phosphate and ris buffers’ respectively

Flour from seeds germinated 5 days was. used, and incubated

for 2 hours, with and’ thhout hemoglobin. Table 48 shows

3

N ~
“ that act1v1ty was best at pH 4, 0,.in 0.1 M aoetate buffer.

<

\, /f\t Pl 6. 0 ‘ctivz.ty ‘was comparable to that obeerved in the

previous experiment, whgse‘water w+s used instead of buffer.

pa

%
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TABLE 18

Bffect of pH‘On Proteolytic Activity of Endospcrﬁ.Flour ‘ ¢

Suspensions

L,yophilized endosperm powder from caryopses germinated 5 days
was suspended in 10 ml.of 0.05 M buffer. Acctate buffer was
“used at pH ‘4.0, phosphate at pH 6.0, and Tris at pH 8.0.. The
suspensions were shaken for 2 hours at room temperature. TCA
soluble a-amino nitrogen was measured before and after !

incubation, and activity expressed as ug a-amino nitrogen

released per hour per g endosperm powder,

- ' ' L TN )
Plour llemoglobin pil ' Aétivity ug d-NHz N released
mg o, T M9 ' from hemoglobin =
SRS ‘ ik . |
‘ per. h ’ - per h B :
in ‘assay ‘per g flour :
125 - o - 4.0 .. - 1
- C ;
o . 125 L 0 |
125 125 .. ls1 - 400
,_ | - o ' |
125 - 0 6.0 5
: i . @ .
0 125 C0 |
{25..- - 125 R 31 208 i'
o . . B !
125, .0 . B0 4 ' 1 . f
‘ . , . | .
0 128 o 1 _ ,
125 125 | 20 o132
AR
. “npncs ) '\_{ _.""
k
- Q’
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1

Extraction and Assay of Endosperm Protease

'Thezinittal experiments with endosperm powder

.o

_‘indicated £hat endosperm‘preteaseis) should be most actiﬁe
'at‘low pH, after 5 days germrnation.. ﬁccordingly,-ia

prellmlnary extractions for endosperm protease(s), endosperms

from 5 day germlnated caryopses were used The frozen

endosperms were homogeniZed in 0.2 M acetate buffer, pH" 4 o,

-and assayed in 0. 05 M acetate buffer at the“same pH. Initial
essays were conducted at 37C. In the - early experiments !
hemoglobln was used as substrate, since it is readily soluble.

in a w1de.range-9f_assay condrtions. Later, when conditions J"; v
for the'assay{tad been established! glladln was also used as

a standard substrate. Activity was heasured-as the increase

in absorbance at 280 nm of the TCA soluble fraction. This

.measures the release from proteln of aromatic amino acids,.
. whether free or bound in TCA soluble peptldes.l The lbsorbance

at 280 nm of the TCA soluble fractlon was arbltrarily

callbrated against the absorbance of tryptOphan dlssolved 1n .
. the sSame concentratlon of TCA (2.5%). Act1v1ty could thus be
- expressed as the change in absorbanCe of TCA soluble fractlon,
or as.thefrelease of tryptophan equlvalents (ug) from proteln
during the assay._ | |




-

o

(a), Linearity of the Assay e “}\\
Pigure 3A shows: that with 0.3 ml of enzyme per
assay product formation, measured by the increase 1n absorbance

‘at 280 nm, 1ncreased llnearly for 15 minutes. At this time

the change in absorbance was 0.68 units., With 0. 1 ml enzyme .

per assay product formation cohtinued‘linearly for 25 mlnutes,-

until absorbance of the TCA solubie fraction had increased
by, 0'36'units., The results in Figure 3B show‘tnat aetivity

~..,_-

_ was. proport10na1 to enzyme concentratlon (0.1-0. 3 ml/assay)

- enzyme extract in the assay. = . S o

(b) pH of the Assay : ‘;

- between 0 and 15 minutes lnCubatlon. Hence in all Subsequent

E

assays enzyme concentratlon was adjusted 80 that the 1ncrease i
<0

in absorbance woulg be’ between 0.2.and 0.65 units.after 10

minutes incubation. ‘Within these limits product formation

should depend directlf on the activity- and concentration‘of“_ -

i

1 -

The -pH optlmum for assay of protease(s) .was determlned.,e;

1

Citrate buffer was used ﬁrom pH 3. 0 to 4.0 and 5 0 to 6.0,

, acetate from pH 3.6 to 5 2, phosphate from pH 5.8 to 7 8 and.

_Trls from pH 7.2 to 9.0. . All assdy buffers were 0.05 M.

J'The results in Figure 4A show that act1v1ty was obtalned at

"pH 3.8. The curve lS not‘symmetrlcal, 1nd1cat1ng that more




FIGURE 3

L

Lincarity of the Protcase Assay

linzyme was extracted in 0.2 M acetate bl.iffer, pH 4.0,
f"rorn cndosporm of 'Cla;_‘YopéeS g‘e.rminate'd .5 days. |
Kctivtty with homoglobin substrate was assnfed in

L 0.05 M acthte buffer at the samg pH, at 37C..-
Actlv1ty was measured as thc increase in absorbance at
280 nm of the TCA soluble fraction, between 0 and 30-
._minutes‘incubation. Acthlty of 0.1 (0); 0.2 (A) and
0 3'%A) ml of Lnyymc per assay was’ measured i shows-
Lhc rolatlon%hlp botweon 1ncubation time and product
_formatlon for the three enzyme concentrations. :

13 shows tho relatlonshlp between enzyﬁe concentration

and product formatlon after 5, 10, 15, 20 and 25 minutes

1:1(.115).1,t10'n-.

{
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'and acLieries are cxbreesed as ug tryptophan equivalents

,;i

FIGURE 4

Lffocts of Buffor Molarity and pH on Protecase Activity .

A Endosporme ware ekrructed in 0.2 M acetate bdffer
-vontelning- mM B-mcrcnptocthanol Activity was asaayed e
inL 40C using 0.05 M buffers in the following pH rangea;'

pll 3.,0-4.0, citrate; pl 3.6-5.2, acctate; pH 5 0- 6 0,

eitr;tuﬁ pit 5.8-7.8, phosphatd: and pH-7-2-9 0, Tris.

lndospermq of LGIYOPSGB germinatod for 5 days=‘

ware usoad.: Htmoglobln was uscd ds substrate in all assays

T

-ILlQﬂqu per minute per mg protein in the endosperm

oxtract,

B, .. ﬁndospermt were extracted in 0.2 M acetate buffer,

pHIB.é, contalnlng 5 mM - mercaptoethanol and activity ‘

' bSLYLd with 0.02 to 0. 30 M acetate buffer, PH 3.8. .The

O\erlantS where assay buffer molarlty was varied are

shown by (0) |
Frtractlon buffer molarlty was also varied between

O 05 and 0.30 M and acthlty was assayed Wlth 0. 05 M acetate

buffer, pu 3.8. The experlments where eﬁbrqction buffer

molarity,waa varled are reprcsented by-(A)

- .
-«
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than one proteolytic enzyme in the crude extract may be
. T - 5 o
©_ active at low pH. Subsequent?é%tractions and assays were

routinely'conducted at pH'3.B.

1c{ Ektrsction andIASSay Buffers
Enzyme'was‘extfscted with 0.2 M acetate buffer,
pn'3.8,:and dssaYed‘Qiﬁh'0.0z to 0.30 M aeetate buffer aé
' thc'same pH FigurerdB'shOWS that meximum activity was v
obt alned wlth 0.05 M assay buffer. Extracts were tsanlﬁade;
*  with varlous concentrations of extraction buffer, 0.05 to’
:0.30 M, and activity assayed with 0.05 M. buffer. Most active
. enzyme was preparedrwith 0.2 M extraction buffer. Exerscts

', were thefefore rouﬁinely made in 0.2 M acetaee.buffef and

;////ngivity assayed in 0.05 ﬁ buffer.

(4d) Optimum'ASSay Temperature and Heat Stability B ////*f////
Actxvxty was assayed at.temgggg&gges/between 25 and
: Y LT
52.5C. TRe results in gig re 5B show that actlvity was _

highOSthat"GC.,_Ihe/égsyme appeared to‘be.lnactlvated at - .

o -

. higherﬂtemﬁegetuﬁes. Assays were'ioutinely csnducted at 40cC.
//5/%// - Stablllty of the protease was tested at the assay

temperature. - Enzyme 1ncubated at 40C 'in the. absence of .

substrate lest act1V1ty rapidly:(Flgure SA).. Forty percent




FIGURE 5

Tomperature Optimum for Asqay for Endoqperm Protease,'

and Lability of the LEnzyme

. A. The cnzyme was allowcd to stand for 0 155 mlnutes

at 40C (0) or on 1ce (A) before assaying its

>

o '“act1v1ty at 40cC.
t‘B. ‘The assay tempcrature was- varied between 22 and 52C;

Endosperms of 5 day germinatod caryopses wore extracted‘
T

e

wzth_p.Z M- acetatc.buffcr, pHn3 8, contalning 5 mM
. ‘,\.— .

N \ :
B-mercaptoethanol. Actlvlty was assaycd with 0.05 M

acctate buffer, pH 3. 8 w1th hcmoglobln as’ substrate

\\
e

Actlylty is expresscd,as ug tryptophan nqulvalents \“\\\

. relcascd per minute per mg proteln in the endosperm - o~

.l;-

extract, o ' S T
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. R

of the total activity was lost in 2 hours, and then. activity
continued to decline very slowly The biphasic curve seen
in Figure 5A could be due to the presence of two proteases,
one heat~1abile.and‘one3heat'stable,tin ‘the crude extract.
No activity was_lost'if_the enzyme Was‘ailowed to stand on
icc for three hours before thelassayz

? S0P

" '(e) Optimal Substrate Concentration . -

Optimal substrate concentration per assay was'

dctermlned Figure 6 shows that with 0. 2 ml enzyme extracted

L

from seeds germinated for 5 days, 20 mg hemoglobin per assay
was necessary to achieve the maximum rate of hemoglobin
hydroly51s. In routine assaysASO mg hemoglobin (1 ml of

5% ‘solution) was used to prOVide excess- substrate. 'No"

IO

‘substrate inhibition was observed at high substrate
‘concentrations. Data for gliadin concentration are also

| ‘1ncluded These indicate that a’ 51m11ar gliadin concentration

.

is. required‘for maximum velocity, although this was a

<

,separate experlment w1th a different enzyme preparation.

-Again no lnhlbltlon was observed at high substrate concentrations.

}

7F1fty mg gliadln per assay was therefore used routlnely Lo '

& :
. . N s -
F . .
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FIGURE. 6

LW LT - :
Optimal Substrate Concentration for Assay of Proteasg

Activitx .

Endosperms of cary pses germinated 5 days were extracted

in 0.2 M acetate buffer, pH 3.8, containing 5 mM
B—mcrcaptoethanol. The assays were conducted at 40C in
 0 05 M acetate buffer pH 3. 8, whlch contalned 2. 5 mM EDTAl
The substrate concentratlbn (mg protein/assay) was' as
bhONn ‘in theiFlgure. Activ1ty was expressed as ug
tryptophan equ1valents released per minute per mg
proteln in the endoaperm extract for hemoglobln (0) and

for glladln (ﬁ) IR ' ’

o
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(f) storage of Enzyme Preparations

" The. enzyme extractrremained stable. if stored on ‘ice
. for 12 hours (Figure 7), theh gradually lost activity.
Flgure 7 also shows that free21ng the enzyme for storage

caused an 1n1t1al loss of act1v1ty of 5% then act1v1ty

contlnued to decllne at a rate of about 10% per day. The

-enzyme was therefore always freshly extracted .and kept on’ : \
] ) : '
ice for mno longer than 12 hours before assayrng its proteolytlc

activity.

. /,.

(g) Shlphydryl Reagents

\"- o - o . o . . _/
e - - . A

e

Inclu510n of B—mercaptoethanol in the extraction buffer
enhanced protease act1v1ty. Table 19 shows that 5 mM

"B- mercaptoethanol in the extract1on buffer was - most effectlve.

g

Act1v1ty was not lncreased by 1ts 1nc1usIon in the assay

.fbuffer.' The effectlveness of varlous sulphydryl reagents in
~t1mulat1ng act1v1ty are compared in Table 20.‘-Cystelpeand |

dlthlothreltol were used. Enzyme was extracted w1thout

“B—mercaptoethanol and prelncubated for 3 hours with the
L 4 T

concentratlon of reagent shown in the Table, before assay of

";act1v1ty. The assay | buffer contalned no sulphydryl reagent,
therefore the concentratlon durlng the assay was about ten~fold

| lower*than durlng prelncubatlon of the enzyme ) Table 20 shows

Y . . -




a

‘Storage of the Endosperm Protease

Protease was extractéd from endosperms of cafyopses

" germinated fo; 5 days, with 0.2'M;acetate buffer,

pH 3.8, cbntaining 5 mM'Bfmeréaptoethanol. The

extracts were alioqed to stand on ice_TA), or -

' frozen in liquid.nitrogen and stored Qtv—QQC (0) for.

N ' ) o . . . . ’ L . . T
0 to 5 ddys. . Activity was assayed with 0.05 M agetate

buffer, pH 3.8, and hemoglobin substrate. Activity
oo . A N s -t

LI

lis”exPressed és'ug'trypﬁophan equivalehts-releaséd‘

-~

- per minute per 'mg protein in the endosperm extract.

i

[

“ . ~ . Iy o



ACTIVITY

PROTE ASE

5

7.

0

1 3z 3

 DAYS BEFORE AS!

4:

AY




AN ..'- *

) "
s ; . \

“PABLE 19

e ————— el '
¢ B

~ Effec;s of B-Mercaptoetﬁanol on Extraction

- o
~ S
?\\\\\and Assay of Endosperm Protease S S

Enzyme from caryopses germlnated 5 days was extracted
in- 0.2 M acetate buffer, pH 3.8, containing 0 to-10 mM
B—mercaptoethanol The extracts were assayed in’
0.05 M acetate buffer, pH 3.8, containlng 0 or 5 mM
‘B-mercaptoéthanol. The substrate was: hemoglobln, and
_the assay mixture was. incubated 10 minites at 40C before
stopping the reactich with an ‘equal volume of 5% TCA.
Activity was measured as ug tryptophan equlvalents
- released per minute per mg proteln in the endosperm . .
-extract. : R ‘ . S i

&

T

B Mercaptoethanol mM .. . Protease

‘ - ST Act1v1ty
Extraction buffern Assay~buffer SN

o 40.3

2.5 0« - - 42.6
: 5.0 o | 49,2
10 .rh ’ 0 “\, ". . . . 48. 5

.5 o ., 5 s o ~ 48.5

S .5 39,9
- X \_J-“‘_v : . ’ ' .
= 0, ﬂ
)
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.'that the largest stlmulatlon of act1v1ty }26%) was ' ’g

e ‘obtalned with .5 M dlthlothreltol BsMercaptoethanol att B
'the same conéentratlon stlmulated actiuity bp 20%, and
'cysteine'by'lO% These data 1ndlcate that the enzyme

contains sulphydryl groups necessary for 1ts act1v1ty.

—

' The effects of}sulphydryl_blocklng'agents’were

tested, to investigate the-sulthdrfl nature df the enzyﬁe;

L]

Enéyme extracted w1thout B-mercaptoethanol was prelncubatéd

»

with the 1nh1b1tors for - 3 hours, as prevaously descrlbed.u

Activity was again measured w1thout addltlon of sulphydryl
s
reagents to the assay buffer. - . '>:

Y A

The results in Table 21 show that 1 mM para— '

chloromercurlbenzoate (PCMB), -ethylmalelmlde and 1odoacetate g
. 2
'1nh1b1ted act1v1ty by 30 to 50%. Inhlbltlon was stronger

at higher concentratlons of the reagents. S"nM”PCMB - -
completely 1nh1b1ted actxvmty of the protease. Hydrogen y
peroxlde, whlch ox1dlses sulph¥dry1 groups, also completely
1nh1b1ted enzyme act1v1ty. These ‘data provide further evidence
"that the enzyme requrres free sulphydryl groups for 1ts',

'act1v1ty.‘ Phenylmethylsulphonylfluorlde Whlch lnhlblts serine

proteases, had no effect on the™ maaze\protease preparatlon
- — ﬁ‘.

oy p

(Table 21). ) T

N




o

8l.

+ 0 \. .
. »
TABLE 21. 7 '
, Effects of Sulphydryl Blocklng Agents and a Serine '
Protease Inhibitor on Protease Aativity
nnzyme was ‘extracted’ in 0.2 M acetate buffer, pH 3. 8, " and | _
prelncubated 3, hours on ‘ice with reagents at the concentratlons
shown. Act1v1ty was assayed with gliadin substrate in 0.05 M
acetate bufifer, pH 3.8, with 2.5 mM EDTA. Activity of the
untreated control was set at 100 and relatlve aotivitles of
the. treated enzymes calculated.
100 = 41 ug tryptophan equivalents released per minute per mg
proteln in the endosperm extract.
) ~ ‘Treatment T Reagent | - Activity
. - ] . Concentratlon ‘ ‘ ‘ o
" - BN I . o nm . "“ . . . .
J-A . - . - - . R ,-'. ._ - . . 100\ ] e tf
H_Iodoacetiewacidg ' - ' ) 1 12 :
R N TR 26 -
N—ethglmaieimi4;§'“ -2 N 61 .
' o 5 54
N . ' ' - :
“ Para-chloromercuribenzoate ) 1 54
. 5.. ,.0 r
Hydrogen perox1de 1 X 0
Phenylmethylsulphonylfluorlde 0.5 100 7
/ , L . 5 94
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,(b) Requireﬁent for EbTﬂ‘and Inhibition by Metal Yons , o

. N . _ Y

'The enzyme appears: to. have no requifement for metal "

ions since inclusion® of EDTA in the assay buffer dia not h /ﬂ
_inhibit proteolytlc act1v1ty.' Table 22 shows that 1nc1u51on

of 1 to 5. mM EDTA 1n the assay buffer had no 51gan1cant

effect on act1V1ty when hemoglobln was the substrate but
. 2.5 mM EDTA doﬁﬁ/ed the. act1v1ty,w en glladln was used as .

. . .
-substrate. D1a1y51s of glladln before the assay also oo

1ncreased act1v1ty but was less effegtlve thah 1ﬁc1u510n
of EDTA ln-the assay buffer. The assay buffer‘routlnely
contained 2 5 mM EDTA whlchever substrate was used.

Heavy metal iens were found to inhibit act1v1ty of
the enzyme. Metal ions’ (5‘mM)‘were-1ncluded - ,the’assay ‘
buffer and'activity measured'with'hemoélebin‘as substrate.

'Table 23 shows-that mercury, lead, cepper'aua_zine inhibited .
:’activitylbetween 37'ahd 33%. ﬁagnesium,.manganese an@j_

' calcium were only slightly inhibitory.

(1) Ammonium Sulphate Fractionatidn .f*

'A'preliminary“purification-of the enzyme with o
ammonium sulphate‘ﬁas tried. Crude enzyme preparations were
brought to 20, 40-and 60% saturation ﬁithﬁaﬁmdnium_sulphate;'

Between éacﬁ addition the_preparation was stirred gently on

4




TABLE 22

Effect of EDTA on’ Protease Activity with

' Hemoglobin andﬁcliadin Substrates

Epzyme was extracted in 0.2 M acetate - . o B
buffer, pH 3.8, containing 5 mM R PR
B-mercaptoethanol. Activity was assayed ' '
with hemoglobin or gliadin as ‘substrate’ '

in 0.05 M acetatejbuffer, PH 3.8, ~ . .

" containing 0.to 5 mM EDTA. Gliadin ' o
previously dialysed for 24, ‘hours at 3C° - S S
was also used as substrate. Activity =~ . | ' '
was measured as ug tryptophan equivalents

~released per minute per mg protein in

the endosperm extract.h' L - : N
e . EDTA mM Protease - - S
R : oo : . Activity . %
. | - v o
Hemoglobin 0 43.2 o
- ’ ‘ 1 .'F' 44-7 ’ .
5.0 44.9 ,
Gliadin 0 B3 B T o
: 1 29,7 . , -
2.5 " 46.8 | o
5.0 43.8
. Diaiysed Gliadin 6 - 137.5 -
o SN 12,5  46.5
i“ 7
- . .
L 11
- ' b}A
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TABLE 23

Inhibition of Protease Activity by Metal Ions

Enzyme was extrapted in 0.2 M acetate buffer, pH 3. 8,
containing 5 mM 8-mercaptoethanol. Activity was
measured with hemoglobin as substrate, using 0,05 M
v acetate buffer, pH 3.8, and no EDTA in the assay.
- Metal dons were included in the assay buffer.

Activity of .the control was set at 100 and relative
activities of the other theatments calculated,
100 = 42 g tryptophan equivalents released per minute
' per ‘mg protein in the endosperm extract.

‘Metal A lConéentratiee  ' _' i~Activi£y
- T - 100
gt 5 51 |
pbtt 5 47
cutt 5 " . 63
zntt ” ' 5 64
. _Mn++ 5 _ g2 \
‘Mn+f ' ‘Vf—" _ 110_. ) - .i | 82:‘
catt s 95 o | |
@t 10 %0 - B S
Mgtt s . 10
Mgttt 10 : 91




I 1.
- .
B s
86 o egtoT o - - R 6703
) _ T - T T . . ey , L
. o - o " s9r0 . o0g0°0 ., - TWEp uqmumauomsm %09
| s 7 g0 - - oet1°0 . - TwoT 391124 mcm -0v
. - .18 - es's - ''658°0  Yuw 0T . umAHmm 30¥-07
y ) < ) . o . : . y .\ N .
5 . .. 850 1 4 1 I T 0T " 30T1%d %0Z-0
00T - sCor ., sev0o- . - TwEr - 0
L - A3rATIOY  uTW/08Z WV - TW Z°0/uTW 0T aumpop  [OFNAd
. @bejusdaeg - A3TATIOV TeIOL - /08¢ ¥vv - . Te3ox - TOS”('HN).
. . ) T : . sa..‘, .A .. ., . ° L ’ ,. ' .. .-. T
~—— _ : ] ' +33eI3SqNs se UTqoThowaY Y3 M paInsesw UOTIOoLII yowo. 3o A3yafiow
- - ay3 pue ‘uoTjruOcFjoriy ajeydins umjuowwe 03 pojdalqns sem JoeIIXS SPNID

‘ayyl “seosdokied vmumcﬂEumm Kep 9 3o suiadsopud woxy @muomunxm ses 98ea301d

,mmmmuoum Eummmov:m 3o coﬂuchﬂuomum mumnmasm Esacossa

K

ve uqmca , . L

-
L



' ' ' o 86.

. 7

1ce for- 15 minutes, and then centrifuged for 20 minutes at
10, 000 x,g.. The pellets were resuspended in extracticn i“
buffer.; Elghty percent of. the total activity precipitated
— between 20 and 40% ammonlum sulphate, and only very small

‘amounts of activity were assoc1ated with the other
:fractions (TABie'ij )

Act1v1ty agalnst hemoglobln was not altered by dlalysis ' '

'-,of the fractlons. Act1V1ty agalnst glladln could. only: be ' -

i®%

- \,

'gesmfd with dlalysed preparatlons, 51nce thlS substrate was
precrpltated by very small amounts of ammonlum sulphate.rr

Over B80% of the glladln degradlng actlvrty was also preC1p1tated~
between 20 and 40% qmmOnlum sulphate. Act;vzty was addltive
nFWhen any palr of fractlons were mlxed and assayed indlcatlng
that the crude extract contalns no 1nh1b1tory or stimuratory

tfactors..

‘(j).Reproducibi;ity - __;;#g‘;: ) o ;‘. SR -..; -

e ™

. - - ' R |
<*'Reproducib111ty of the protease extractlon and»assaye s
-] N . :

°“method were lnvestlgated.- Endosperms were harvested,from ‘

grain germlnated 4 and 6 days.- Four extracts were prepared

- from each batch of endosperm8.+ Soluble proteln per‘ml o L.
—of extract wgsf;easured and each extract assayed in o .

trlpllcate. The average spec1f1c actlvmty of each extract

couldﬁthus bercalculated._ The data in Table 25 show Ehat the ~
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:reproch1b11ity of extractidn, judged by soluble protein per
‘ml extract ‘was good.l Varlablllty of . the assay.was also low,-
Judged by the 1ncreases'1n absorhance of the TCA soluble
fractlons ln the three repllcate assays for each enzyme

> extract ’ The avérage spec1f1c act1v1ty of protease from the ‘ - N
4 day germlnated caryopses was a3, B‘g tryptophan/mln/mg
proteln. The 1nd1v1dual values for. the four extracts ranged' o
from 32.8 to 35.4 or 4% around the mean. The average protease. -
specific activity for the 6 day germinated caryopses'was
55.1 ﬁgt;yptophan equivalehts released/min/mg protein, with
talues raﬁgihg‘hetﬁeeh 53ﬁ2-and 56. l .or.+3§. In suhsejuent
experlments where comparlsons of act1v1ty are made, extracts o

_ were prepared 1n duplxcate, pooled assayed in trlpllcate and -

-
4

‘:the values averaged.. In_phy51ologlca1 experlments act1v1ty.
has been expressed. on a "per endosperm” basis because soluble _

protein per.endosperm changes‘dhring germination. Standard

errors have not been indicated on graphs or in tables since

'.too few indepEndent_replicates were‘performed,for determination
of confidenTe limits of the means.
These exper}ments, contalned in paragraphs (a) to {j), .
descrlbe the development of the extractlon and assay. method’
whlch is outl;ned in MATERIALS AND METHODS, and has been used

_throughout the remainder of this research,‘
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Endopeptidase Act1v1ty of the Protease

\
\

A protease with exopeptiaase activitysﬁould release -
free amiao'aeids.and amides from protein,'whereas an
endo?eptidass should releasefpeﬁtides. ;f only amino aélds'
were released the ratio'of total‘nitrogen to a-amino nitregen
of theTcAlsoluble hydrol&sis products'shoﬁld be between ~ ' n?
one and-two.a For example for casamine acias'this ratio was .;
found to be l 3 and from the amino ac1d composmtxon was |

'fcalculated to be 1. 37._ If peptldes vere the major hydrolysxs
products the ratlo would be well 1n excess of two., The
‘actual ratio would depend on’ the size of the peptldes~and:the. L i
_nltroqen content of thelr predomlnant amlno ac1dspb The
'results in Flgure 8 show that total nltrogen and a—amlno
ﬁnltrogen release from proteln 1ncreased-11nearly durlng a
15 mlnute assay,,w1th elther hemoglobln or glladln as substrate.

Wlth each substrate’ much more total nltrogen than a—amlno

‘nitrogen was released.‘ After 10 mlnutes lncubatlon 650 ug

l' .

r
.total nitrogen and 15 ug a~amino nltrogen had been released :

+'from gliadim, resultlng in a ratlo of 43. Wlth hemoglobln
as substrate 430 pg total nltrogen and 37 ug a-amino nltrogen
were released per assay.in 10 glnutes. Thls glves a total |
nltrogen to a—amino nltrogen.ratlo of 12.. Slmllar values were
--also found 1n the experlments summarized in Table 26. The

a . °
ratios obtalned are 1q€ependent of suhstrate concentratlon,

<N




FIGURE 8

‘ Hydroiysis of Substrate Proteins:’

L

Release ©of ?otgl Nitrogen and a—Amino Nitrogen
. .Enzyme -was extracted ffoﬁhsddayigefminatedééryopses
wahd $ssayed aéjﬁescribed‘in MATERIALé AND METHODQ,

with hemoglobin_(oj and éliédin éubstrateé {a).
Activiﬁy was méasufed as ug tbtal nitrogen :eleéged
per.assay into the TCA soluble fraétioﬁ:-and:as
g &—aminé ﬁitfogen‘released'pér‘asSaf into'the-TCA
solubie fractibn;' - | | |

i

. . : _. ) X . - :\

)
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cven Wlth substrate concentrations which limit the reaction
Irate This was observed with both hemoglobin and gliadin.

'To check the validity of these ratios the hydroly51s products
.of exopeptidase act1v1ty on. gliadin was analysed
arboxypeptidase A was used and the total nitrogen to
g-amino nitrogen ratio of ‘the hydrolysis products was found,-
”ﬁo.be'li&y(Table 26), - It is'therefore clear that the naize
‘protease had;endqpeptidase ectivity nith either hehoglobin or

gliadin as substrate. The ability of the protease to degrade

T

other substrate proteins ‘was also investigated {(Table 26) 4

‘When measuring total nitrogen release, greatest act1v1ty was

%

obtained with gliadin as substrate and 1east activity was

0

' found with bovine serum albumin. -The ratios of the hydroly51s

products were high in each case, again suggesting an .
\ ° e, ° .
endopeptidase activity.

+
(Y

The abllity of the protease to degrade 1ts natural

" substrates, zein'and glutelin, was also tested.; These-proteins -

could not be dissolved in oonditions suitable.for'thelaSSey of

protease activity;'and}yere:too hydrophobic to form substrate
-snSPed;ions.-'ﬁowever, they could be rendered sparingly |
'-solnble.by'partial hydrolysis. Zein was hydrolysed in 1 N’ HC1,
'and glutelin in'l N NaOH, for 4 hours at SOC._ Free amino

" acids and small‘bebtides'were diélysed outdof the protein

hydrolysates, which were then lyophilized and redissolved ir.

..Qater.at'pH 3.8 before use as substrates. Glladln was- also




Areleased per ‘assay from the substrate into the“TCA

TABLE 26’

Effectiveness of Maize Protease with Various

Proteln Substrates

Zeln was partlally hydrolysed in 1 N HCl and glutelin in

1 N NaOH by heatlﬁg-for 4 hours at 50C. Glladin was
hydrolysed w1th 1N HCL for 1 hour at. 50C The
hydrolysates were dlalysed, lyophlllzed and redlssolved 1n
a minimum of water at pH 3.8 before yse as substrates.
The amount oﬁ.subsbrate nltrogen per assay was ‘ | }

determlned for unhydrolysed and partlally hydrolysed

"protezn substrates. Enzyme was prepared from endosperms

~

.of,caryopses germinated for 6 days. Activity vas |

measured by ug total‘nitrdgen'and g a-amino nitrogen ’

. soluble fractlon. The total nltrogen to a- amino
:nltrogen ratio of the hydroly515 products was calculated

- for each substrate and substrate concentration. .

-
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partially hydrolysed with I N HCl so that its px;opex:ties o
as a substrate could be compared before'and after the-
treatment.i Partlally hydrolysed glladln was degraded at
,a_,about tw1ce the rate Of natlve glladln, 3udg1ng by the -
release of total soluble nltrogen. The ratlo of total
nltrogen to .a- amlno nltrogen of products released from partlally T
hydrolysed glladln was lower,fand in fact comparable to that
obtained with hemoglobln." Th1s observatlon suggests that
'.denatured and partlally hydrolysed protelns are more susceotlble‘.:
to enzyme attack. Changes in tertlary structure of the
_.substrate durlng acid or. alkallne treatment may 1ncrease
2—-a-ecesslblllty to end0pept1dases, or cleavage of the_protern
durlng the partlal hydroly51s may release more amlno— and
‘ucarboxy termlnals for exopeptldase attack.. Elther or both
Aof these effects could reduce the total nltrogen to a-amino
nltrogen ratlo of the enzymatlc hydroly51s products.r
Partlally hydrolysed zein and 91Ut811n are. also hj P ‘ -
- degraded by the protease, but ‘since the substrate concentratlons |
were 1ow the rates of degradatlo? are probably not very
mean1ngful (Table 26).- The ratlos of total nltrogen to a—amlno
nltrogen, a value apparently not affected by substrate
: concentratlon, were 8 and 15 respectlvely. These results show :

that denatured endOSperm storage protelns are degraded by:the

protease, and that there is endopeptldase act1V1ty.

re
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Natura1'Substrates ¥ oo ' e

o
+

\§Tnee native maize'ehdosperm protein could not

‘be used ih the standard‘assay, an agar gel method was.developed
to demonstrate aétivity of the protegse agaihst unhydrolksed
zein and glutelln. These protelns were extracted in bulk from
endosperms of ungerminated caryopses then dlalysed and . -
'lyophlllsedl__All proteins used as substrates in the standard
ass&y were'élso tested in the gel assay.. The proteins were
dissolved or suspended in agar gels as desbrihed in MATERIALS
AND_METHOﬁS. Enzyne 1ntroduced into wells in the gel diffused.

- out and degraded the substrate protelns. Stalnlng the gels f’y
"for‘ protein then revealed clear rJ,ngs around wells whx.ch had .
conta}ned active protease. Fzgure 9 shows a protease dilutlon
series‘tested on zeln containlng gels. ACthlty was observed
at dllutxons X1, X2, X4, XB, and " X16 but ndt at’ hlgher
dilutions. Table 27 records act1v1ty of the protease against

a range of'substrates._ With g11ad1n as substrate clear rings’
were formedlw1th dllutldnscf'up to 32 tlmes of the protease
'preparatlon. Slxteenrfold was,the maxrmum enzyme dilution
clearly showlng act1v1ty with hemoglobin,‘zeln, glutelin and

ER

' cdestin. No degradat}?n of bov1ne serum albumln was’ detectable.

Glladln was therefore the best substrate in this assay.
Zeln"and-glutelln were degraded w1th the same eff1c1ency,

judging by the maximum enzyme dllutlon capable of degradrng -
. 1€ T _ e

~

P’
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' FIGURE 9 .

.The Agar Gel Method of Assaying Endosperm .

|
' Protease Activity

Enzyme extracted from caryopses germinated 6 days_w§s

- diluted in a geométric'series; Aliquots (0.15 ml) of

each dilution was pipetted into wells in. a zein

(0:025%) conﬁaiﬁing'gel.- The wells of Gel A, moving .
élockwise frbmttﬁe arrow, -contained boiled enzyme,
undilutedfenzyme, enzyme diluted X2, X4, and X8, The

wells of Gel B, again moving ciockwise_from the arrow,

contained enzyﬁe dilukted X8, Xlé,.XBZ}-X64 and X128. The

gels were incubated 12 hours at 30C, washed, and stained’

with 0.02% nigrosine. - Clear rings around the wells .

indicate activity of the protease dilution agaihst the

subgtrate.
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-assay with :zein and gliadinjsybstrates., In the-standard

97.

the'spbstrate.n The slze of the clear ring does not seem

&4

to be a good criterion for estlmatlon of the actlvity ‘of the

i

protease against a partlcular substrate. For example the

™. <‘~

rings formed by undlluted protease actlng on hemoglobln were

2 mm larger than those formed w1th glutelln, although in ’

both “cases the maxlmum enzyme dllutlon ShOWlng activaty was

o

sixteen- fold. o o ot -

The data from thlS assay correlate well w1th the
3 -

. .standard assay. In both assays glladln was the best unhydrolysed

]
: proteln substrate, and bov1ne serum albumin the poorest.

It can be concluded that the maize endosperm storage protelns

8

are degraded by the endosperm protease.

o

Protease Activity'during Germination

1

Changes 1n acthlty of the protease-durlng germlnatlon
were 1nvestlgated Batches of 50 endosperms were harvested g
da11y for 11 days after 1mb1b1tlon of caryopses. The endosperms
were frozen in llqu1d n1trogen and stored at ZOC prxor to

extractlon and assay- Protease actlvlty was measured by the _

_standard assay with glladln as substrate,'and by the agar gel _

7

assay activity was measured by-release‘othryptophan_(Eigure IQC)

and a-amino nitrogen (Figure 10B), and total nitrogen

-(Fiéure iOA)ffrom gliadin substrate. With each of these assays

. . : . ~
4 k . - !

-
=Dy
i
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Changes in Endosperm. Protease Aetivity During

. | Germiﬁatibn

i an ,

: Endosperms ‘were harvested at intervals for 1 days after .

51mb1b1t19n of.caryopses. Protease was.extracted and

assayed as ﬁeséribed in MATERIALS AND METHODS. Gliadin

was the substrate. Act1v1by is expressed as mg

tryptophan equlvalents, a-amlno nitrogen and total

-

.nltrogen releaseéd per hour per endosperm.
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no activity.waa detected until 3 days’after imbibition of
the‘grain. A'méximum;wae reached at B'daye, after which
.the“protease activity declined‘ The total’ nltrogen to a—amlno.
lnltrogen ratlo‘of the products was calculated from - _ g
Figures lOA and B. The lowest ratlo'was-36, at 7% daye '
germlnatlon,-and the hlghest a8 after 4% days germination.,

Bndopeptldase act1v1ty was therefore piesent throughout this .

.-

growth perlod ST "'-;!‘: _ Ly

The change 1n pr&tease act1v1ty measured by the agar 'ﬁ
gel method is shown in Flgure 11. - The maxlma; en;yme dilution
actlve against zeln and'glladln substratea at each;tine aas
plotted on.eemi—log scalefh:ﬁo activity'was detected‘before "ﬁp
day 3, and a maximum was- reached after B days germlnatlon.

This pattern is very 51m11ar to that observed w1éh the standard

assay, 1ndlcat1ng that activity of the same-enzyme(s) is .
: aenred by both methods.. " -

) Another endosperm hydrolytlc enzyme, a—amylase, was
also measured for comparlson of its pattern of activity
‘durlng germlnation. Flgure 12 shows that it was detectlble .
sllghtly earller than the protease, at about two days after
imbibition oﬁ.the.seeds. It reached ;ts maxlmum actlvlty at

10 days 48-hours‘iater than the protease;_‘The curves for

appearance, increase and ‘then decllne in act1v1ty show the

same trend, for both hydrolytlc enzymes. - . L,

Loss of endosperm dry welght and nltrogen durlng



o ) ‘4.{
- FIGURE 11 - \ ,

Changes in Endosperm Protease Activity During
w e - ‘ N . -
Germination, Measured by the Agar Gel Assay

f:Ethéperms‘Were harvested after 0, 3,15%, 8 and 16 dafs
.;efmihéfion.. Extractg;were pre ared,‘and ifjﬁecessary
diluted so that 0.15 ml QXﬁract'was.equiﬁalent t6

R endospérm., Thése e#tracts wéré dilﬁped in geometric
series and the activiﬁy of O.iS ml‘df‘each‘dilﬁtiqh tested
with.Zein-iA) and éliadin (0) subsﬁrates as'describeg.r

in the iegend'foflPlate 1. The maximal dilution of enzyme
showing.éctiv;ty ét each:sampling time ié xecorded on‘
semi-log égélé. The enzyme extracted from ungerminated

- seeds showed no activity.
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- FIGURE 12 '

Changes in Endosgerm Hydrolytic Enzyme Activity and

Total Nltrogen and Dry Weight during Germination

Endosperms were harvested between 0 and 11 days after

-1mb1b1t10n. a—Amylase and protease were extracted and
~ assayed as deScribed in MATERIALS AND METHODS. Gliadin

was used as substrqte in the protease assay. Protease

activity (H) J.S expressed as mg nltrogen released per

- hour per endosperm and a-amylase)act1v1ty (®) as mg'

starch-degraded per minute per endosperm. Dry weight;

'Iper endosperm is lndlcated as {0), and endosPerm

~ total nl‘*trogen as (U) o .
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germlnatlon is. also shown ' in Figure 12. Dry weight 1oss is

taken to represent starch breakdown, and nitrogen loss

4

represents protein breakdown. A small dry . weight loss occurred.

' A

durlng the first 48 hours of germination. Nb nitrogen
loss was ev1dent in thlS interval but protein analysis has
shown changes in the distribution of nitrogen between the ’
proteln fractions at this time‘(Figure 2) Some protein
hydroly51s therefore does occur between 0 and 48 hours after
the beginning of germination.. After 48 hours starch-and
protern loss bedame rapid Proteln breakdown continued
" at a steady ;ate from’ about 2 to 8 days, then levelled off.
iz Thls reduction in rate of hydrolysis_occurred when nitrogen
| reserves'were almoSt depleted, and protease.had réached i€s
maximum act1v1ty. | .. | — :
The linear rate of starch breakdown continued until;‘"
10 days, when u—amylase reachedqits maximum act1v1ty. —The‘
decline in both protease and u—amylase activity began when >
endosperm reserves were almost depleted. -The rapid phase
of starch and protein breakdown coincided with the;period'of
E~increaéing protease_and a-amylase activity. - " S | .

-".,

Protease Production by Excised Endosperms - e

i

During 1ncubation of exc:sed endosperms hydrolytic

enzymes and hydrolysxs products are released into the medium.
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"TABLE 28

Comparison of Protease in Extracts of Intact germinaféd
. —

' Caryopses"and Excised Endosperms with Protease Réiéased

intolthe Medium during Incubatibn of Excised Endospetms

germlnated for 6 days and from endosperms incubated for
days. Activities of these extracts and of the 4 day
incubation medium were measured with gIiadin as substrate.
Protease activity is expressed as mg tryptophan equivglents
released per hour per endosperm. The total nitrogen to
a-amino nitrogen ratio of the hydroly51s products were
measured, and pH and temperature .optima determlned S
.prev1ously described.

‘Lhtracts were prepared/from endo&germs of caryopses

-  Intact . Excised Egﬂéspefms'
) < _ Caryopses - - - .
e . . ‘ _ _ Endosperm Incubation -
‘ ' ‘Endospexm Extract Medium
Extract -
protease -  aee a7
‘Activity - s 0.66 - 0.3 0';7
Total N{tiogeﬁ 42 . 43 . 40
a-Amine Nltrogen ‘
'pH Optimum - o ) 3.8 3.8 3.8
Temperature . 46 _ "45, : - 46
Optimum ° o e _ ' .
e
W
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Total enzyme production by excised endosperms is obtained

by measurlng activities in both the medium and endosperm
extracts. In Table 28 the properties of the enzyme. obtained
from excised endosPerms and their incubation medium are .-
compared‘w1th those of the enzyme_extracted from endosperms .
of intact_germinatedjcaryopses; frotease ffon each source

had the same temperature and pH optima. In'addition the .

‘Q%otal nitrojen‘to a-amino nitrogen ratios Of‘tne hydrolysis
products released from gliadin were aoout'40._ The same or
very 51m11ar enzymes‘are released 1nto the incubation medium
and retained in the endosperms.‘ Also incubation of excised
endosperms in 0. 5, 1. 0 2.0 and 3.0 ml buffer per endosPerm
has shown that enzyme production and protein and starch
hydroiféis are independent of the volume of 1ncubation medium. "r
(Tabl? 29). Hence it is valid to compare total enzyme |

prod#ction by excised endosperms with enzyme activities in i

endosperms of germinated caryopses.

.Protease;Stability

The. in'XEEEQ staoilities of pfoteases‘in ehé.
1ncubation medium and in excised endosperns were ‘compared.
Excised endosperms were 1ncubated for 70q 90 or 110 nours.
Enzyme preparations from the: medium and endosperms were

preincubated :at 4OC for 0 to 90 minutes before assaying their

- .
¢ 2 J“ . .
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proteolytic:actiuities; The results'in Figure 13 show that oo '
‘the endosperm enzyme is less stable than the medium enzyme,
and surprisingly that enzyme sbability in both the medium
and endosperm extracts increases With increasing age.‘.

When endosperm extracts and medium were mixed, their
combined activitg was less 1abile than predicted (Figure 14).
Tt appears that the medium contains a factor which can, in EEEES'
partially stabilize the endosperm protease. T

" To examine this stabilizing factor further, medium ~
from a 110 hour incubation was passed through Sephadex G*25,

to remove small molecules. The .in vitro stability of the

*'medium protease,.and its ability to‘stabilize the endosperm

protease were - then tested "-The medium protease lost some o -
actiVity in. passage through Sephadex/szs, and also became
unstable to preincubation at 40C (Figure 15) . When mixed
Wlth endosperm extract it still caused ‘some | increase in"
endosperm protease stability, but was much less effective than
the untreated medium These results indicate.that the
_“stabilizing factor is a small molecule.,

In theJabsence of the “stabilizing factor the medium
and’ endosperm proteases showed Sl?llar stability profiles.
Hence ‘the same or very similar proteases are present in the;
endosperms and in the incubation medium. Incubation with

buffer alone had little effect on the stability of the

'endosperm protease, hence the "factor” is released from the : )

el a -
1 E




FIGURE 13

. In Vltro Stqblllty of EndosPerm and Medium Protease

Exc1sed end05perm% of WEQ X 38 -11 (1969) wvere incubated
for;70, 90, and 110 hours. Stablllty of the extracted
"aed mediai?roteases was tested by prelncubatlon of -
en2ymeiet“;gg prior to the assay;~w0;5 ml aliquots of ‘
mediqm and O.zsfmi,eliquots_of extract were ﬁsed,_'After:
'preincubetion of.the'enzyme,lassay buffer (1 Hifof 0. OS‘M
, = .. acetate, pH 3 8, mM EDTA) and substrate (1 ml of 5% glladln}
were added and act1v1ty assayed in the normal way.
..Act1v1ty of each protease samp}e,_w1thout prelqcubatgkn,
was set at 100; Feietive activities'of tﬁe.sempies,‘
_éreincubated 30, 60 and 90'minUtes-were calculated. : The ..
‘activities of enzymes which,were not preincubated were:
. hv.Medium : }l) 70 hr 100 = 0.19 mg tryptOph;piehuiva eﬁts
) | 90 hr quO = 0.34 released perlgqp;,ﬁetyj

o

100 hr 100 = 0.37 endosperm.

.
o

L e
R il

_Endosperm (@) 70 hr . 100 = 0.28 mgftryptophan equlvalents

: 90 hr 100 = 0.34 released per hour per

( 100 hr 100 = 0.36 endosperm. -

e
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FIGURE 14

In VitrofStabilﬁty"of.Mixed Endosperm and

-~

.Medium'Proteaaes

Excised endosoerms (Wt§'x 38-11, 1969) were' incubated

for 110 houre in buffer. In vitro stability of endosperm -
extracts} incubation medium, and_a mixtu:e of endosperm‘ﬁ
extract and.incubation medium was tested as descrioed}for
'figure 13. Assays contained 0. 25 ml endospgrm extract,
0.5 ml 1ncubat10n medium, or 0.25 ml extract + 0. 25 ml
medxum in a total volume. Activity after o, 30, 60 or

90 minutes orelncubatlon was measured w1th gliadin as
» « oo fr o
ﬁubstrate. The theoretical act1v1ty loss of the mlxture

<

_ whs calculated, assuming that each component of the

' mixture wOuld lose activity at 1ts normal independent,urate'
Act1v1ty of each protease preparatlon, w1thout preincubatlon,“
was set at 100 and relatlve activ1t1es of each treatment
were cdalculated. ActLV1t1es prior to preincubatlon were:

'MeQium*_ (A) .100 = 22 ug tryptophan equivalents released

per .assay

Endosperm ' N o - s Co ' '

Extract 3 (.) 100 = 43 AU‘g- l : . ) EARS
Medium _

Extract (0) 100 = 51 ug

Theoretical . . “i

‘Medium + (D) 100 = 54 g

Extract
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by

'endospermtextract,'incubatiOn medium,;Sephadex treated

"Medium - ' -
Sephadex G-25 @ 100

R $ut

FIGURE 15 P

" In Vitro Stability of Medium Protease after Passage

Through Sephadex G-25

1Endosperms (Wf9 x 38-11, 1969) were incubated for 110 hours

in buffer. Half the 1ncubation medlum ‘was passed through

Sephadex G-25 at 3C. In vitro stability was measured with

"

medium, endosperm extract mixed with medium, and endosperm

_extract mixed thh treated incubation medlum Samples of

each were prelncubated for 0, 30, 60, or 90 mlnutes before

assaying proteolytlc act1vrty., Each assay contained

0 25 ml of extract 0 5 ml medlum, or 0.25 ml extract +

0.25 ml medium, in a f1na1 -volume of 3 0 ml, Glladln

was used as substrate in the assays. Act1v1ty of each

enzyme preparatlon prior to prelncubatlon was set at 100

and relatlve actrv1t1es of the prerncubated enzymes were
calculatgﬁ. Act1v1t1es prlor to prelncubatlon were:
Endosperm Extract (@) 100 = 40 ‘ug tryptophah eQulvalents

Incubation Medium (a) 100 ='19 Mg’ released per assay

10 ug- . -. oy

Medium + Extract (4) 100 = 48 pg -

Sebhadex Medium + (@) 100

13 ug
Extract = . .
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endosﬁerms.duting germination and accumulates in the incubation.
medium. The rate of inactivation or degradation of protease

_ . | . g
in vivo may be modified by accumulation of this;factor.
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1I1I. REGULATION OF RESERVE PROTEIN HYDROLYSIS -
Excised endosperms ﬁere”used to investigate the *
regulatlon of protease production and reserve’ protein

hydroly51s in maize. Since induction of a-amylase is well

understood in barley (45) its production and starch hydrolysis

were also measured ae‘a contcol‘systems»-Neither the gresence
of the embtyo‘no: eROgedous hormone was necessaEy for enzyme
production or for the.hydrolysis of storage'reee;ves in maize;
However in some caryopses gibberellic acid (GA) was found to .
stlmulate these processes. Experimen;s were performed wiﬁh
absc151c ac1d glbberellln syntheszs inhlbltors, and seedsl
of dwarf malze mutants. The results indicate that GA is

‘1mportant in control of productlon of hydrolytlc enzymes, and

that endosperms-probably have an endogenous supply of the_ \

hormene. - Protein eynthesis was found to be necessary for

: protease and a-amylase production'throughout'incubation.'
6 Methylpurlne, an RNA synthesis inhibitor, also effectlvely

blocked enzyme productxon.

.

-

Influence of the Embryo on Endosperm Hydrolytic’?rocesseée

..The results in Figures 16, 17 end'18‘compare enzyme

Product on and endospéerm degradatlon in ‘intact germinating

caryopses w1th that in excised endosperms incubated in buffer. K

G
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Cayyopscd were surface sterilized and soakdd in sterile

water for 2 hours.\ Endosperms wero excised. under aseptic
(Ondltlonﬂ, and incubatedtin sterile buffor at 28C, Samplas
'wu;v taken at about 20 hours intervals, and the endosperms
frozen. DProtease and a-anylase activities n the incubation'
mm‘lin- were assayed immediately. flolliowi-ng t§?b procedure ‘ ;
dl"CleCd in MATERIALS AND MDTHODS. Total nitrogen in tho
1;cubat10n medium was measured and nitrogen loes per endosporm
cnltuiated. Endosperm protease and a- amylase were extr cted

and assayed; The total enzyme produotion during incub tion

was obtained by summing the activity oxtracted per endo perm

and the, activity released per endosperm into the incubation
medium, Figure 16 shows the increase in total. protease
cactivity in endosperms incubated in buffer, compared with
protéase production in endosperms of intact caryopses germinatod
in vormiculite at the same temperature. Protease activity
1ppeared earlier in the ‘excised endosperms, and increaeed
11Pld1y Protease activity increased more slowly in the4
1ntact caryopses, but finally reached a level only 20% lower
than the maximum activity reached in excised endosperms.
rndosperm protein breakdown also began later and progressed
nore slowly in the dintact caryopses (Figure 16), ‘thus the rate
of protein- breakdown correlated with the measured protease
activity. In both excised endosperms and intact caryopses

the maximum proteolytic activity occurred_when about ?5%

-




FYGURE 16
] . ' ) .
Protease Activity and -Protein Loss from Incubated

: ' ' o
. Endosperms and Germinated Caryopses

'CarYOPSes (Wf9‘x-38411, 1969) were germinated'at528C

(open symbols) and excised. endospernms . were incubated

at 28C (5011d symbols). Samples were harvested at

1etervals and total n;trogeh;per ehdosperm (0 ,‘)‘

determineﬁ. Protease in the endOSperms was extracted
Y

and assayed, and protease released 1nto the medlum by

incubated endosperms was also measured Glladln was

- used as substrate in the protease assays. Total protease

per endosperm was calculated and act1V1ty expressed as

K

mg tryptophan equlvalents released per hour per

‘endosperm (o, 0).
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of the endoeperm.nrjtein had been degraded

The patterns of zein and glutelin degradation were
also compared . in excised endoeperms and germinated caryopses'
(Figure 17). As with the total protein, degradation of zeln
nnq_glutelin.began 1ater in germinating intact caryopsee,
and progreeeed more elowly than in excised-endOBperms. There
. was no qualitative difference in the sequenCe of zein and
g]utelin breakdoﬁn in the preeence and absence of the embryo.

The-resulte in Figure 18 show thatfe-emylase also
nppeared‘earlier‘in the excieed endosperme,'but in this cnse_‘.
the 1inear.rates of enzyme accumulation eppenred to be similar
" in excieed\endoeperme end germineting caryopsee-!‘Thie is in
contradiction'of Dures obeervations {36) that in maize a—anYIase
is produced by the écutellum, not the endosperm. Totel enzyme _
production cannot’ be compared, since a-amylase activities were
still 1ncreasing at the end of the experiment.

The differencesin timing of enzyme production and
reserve hydrolysis in intact cary0pses and excised endosperms
are not” an artifaét’ of comparing endosperms immersed in buffer.

: w1th those germinating in moist vermiculite. Whole caryopses,
 excised endosperms, and excised endosperms + excieed embryos
'hcrc incunated in buffer and the losses in nitrogen and dry
.hnght were measured (Table 30). After 2% days the 109939 from

e¢xcised endbsperms were considerable, while losses frod

endOSperms of intact caryopses.were negligible. ‘In excisedg




samples'were taken at 0, 20, 30, 55, 75, and 90 hours.

FIGURE 17 - .

Compariéon of Zein and Glutelin Loss from Germinated

i

Caryopses and from Excised Endosperms

Caryopses (Wf9 x 38- 11, 1969) were germlnated at 28C and .

i

excised endosperms were 1ncubated at 28C. Fifty endosperm

”.
Endosperm protelns were analysed as described in MATERIALS

AND METHODS Proteins 1n the endosperms of germxnated

-caryopses are represented as (0 o), and (A, A) represents'

prote1ns present in ex01sed endosperms. - '
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—Amylase Production by Incubated Endosperms and

by Germinated Caryopses .
1 (

Caryopses (WE9 x 38- 11 1969) were germlnated at- 28@, and

- ’i

,eXC1sed endosperms were 1ncubated at 28C Samples were

harvested!at. lntervals and u—amylase extracted and assayed
u

-~

a-Amylaseg act1v1ty in the endosperms of germlnated

caryopses (0) and the total activity of exc1sed endosperms

&

(A) are shown. Activity is expressed as’ mg’ starch degraded )

per minute per endospermn.

J4 : -
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endoaporms incubated with excised embryos the 103303 wera

less thsn in excised sndosporms incubated alone, but much

i

The embryo thus apparently dolays
dndosperm starch and _protein-hydrolysis in the intact

more than intact cerOpsen.

- cnryopses. The effoct is less apparent whon excised embryos

are incubated with excised endosperms

3

This compsrison of hydrolytic enzyme production and
ondosperm protein braskdown in intsct snd embryoless caryopses
demonstrates that the presence of 'tha embryo or an embryo
factor is not necesssry,for initiation or continuation of

_ hydrolytic processes in maize endosperm.

Influence of Hormones on Endosperm Hydrolysis

»
*

Tne effects of plantrhormones on hydrolytic processes -
. in the endOSperm’wers investigated using excised'endosperms.‘
_'Hormonos, at the desired concentrations, ware included in
the incubation medium. Nitrogen ‘and u-amylase release into
6the medium were assayed as convenient indicators of hormone
_cffects on endosperm hydrolytic processes., In lster experiments
total production of protease Qha a-amylase was "assayed to give

. S N

a more precise measurement of hormone or inhibitor effects;
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(a) Gibberellic Acid  °

Excised endosperms were incubated with a range of

“.

’ glbberelllc acid concentrations, from 0 to 100 uM. - Six
separate experlpents were performed in 1970 with various
hybrids. The amounts of oitrogen and a-amylase released
during the 3 day incubation period (Table 31) were variable *
from hybrid to hybrid and between batches of the same hybridi
. Repllcatlon in 1ndependent experlments, u51ng the same

batches of caryopses, was good (Table 31). The response ‘to
glbberelllc ac1d appeared to depend on the batch of caryopses a ?
tested.. No GA stimulation of”a-amylase or nltrogen releese n
waé observed with- WE9 x 38—11 (1968)‘or with 1097 x 1126

"

{1961) . HoweverHWLth WE9 x 38-11 (1967) g1bbere111C»ac1d;

[3

(5 uM) almost doub{ed a-amylase releese} and 0.15 uM gave a

minor stimulatioﬁ of proteiﬁ'breakdown. With Pride-5“(1967) i

' all concentrations of GA up to 15 uM 1ncreased a-amylase

release, but agaln only the lowest concentratlon (0 15 un)
stlmulated proteln breakdown. Elgh concentratlons of GA

(100 uM) were. generally 1nh1b1tory, even. to enGQSperms of
caryopses whlch dld not respond at all to lower concentrations
of the hormone.. It appears that exOgenous GA has a varzable
effect on endosPerm hydrolytlc processes, and that the effect.
observed depends on the batch of caryopses tested. In barley

f.endosperms glbberellic acld causes.-jlo fold increase in L Coa

%
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ﬂ"amY1a59 release (131)vJQUt "background" values for release

in the absence of hormcne are very low. In maize "background"

a-amylase release is high, so that hormone\Leﬁgects may be
'aifficult to detect, o

I

-(bi Indoieacetic Acid end-Kinetin
L 7
Hormones other than gibberellic acid have also oeen

1mpllcated in regulation of endosPerm hydrolytic processes

(36 38,63},  The effecte of kinetin (K) and indoleacetic acid \
(IAA), alone and in the presence of GA, were tested in maize.,
Table 32 shows that endosperms did not respond to low\\‘f'
concentrations of either hormone, and at higher concentrations |
both were-inhibitory;- Low concentrations of K- and IAA applied'_
with GA did not influence the normal response of the endosperms '

S to gibberellic acid. : ." ' N

(c) Abscisic Acid

Abscisic acid (ABA) has been claesified as a gibberellin
antagonist (176), however it also inhibits responses to )
other plant hormones (185) ‘The data in Table 33 show that
inclusion of ABA in the incubation medium of excised endosperms
1nh1b1ted.prot;aseand c-amylase production. A 1ow ABA

concentration_jz'uM) inhibitedspfotease p;qduction by‘76%.and
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TABLE 32

ffects of Kinetin and Indoleacetic Acid on Release of"

a-Amylage‘and-Nitrégpn'by Excised Endosperms

Fndospoerms of W£9 x '38-11 (1969) were incubated in buffer with -
‘the kinetin (K), indoleacetic acid (IAA), and gibberellic acid

(GA) at the concentrations indicated., . Aftar 3k dqzs-u-amylase
~and nitrogen release into the medium were measured™ L
For a-Amylase: 100 = 0,86 'mg starch degraded per minute per

- endospaerm, ) ' R

Jor Nitrogen: 100 = 1.68 mg nitrogen released per endosperm.

Troatment Release pef‘Endosperm,into_Incub#tioﬁ Medium
a~Amylase L - Nitrogen .
- . R ,
Control 100 o 100
K. 0.5 uM .11 - 100
‘10w 100 . - | 98’
10.0 4 75 . 70
1 005 M. C Ioo. S 100
1.0 uM 99 0
%6.0 uM - 75, L ' . _ ‘.'ﬂ '88.
Gy 15.0 uM 114 S our
" ’ l. \ T - } - E . : ]
K 1 uM + : ' 116 . :
GA 15 wM 112 : N o
‘ R i iy
. I 1 uM o+ IR - 114 a
GA 15 uM né o g o
- — ) 5
3 -,_$4/J_

e e e e
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TABLE 33

Inhibition of Protease and a-Amylasge Production by

Abscisic Acid, and Reversal of Inhibition by

Gibberellic acid

nndOSperms of Wf9 x 38~11 (1971) ‘were incubated for 3 daya

with the hormone concentrations indicated. Protease and

a-amylase activities were assayed in endosperm extracts"

and the incubation media. Gliadin aubstrate was used for

the protease assays.

For Protease '100 = 0.15 ug tryptophan equivalenta
released per hour per endosperm,

“and a—Amylase 100 = 0.73 mg starch degraded per minute

- per end03perm.

4

Hormone .- Concentration.-” 'Prbteése . a=-Amylase
o uM -
-, - 100 . 100
ABA .2 c 24 .35
- ' 0, B S 5.
GA | 3 o114 124
30, 132 | 146
ABA 2 63 93
Ga 3 T ’ .
ABA 2 109 110
GA~ 30 - S R
ABA - 10 | a3 51
GA | 3 S :
ABA 1w 45 Y - 54
GA . -7 30 - A
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a-amylese by 65%. Higher concentrations inhibited'enzyme‘
- production almost completely. | | . | .
Gibberellio,ecid alone (3 end‘30‘qugaVe a small o
.but measurable stimuiaﬁion of proteaSe and anemylase
production; When both hormones”were included in the'. o
1ncubatlon medium, the fhhibitory effect of abscisic acid ; : “///.
 was reduced GA {30 uM) overcame the effect of 2 uM ABA, |
"and reduced 1nh1bitlon due to 10 uM ABA from 95% to 50%.
Klnetin,and indoleacetic ec#d,were\a;so tested
(Table 34). These hormones did noﬁ overcome the inhinifion :
caused by ABA. ;ndolencetic acid reduced the inhibition __.
,by 2 uM ABA sliéhtlf:rbut did not:aileviate inhibition due
to 10 uM ABA. These -J_ces-u1ts show that' the :_'.;nhibition_ of
endosperm}hydrolases by aBseisic‘aoidris reversed'speorfioelly d
by gibberellic acid. | o S
. PR

' Maize'Bndosperm Gibberellic Acid
. s '
&

Interaction of ABA and GA. sugaest that gibberelllc ac1d
dhas a.functlon in the regulation of maize- endosperm
hydrolytlc processes. However 1t is not normally efféétlve N
~ when applied. exogenously. ibberellic a01d could be present‘?
in adeQuate amounts in mature endosperms of maize, or 1t S  .,;
should be synthe51sed in the endosperm durlng 1ncubatlon or

germlnatlon, The follow1ng experxments were designed to test‘ . [”\\\'
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these‘possibilitieaz~‘

. -

l(a) Dwarf Mutants

Aot

certaln 51ngle-gene mutants in maize can be connerted
to normal phenotype by"* repeated treatment thh glbberellic
agld (140). The mutants are deflcrenb;ln the ability to
synthesise gibberellic acid -ﬁndosperms of'these mutants
could be def1c1ent in GA, and hence more responsive to exogenously
applied hormone than endosperms of norﬁal-nalze.- Exclsed" : "
endosperms of dwarf mutant‘d—S were.incubated‘thh'o, 1Eand"'
10 UM GA. Since:isogénic'lines.were:ﬁot available excised \
endosPerms of W9 .x 38-11 nere:simiiarly treated‘for comparison.
Total protease and a-amjiase production wasﬁmeaaured in”each

treatment NltrOgen and reduC1ng sugar release per endosperm Y

were also measur d as. indicators of protein and starch

-

_hydroly51s. : )

EndOSperms of a-s 1ncubated w1thout GA had low |
protease and q—amylase act1V1t1es,‘ d degraded llttle protein | . -
or starch (Table 35}. Inc1u51on of 10 uM GA 1n the lncubatlon
medlum stimulated protease productlon by’ overJSOO%, ‘and
\f amylase productlon by over 300%. - Starch and protein
ﬁydroly51s were also stlmulated, to a lesser extent. In

Wi9 x 38-11 10 uM Ga produced minor stimulatlons of u-amylase

{47%) and protease’ (29%) activ1ties.,{

r
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These results indicate that Ga- is required for hydrolytic
enzyme production and.hydrolysis of endosperm storage
;products._ A reasonable interpretation is that exogenous
hormone replaces a deficiency in a-5 mutants, whereas J

sufficient gibberellic acid may already béfpresent in normal

varieties.

(b) Effect of Gibberellic Acid SyntheSis Inhibitors on”

Endosperms of Normal Maize

o

Endogenous:GA'could be present‘in the:maturew
endosperms, Or GAwCOuldee synthesised in the'imbibed
endosperms. SpeCific inhibitors. _of GA biOSyntheSis can be
used to test the latter pOSSibility. CCC, AMO 1618, and -

~ Phosphon D inhibit GA synthesis (33) but do not interfere

" with the response of barley endosperms to exogenous GA (133)
They were incubated with excised endosperms, and total L.
'protease and a-amylase production measured " The ﬁata in
Table 36 show that AMO 1618 was the most potent 1nhibitor. _
A concentration of 200 uM inhibited enzyme production by |
about 60%. hosPhon D (300 uM) was slightly inhibitory, and
CCC-bad‘little effect even at very high concentrations. )

If these compounds inhibit by blocking GA syntheSis
&0 the endosperm, then’ their effects ‘should ‘be overcome by -

addition of exogenous gibberellin to the incubation m?dium. o

<
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TABLE 36

Effect of Inhibitore of‘Gibberellic Acid Syntheaie on Protease

and a—Amylaae Production by Excieed Endosperms o -

Excised: endosperms ‘of Wf9 x 38- 11\{1971) ‘were ineubated for 4

days with the. concentrations of inhibitore shown. Proteasa.

"and a-amylase activities were assayed in the. incubation media.

and in endosperm extracts. .Gliadin (BDH) was used as the .

protease substrate, Activity in the control was set at 100,

and relative activity in each treatment calculated.

For Protease 100 = 0.42'mg tryptophan released per hour :
per’endosperm. .. .

and a-Amylase 100 ='1,24 mg starch degraded per minute per
endosperm. - _

"

Inhibitor | Conceg;ration i,e Preteese._; demylase
Control R 1 100
¢ 100 - - 10 0 108
o 600 . 95 . - 100
| 6,000 Loy s 70
Phosphon D "3 . . e : 1.13"_ N
s "0 e . 88 -
Ao 1618 "_‘20'," . 88 o8 .
L 200 . -7 41"




-

“qedia and endosperm extracts. .

-

TABLE 37

Efﬁect of Interacting GA and AMO 1618 on Enzyme Production

130.

Excised endosperms of WEQ x 38- 11 (1971) were incubated for‘
3 days with the concentrations of AMO 1618 and GA shown.
protease and a-amylase activities were assayed in ‘incubation. .

protéase substrate.

‘Gliadin (BDH) was used as.

Enzyme activities in the control were

_set, at 100, and relatlve act1v1t1es of each treatment )
calculated. . -
For Protease: 100 = 0.34 mg tryptophan equlvalents released
L A * 'per hour per endbsperm.
and a-Emylase: 100 = 1.17 mg starch degraded per mlnute
_ ' : per endosperm. '
Treatment COncentratlon Protease - a~Amylase
Control .- S N lﬁq 00 -
ca. \ 3+ o103 99
" GA. 30 117 105
AMO ) 125 .. - 44 . 47
L AMO 250 : .. .24 . 27
AMO ¢ 4 - 125. ¥ | - ‘
- e 56 65
GA ; 3.0 L i
AMO 125 ) |
o _ . - : 56 73
-GA o 30, ° . :
. AMO - . o ) ' 25,0 K "' ‘;
S : . - ) 34 - 41
" GA 30 - 7 7
& ‘ ) B " .
. &




The results in Tabie 37”ehow‘that.eXogenoua ¢A doeas not
overcome ‘the effect of concentratione of AM01618 which only
' artially inhibit proteaae and a-amylaee production.

AMO 1618 appears not to inhibit enzyme production by
blocking gibberellin bioeyntheeie in the endosporms.
Tho.rosudts equeet that'maize endoeperme have eufficient

+

endogenous GA to induce hydrolytic processes after'imbibition.
. . P . l. "_{' - ' ‘ . ‘ i M .
Protein Synthesis Requirement for Hydrolytic Enzvme Production j'

-~
v - . o

-
-

"

Hydrolytic enzymes may "be activated or may be
synthesised de ngxg in‘the endoeperm. The involvement of
protein synthesis in hydrolytic enzyme production was tested
by including cycloheximide, a protein syntheeis inhibitor,a
in the incubation medium of excised endosPerms The results
in Figure 19 show that cycloheximide (5- ug/ml) stopped protease |
and a-amylase production, if added at any time during incuba%ion. l°
Endosperm hydrolysis was meaaured by release of total
ni;rogen*from protein, and reducing sugars from starch into
the incubation medium. Addition of cycloheximide at the :',
bcginning of incubation (0 or 20 hours) completely prevented
endosperm starch and protein hydrolysis (Figure 20). If the -
inhibitor 'was. added at 30 or 55 hours starch and protein |

hydrolysis continued but: at slower rates than in the minus

C&Cloheximide éontrolF§§Addit1°n of CY°1°hBXiml‘e after




FIGURES 19 AND 20

' Effects of Cycloheximide on Hydrolytic Enzyme \‘

| ;
Productidﬁ’and Endosperm Hydrolysia in Excised ,

Endosperms

Excised endosperms of Wf9 3Bf11'(1969)”ﬁere incubated

in buffer. Cyeloheximide (5 pg/ml) was added at the'times

indicated by arrows. Enzyme activaties were assayed in the

7 1ncubation media and in endosperm extracts. Protease

activxty was measured with glladin as substrate, and °

activity expressed as ug tryptophan equivalents released

per hour per endospern. a-Amylase activity was measured
as mg starch degraded per mlnute per endosperm. Protein
hydroly51s nas:measnred by-total nitrogen (mg) release into
tHe medium'ger endosperm, and étarth‘breakdown;as reducing

& -
sugar (mg) release_per,endosperm into the medium.

Solid lines and\ symbols represent the éentrolslrncubated

without éyclohexim e, broken lines and open symbols .

represent "the CYclohexim{Se\ifeatments. '

R
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70 hours incubation had little effect on. the rate of endosperm

starch and protein hydrolysiﬁi although enzyme production was

.

4nhibited._ Apparently enough enzyme is already present by

70 hours to continue degradation of endosperm gtarch and

protein at the control rate. . {'f e S
The effect of cycloheximide on zein and glutelin ' o ‘;

degradation was investigated,’ to determine whether thex' .

hydrolysis of each protein was inhibited'to the-same extent.-

Treatment times were chbsen 80 that endosperm protein hydrolysis

. would be partially inhibited. Cycloheximide was therefore ‘added

after 35 and 55 hours incubation, and endosperms from the

* cycloheximide ‘treatments were used for protein analysis.

.The results in Figure 21 show that zein and glutelin loss

'wcre affected simila;}x:_,*___f,__ﬁ_ ' — {

The constant requirements for protein synthesis in

protease and a—amylase roduction indicates that the enzymes;

are synthesised de novo i the endosperms. o v

il

RNA Synthesis o : .

The RNA synthesis require nt‘for‘hydrolytic'enZYme
product'on was also tested.. Two 'RNA synthesis inhibitors,

b and 6—methylpurine, were included in the incubation

media of_exc'sed endosperms (Table 38). Enzyme PrOd“°t1°"

and hydrolnsi of starch and protein were strongly inhibited by



.

FIGURE 21

Effects of Cycloheximide on Zein and Glutelin Loss

from Excised Endosperms

Excised endosperms (Wf9 x 38-11, l969f were incubated in

buffer. . Cycioheximidé (5 ué/m;) was qdded'as indicated
b&“the arrows. Fifty endosperm‘samplés wérg rempﬁed'for

protein anhalysis after 0;_20, 50 and 75 hours incubation of

the minus cycloheximidelcontrols, and at' 75 -hours samples

were takén £rom fhe two cycloheximide treatments.

y

. The soiid»lines_and symbols reprqsent zein and giqtelin

in ‘the controls, and the broken linesrand'open'3ymbolsr

show zeih'and glutelin coptentiof the éyclohekimideu

 treated ehdbsperms};



135,

3 1 Egmig-

i

"PER 10 ENDO

0 ’ 4 ' R ' ..", ' . _. ‘.', o : " ,
o 25 - 50 . 75

K — T |
///HOURS ~ INCUBATION




e e e e e e e e

‘ s u,
™ - . , . "
m
i -
— =
. €8 | LL £9 .79 - 05 . ‘
Tor . 00T 16 . 60T s © | auphuouriov
T U S 0 0T o 05 - o
e .zt ., o o Emo ¢ *  oupandTAuIoW-9
00T o0T. 00T - . oot? - . ‘tomum
o S L " qu/b6r . o
uwmnmr .@nmmonuﬂz ) ‘mmuﬂhamlu‘. pgrvozoad uUOTIVIJUIDOUOD - X03TqTYUI
T T .

~wxadsopus xod fu-z*z = 00T :3ebng Buyonpsy
A R - +wasdsopu® xad bw T6'T = 00T tuaboIITN
_ -wzadsopud isd o3nuUTW 1ad popeabep yoxe3s bu 61°T = 00T - toseT AU~
‘wzadsopua xad anoy zad sjudTeatnbs ueydojzdAxy bu 0€°0 00T :o8893014 I04
- S o . *paanseau OSTE® dI9M unppau WFrieqnouy
sy3 uf sxebns buronpaz pue us5013IN ‘slesse asevajoxzd -9y3 U} pasn gem o3eI3sqns
uyqotbowan °s30BIIXD wradsopu® pue UMTPIUW UOFIBINOUT SY3 U pelesse aI9M 5973 TATIOR’
. suwAzugm *ghep %£ 203 pojeqnout ax3s ‘TL6T ‘11-8€ X 6IM 3O swiedsopua posSTOXH.

£

STSATOIPAH nﬁmwou&

- : - _ . N
pUe yoiels pue uoTilodonpoid SUAzZUR SI3ALCIPAH UO sI03TATUUI SsTsoyzuis vNd 3ol309333

-~

N BE T19YL




137.

.

,—methylpurine, and partially inhibited by high concentrations
of Actinomycin D : This resembles the results of Jacobsen

‘and varner (69) In barley aleurone layers they observed
total- inhibition of enzyme production with 5 ug/my

6= methylpurine, and approximately 50% inhibition with

50 pg/ml Actinomycin D. G-Methylpurine has-no effect on
respiration in barley aleurone tissue, and appears tc

nhlblt RNA synthesis diré%tly (57). Thus RNA synthesis

appears necessary for normal enzyme synthesis and hydrolysis

of starch and storsge_protein.in maize endOSperms.

/o
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Endosperm Protease Activity

Proteolytic activity has been studied in ungerminated
- wheat (54 77 101) because of its relevance to: flour and e
brcad making, and in resting and germinated barley (13 40,173) .
‘for the malting and brewing industries. Flour suspensions
| and crude extracts of germinating grain have been found to
show maximum proteolytic activity at 1ow pH (52, 101 166),
-and high incubation temperatures, 40 to 50C (101 184) e
major proteolytic enzymes in céreal endosperms thus appear
to be acid proteases with high temperature optima. Such
cnzymes have been partially purified from germinated sorghum ;
' (49), and from wheat endosperm (166), however most investigations '
. have been performed with crude extracts, or with proteases |
distinguished by their specificity to synthetic substrates.
Early investigators considered. that the endosperm
Proteases were all of the papain-type, requiring free
'Sulphydryl groups for their activity (7 41) . More recently
"Sulphydryl enzymes have been shown to account for only part of °
the total proteolytic activity of flour (101) Sundblom and

Mlkola (l73) have shcwn that barley endosperms produce several

- 138 -
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1 . .

nuiphydryl-ectiVnted enzymee; pli optima 3.9 end.s-o ﬁo-é.s,‘
but aleo enzymos which are. inseneitive to eplphydryl-
blocking egente. Theee enzymas are metal-aetivated, and L !
active in a higher pH range, than the,eulphydryl enzymee.
Thosa enzymes ware ehown to be endopepﬁidaeee, and the s
wulphydryl enzyme with a pH optimum?of 3. 9 ‘was most aetive.
The pu of the barley endosperm hae been meaeured to decline o B :
from 4 5 in tho imbibed ceryopeie to 4.0, after 6 days .
_growth (20) ' Hence this enzyma may account for most
protein breakdown in the endeeperm of the germinnting ceryopeia.

| The maize endosperm proteaee activity is optimal at '
pu 3. B, is strongly inhibited by eulphydryl—bloeking agente,
Land has a high- temperature optimum (46C). It is therefore
comparable to proteaeee of other cereale {Table 3), and to. the
,ulphydryl enzyme which Sundblem and Mikola consider to be
the principal barley endoeperm proteaee. The maize endoeperm.
protease preparation has endopeptidaee activity. It may
contain one or eeveral endopeptidaeee, and exOpeptidnees mey
also be present. |

§p ettempt has been mede to purify the proteaees |

prcsent in the maize extrects. Propertiee of the enzyme or .
'Ienzymee were investigated to’ permit development of reliable
oxtractien and assay procedurea. 'Principal emphasis: was
placed on the phyeiological function of the'preteeses, hence

activity with the naturel subetrates zein and . glutelin.vere

1nvestigated.
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Few seed proteases have been demonstrated to dégrade

their seed reserve proteins. Shinano and Furishimo (163) have |

'purlfied a lotus seed protease which increased in activity ‘

durlng germlnatlon,‘but which only degraded denatured proteins.
Native proteins, including lotus seed globulin were not
hYdrolysed Hanford (54) showed that hemoglobln degradlng
enzymes extracted from wheat flour -did not attack wheat gluten.

In contrast to these,reports, Mountfield (114) found  that

extracted wheat storage proteln were degraded more slowly

than natlve glutelrn. He proposed that denaturation during

extractlon made the protelns more resrstant to hydrolysis by
wheat protease. Hence demonstration that. the maize’ acid
protease can degrade partlally hydrolysed zein and glutelin

should not be 1nterpreted as ev1dence that 1t can degrade

natlve zein and glutelln in the endosperm.

'electrophoretlc method of detectlng and. separatlng proteases._gp

An -alternative assay method was developed to permlt
use of 1nsolub1e protelns as substrates. The method was
based on the star%h gel assay for u-amylase descrrbed by .

"

Slmpson and Naylor (165) anci Kam1nsky and Bushuk s (77)

"Substrates were 1ncorporated 1nto agar gels, and the

activity of succe551ve protease d11ut1ons tested.'

protease degraded both zeln and glutelin, wrth eff1 1ency
similar to hemoglobin and édéstln (Table 27). The same

enzyme (s) may be actlve Ain both thlS "and the standar

™ . e
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assay; eince,the time coureee of increaaes in activity E S A?
during germinatipn,were‘comparable (Figures 10 and li{.
" The agar-gei experimente do not show that—netive etorage -. - E?
-proteins are degraded by the proteaee, but do ehow that . |
extracted and thue partially denatured zein and glutelin
can be degraded. -The-proteaee.dieplayed no epecificityefor.
cither protein.'eince.both'nere degraded with'eimilar | |

efficiency.

. . ' \, - . e, )
Protease Production by .Excised Endosperms - '’
‘ L ' '

~ The- inveetigation of regulation of endosperm zein

and’ glutelin hydrolyeis is simplified by experimenting with
_de—embryonated endosperme incubated in buffer. Hence

proteaees obtained from incubated endoeperme and from the _:

incubation medium of excised endosperme ware compared with o

protease-extracted from germinated intact caryopeee. Enzymea _

from the three gources had the same pH and temperature A

optima, and the hydrolysis products released from gliadin‘ .
- substrate had eimilar total nitrogen to cuamino nitrogen

ratios(Table 28) Thie indicates that the—eame enzyme-or

enzymes éie releaeed into the incubation medium as are retained

in the endosperm during incubation. Sundblom and- Mikola (173)

have recently made a eimilar observation with barley.

In'contrast to theee observations, proteases from the

-~

. -
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incubation medium and from: extracte of excieed endosperms

displayed strikingly different stabilitiea to preincubation

~at J40C.. The ‘enzyme in the incubation medium was atable,.

ng 1ittle activity during a 90 minute!preincubation at
40C, but the protéaee extracted from excieed endoeperms lost
about 508 of its activity during the same period. Stability

of the enzyme preparations also depended on: the age of. the

' material. Both endosperm and medium proteaees were ‘more -

qtable when obtained from 5 day than from 3 day incubatione'

of excised endOSperms (Figure 13) . ' . "

‘ Mixing of pndosperm and medium proteases resulted in

'stabilfzation of the endosperm protease. Thie wae due to a-

factor released from the endosperm during incubation,_since
S

incubation buffer alone had. no etabilizing effect.‘ Passage

of the medium protease through Sephadex G-25 reduced the )

stability of the enzyme, and reduced its ability to stabilize

the endosperm proteaee (Figure 15). This treatment removed

only small molecules from the medium, hence a small molecule
released from the endospgrm during incubation stabilises the
maize‘protease.3 Investigations of the stabilising factor

were not carried further.

ptide "activators of Carboxypeptidase B have been

/9cumented (197), but no ?@cords of seed protease "stabilizing
‘“factors= have been found in the literature. The posaible'

physiological functions of ¢his “stabilising factor"'require

5 . -
2 o

. SR V1 I

&
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‘further investigation. For instance aecumulation and

disappearance of such a factor could contribute to regulation -
of rates of protease turn-over in the endoeperm during

q(rmination.

Evidence for the occurrencejof proteese tern—over,_
both eynthesis end inactiv tion or degradation, is provided
by txporimonte with cyclo&eximide (Figures 19 and 20)

Addltlon of this inhibitor to the incubation medium of

Pgel s

B Py
Q\LL:Cd endosperms et any time inhibited all further increneee

in activity of proteeee end of a-amyleee. Thle indicatee
that the enzymes are synthesieed QE”EEEE in the endoepermi
When new‘en2yme'production was blocked by oycloneximide,
protcase activity remained approximately constant 1rh €ﬁb
incubation medium, but declined in the endosperms. This
dccline represents the degradation -or inactivation phase . of
onzymeiturn-over. Amylase activity_declined less markedly
than protease, in \Eeting that the protease may’ be turning-v
over more rapidly in !i!é. R ’ o

-

: . ' C oo
‘Regulation of Endgsperm Hydrolysis

. "‘_,("

Analysis of the endOSperm proteins showed that zein

(g

and glutelin degradation began during the first 48 hours
I‘rmlnation in_all caryopses, but the rate of lose of either

'nzotein appeared to depend on the protein ComPOSition of the

Ty
L
L]

LY
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i

caryopsis. Those rich in glutelin/initially degraded
"glutelin more rapidly,than zein (Figure 2), and the converse
was true of high-zein caryopaes (Table]l) Thus the most
abundant storage protein was degraded most rapidly in the
alzg endosperm. This ia indicative of non-specific e
- proteolysis, and is-in agreement with observations that the
ndOSperm protease preparation degrades zein and glutelin
with cqual efficlency (Table 27) |
Measurement of endosperm proteolytic activity at daily
1ntcrvals after imbibition of caryopses Showed that the
proLease detected by my- assay appeared at 3 days, and rapidly
increased in activity until about 8 days germination |
Comparison of protease activity with the course of zeinrand
glutelin breakdown shHows that the. protease did not appear
until after the 1nitiation of protein hydrolysis, and reached
its maximum activity when degradatiOn of zein and. glutelin was

almost complete. _ .-

Similarly development of a-amylase activity in the
cndosperm was compared with loss of dry weight, an indication
of starch breakdown in the endosperm (Figure 12) Appearance
of a- amylase ‘activity approximately c01nc1ded with the -
beginning of starch loss, but agaln maximum hydrolase’ activity
+ was reached only when degradation of the reserve material-
was almoet complete. | Iy

Calculations of total7pr6te61ytic activity and amylolytic
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\

_nLtiviLy indicuto these hydrolnaca were produced 1n’05coas o
of ruquiromenta to dogrado tho cndoaperm Btarch and prutoin‘
. roserves. Protcase extracted from endosperms of caryopsos
gurminntqd‘for‘Bk daju could roléasg 1.3 mélnitrogcnjper
hour, ox 0. 05 mg u—amino-nitrogan per hour from gliadin
subatrate, in the standard assay conditiona. Each’
undospcrm initially contains about 4. mg pxotein-nitrogo;, and
“this is degraded over ‘a 6 day peried (Figure 12).' Even if
n«txvity measured in giggg is arbitrarily roducod 20~ fold to |
componsatc for lesa favourable conditions in vivo, it is
s1ill ndoquate to degrddo all zoin and glutclin in ‘less than
¢ days. o ‘

- A aimilar calculation can bo made for a—amylnso and
-Htarch broakdown. EacQ endoaperm initially has about. ISO,mgﬂ
Lnrch, and this is degraded between 2 and 9 days germination

(Figure 12). ' After 3k days germination the amylase ‘extracted
from one endosperm was sufficient to degrade 0.4 mg starch
per minute. If this activity is arbitrarily reduced 20 fold
to compensate,for less favqurable CO?ditions iﬂjzixﬁ' it
wodld also be dhoughrto-éegrﬁde all. endosperm starch-in lgss

F

than the normal 7 days,.

Theotetically it might be predicted that hydrolase
\vt1VLty would be highest during the rapid phase of substrate.
breakdown, and that a constant level of'activity would be

maintained while the rate of substrate hydrolysls is linear.
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This possibility isjrepreeented in Figure 223.‘ Protoaggg
which remain approximately constant in activity throughoutf
the. phase of reserve*protein degradation have been found in
cotyledons of chickped (5), in 1ettuce seed (161}, and pea
cotyledons (32). Pusztai and Duncan (147) observed that
tIYp"in like activity and leucine aminOpeptidase activity
rcmalned constant throughout kidney bean germination, and in.-
barley endosperm several peptidases did not c?ange in activity
;durlng protein breakdown (110 144) Mn theSeL&nstances thore
is a clear correlation between rate of protein breakdown
and cnzyme activity. | ) ' 'f o | _ o
In maize (Figure 12) maseive increases in protease’
- act1v1ty occur between 3 and 8 days germination, and in

amylase between 2 and 9 days. This pattern of development
is represented in Figure 228. Maximum protease activity
after depletioniof storage protein reserves has also been
observed 1n germinating pea (10,53, 196), rice (115) +,
kidney bean (147), and oats (174) ; _ f*;-l' |

Sutcliffe and Baset (174) have putfforward two

' hypotheses to explain this phenomenon. Thsy'observed tbat
in oats/éndOSPerm hydrolySis proceeds as a front mov1ng from
the dorsal to the ventral side of the carYOPSlS and so assume
that act1v1ty must be confined to a sPECIflc zone at aiY given ‘p
tlme They propose that éithers: i

1. As substrate is depleted in a zone the en%yme molecules

-, .




FIGURE 22

Models for Enzymé Activity and Substrate

‘Breakdown During Germination:
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' bccome inactivated. although still ‘able to oontribute

to totnl activity moasured in vitro._/fhgg/now enzyme

would bo produced ‘to dogrado substrate in adjacent zones.

or:

*a

~diluted, and 8o more must

s the zone of'hydrolyeis”

spreads the enzymo present is

be produced to mnintain the

active concentration necessary for - substrnte hydrolysiu.

Thus in‘both cases the high enzyme uctivities proﬂucod during

qumination are requirod'for'endosperm hydrolysis. Neither

‘:mmdcl was experimentelly tested..

-In maize experiments with cycloheximide have shown

that continuous enzyme ‘producticn is not necessary to maintain

- the normal rate of protein and starch hydrolysis (Figures 19

.and 20). This indicates simp.

ly that excess enzymoe 1is produced

Ly germinated or incubated endosperms Very lsrge sccumulat}ons

of hydrolytic enzymes have been observed in leaves durinq

| thcir senescence (103, 113), apparently in exceEE"BE requirements. '

for mobilization of nutrients

. Loss of control of hydrolnse

production may be a phenomenon ‘common to senescing tissues

cand. organs.

1

The problem remains that enzyme activity'moasured.

in v1tro increases steadily during germination,»but the rate.

of substrate hydrulysis in the endosperm remains approximately

" constant (Figures 12 and 228)
does appear to be progressive

in the 1iterature indicates L

. Thus activity of'the protease

ly inhibited in vivo. Evidence

“

FL I

WO - possible mechanisms- accumulation
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oflendogenoue Protegﬁe-inhibitcra,orlamino acid (end
~ product) inhibition of activity. The former appears |
improbable since I have found no indication of maizo
protease - inhibitors in the germinated caryopsis. 1f
]inhibitors do accumulate during germination, homogenates
: fprcpared from older endoeperms might be expected to inhibit
acLivit~:Z} protease extracted from younger endosperms. This
did not occur. Similarly .stepwisge ammonium sulphate
'precipitation'of proteina in crude extracts of germinatcd
maiza did not yield any fraction which inhibited protease

* or n-amylase activity. Endosperms cf caryopses at different
. stagcs ‘of germination were tested | ' :_" e
i' Protease inhibitors which have been isolated'from
3ungerminated maize (59) and other caryopsis storage tissues
arc _generally ineffective against the endogenous proteases_
'(86,111). Metabolism of trypsin-inhibitory proteins has-been
carefully studied-in pea:(SB) and kidney bean (146) In_:

.both cases ‘the.authors concluded that the inhibitors were not

1nvolved in regulation of protease activity during germination

ot
- -

of the seeds.

End-product inhibition of protein breakdcwn in -
qerminating caryopses is a more Iikely possibility, since it 1
has already been obserwed in maihe (124) and pea (196) . To
sce a difference between in Vivo and in 3&559 activities,
enzyme activ1ty in the endosperm rather than enzyme production

| - . ' ] f_
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"ghould be inhibited by accumulatione of hydrolyeis producte.

Oaks found that ‘if maize ceryopeea wore germinated with an _. ‘
gmlno acid mixture resembling endosperm protein (about 0. 08 mg.
niLrog&n/ml), protein breakdown in the endosperm was. inhibitcd.

‘protcase activitiea were not aseayed, so elither protoueo ' -\\

'nttivity or production may have been inhibited. The'effect

of exogenous amino . acids on’ protein breakdown or: proteaee
production in exclsed maize endosperms has "‘not been tested.

nowever excised endosperms intubated in small xolumes’ of

ibuffor accumulated very high. concentrations of soluble nitrogcn

in tho medium (over 2 mg/ml), and no inhibition of protease

production or protein breakdown was observed (Table 29) % co

In peas Guardiola and Sutcliffe (53) observed now“

correiation between soluble nitrogen accumulation in tho

‘cotyledons and the rate of protein hydrolysis or protease - e

production, with excieed organs Or intact caryopses.. uoweVer

Yomo .and Varner (196) found. ‘that addition of 1% casamino acids

, (about 0.2 mg nitrogen/ml) to the incubation medium at ‘the
ibeginning of incubation inhibited protein breakdown in

cotyledons or germinating peas. Extractable protease activity
was also reduced, jndicating that enzyme production rather th/p/—

-anyme activity was inhibited by amino acids. It appeare that

addition of ‘amino. acids ‘before the beginning of endosperm

hydrolysis inhibits either protease prod on or activity

(124,196), but accumuiation of s' iTar or greater concemtrations

‘\_ .
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of amino acids duéiag endoeperm'hydroiyais is no inhibitory'
f)3 and Table 29). ' Furthermore there appearetobekiittle
1Lcumulation of protein hydrolyaia producte in ondosporms.
at the later stagee of germination (64 and rigure 2). Thus
- end- product inhibition by accumulated amino acide does not
readily explain the progressive discrepancy betWeen in vivo

,1nd in vitro activity of proteaees in the- germinating eeed.}\

© this rcquires further caraful investigation, with study of the

-ioffdcts-of axogenous amino_ecids ‘on protease production by
‘ndosperms, at~various.etages ‘of dermination, or. incubation.‘

of de- embryonated CarYOPﬂﬂa- }
i

lnitiationfof Storage Protein Degradation

Begradation of zein and glutelin in intact cary0pses
begins between 30 and 50 Pours after imbibition (Figures 2 and
17), but acid proteaee activity does not appear until 3 days.'
Low activities of the acid protease could be present between

0 and 3 days, but not detected by the assay methods used.A

L ——

'-nowever this geems’ improbable since gimilar techniques were

chd to demonstrate traces of proteolytic activity in ﬁlour ;

d from endosperme of ungerminated caryopses

i .':

,uspensions prepare

(Table 61). Thus the: acid protease probably is not responsible

for initiation of storage protein degradation » Both endo-

‘and exo- peptidaseg are known to be present in ungerminated‘ "

v/
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cAryopacs (110.l84)rend proteolytioactivity was meeeured
in flour propnred from quiescent meize endosparm
(rable 17) . - On imbibition of the ‘peed those enzymos muy
initiate zein and glutelin hydrolyeie.
 Protcases have been demonetreted in protein bodioe
lof ungerminated barley (128), hempeeed (172), and equaeh (l)
;nbdcl -Gawad and Aehton (1) have ehown that protein bodies
leracted from ungerminated equeeh Beede undergo autolyeie
when endogonoue proteaeee are activated with cysteine.
'Pulcg.(132) found that barley aleurone protein bodiee begin
‘to disintegrate after 18 houre gibberellin troatment, and
-..Yomo and Varner (195) observed vacuolation of ‘aleurone cdlls
duo to dieintegration of protein and lipid bodiee ‘during the
'iirst 4B-houre of germination of . barley. in maize the protein
Lodies may also have their complement of enzymes, and may_
"~ begin to disintegrate before the acid proteese ectivity

H\\IBEEar

of 1imited pro

at 3 days. However such enzymee only appear capable
colysis. When appearance of new protease

Cactivity was prevented >y inhibitors guch as cycloheximide and'

0= mcthylpurine,'only a small amount of total endoeperm protein
" was. degraded (Figure 20 and Table 38). This limited pro‘t:eolyeieW‘n

maY be adequate to denature the resexrve proteine, since ecieeion

&
,:a

of only-a smell number of peptide bonds ca :
in (149). During early germination_a

n'cause exteneive

denaturation of storage prote

the enzymee preeent in the mature eeed_mey (1}- break down
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internal . atrudtura to make the zein containad in protein

" podies and the cytoplaemic glutelin aqually acceaaible, and
(1i) denature the proteine to facilitate further
dngradation by the protease(a) wh}ch appear 1ater. Carefni
study of “the locations of proteaees in the mature maize grain,;
and. their activity during the initial houre of qermination

-

ould clarify thie problemn__

starch hydrolyeia is- not apparent until e-amylaee‘
1(tivity appeara in theé endosperm of germinating caryopaas
or oxcieed endoeperms (Figures 12 and 20) " This would indicate
that newly synthesised e-amylase initiates breakdown of the
,Larch reserveé ‘However the methods used to determine '
j'cndosperm sta# h breakdown were only approximate, dry weight
loss and suga# release were measured Internal cleavages','
of starch ‘polymers could occur without 1055 in‘dry.eeight,f
-or release of- eugare. Hence starch breakdown could begin;_d
. undetected,’ before the appearance of e-amylase activity in

’A

the endbsperm.i A highly ' ecific‘enzﬁme might be’ requiredf

pd (.p . —

-lo initiate degradatio of | h etorage grains (6), and .
the activity ‘of ‘such an enzyme might not'd detected‘hy the '
- amylase assay uséd. The experiments porformed refore"
do not conclusively show that newly synthesised a~amylase is
.r09ponsible for initiation of endoeperm gtarch hydrolysie.

In view of this no-clear compariscn can be made of the ot

‘klnltlation of starch and protein hydrolysis in maize endosperm."
% _

D 3 o . . . . -
: . : r - .
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s
Protein hydrolysis in suspensions of- flour of

ungermlnated maize occurs in the absence of activating agents

(Table 17) . This contrasts with the requirementsﬂror,

sulphydryl agents in activation of squash protease (l), ann

for sulphydryl agents or protease in activation of wheat =

B- amylase (155)a Thus initial protein breakdown in maize -

| endosparm requires only imbibition, but subsequent protein

7hydr01y318 depends on endopeptidase production In many cereals

‘thlS second stage of stcrage protein hydrolysis is regulated

by 1nteraction petweern the embryo or exogenous hormones, - A

\\

and, the endosperm. o o ‘; s AW

o RN

/

s Role- of the Embryo and Hormones

-

ISolated malze endosperms produce hydrolytic enzymes-"

“and degra@e thelr starch and protein reserves in the absence

of the embryo or exogenous hormones (Table 31) Protease and
a= amylaSe essent1a1 for pro&eln and starch hydrolysis appear

to be synthesised de novo in the endcsperms (quures 19 and 20) .
‘ Enzyme activities’ appear earlier in- the de—embryonated grains
and correspondlngly starch and protein hydrolysxs proceed more
rapldly than in intact grains germxnating at the same
temperature (Figures 16 and 18). MacLegd et al.(BB) have also

)_Observed earlier production of hydrolytic enzymes in endosperm

Sllces than in germlnating grain Hence the presence ‘of the




& ’ . : . . ] ' "

bryoLappears to retard hydrolytic processes in the
endosperm. - This negative regulation of hydrolase production’
is not descri ed in the 1iterature on cereal germination,

and has not been further investigated in maize.

m " Autonomy. of maize endosperm hydrolysis is- noted in
“the literature (177], but conflicting reports ‘also appesr.
 pure (36) observed that endosperm hydrolysis depended on the
= pKCSane of the embryo, and a-amylaee‘was.principally produced
hy the” scutellum, not ‘the endosperm. Ingle and Hageman {66) | i s .
-found that some protein but little or no starch breakdown
otcurred in de—embryonaxed endosperms.' Gibberellic acid was
roquired for starch breakdcwn, and stimulated c-amino nitrogen
‘rtloase from protein three—fold.l The exogenous hormone was
" found to replace a stimulus which moved from the embryo to the
- chdosperm after 36 hours imbibition. On the other hand, all

batches of . maize which I have tested displayed 1itt1e or no .

CSponse to gibberellic acid, indoleacetic acid, kinetin,;nr ’ ; S

vy

Lombinations of these hormones. Sincé my experimental conditions
wcre similar to those used by Ing&e and Hageman (66), t can - -
:'only be‘assumed that different baﬁbhes of seed can respond _ le

differently to treatment with exogenousﬂhormone.
ndosperms of non-dormant strains of oats can also

produce anamylase in the absenCe of" exogenous GA (118) Since__\~

- i
Cﬂ requirements in oats can be partially overcomeﬂby .

\

Supplying amino acids (ll?), Naylor has suggested that amino

-~

Py
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ac1d avallabillty may limlt enzyme synthesis in the aleurone.

GA- may regulate productlon or actxvrty of fa- protease wblch

- [

releases the amino ac1ds requrred for de/novo synthesis of
/ 1
enzyme protelns; -In GA—Lndependent stralns of oats the protease

e

should be produced autonomously. “Thus protern breakdown should

preceed a—amylase synthesxs and starch hydrolys1s. ThlS “is

d

\not true of malze, 31nce starch and proteln hydroly51s begln o -
'51multaneously in both the GA—dependent maize 16§) ‘and in the_-'
‘GA~ 1ndependent stralns (Figure 12) |
Varlabllxty in response to exogenous dA 1s also ‘observed

among batches of-barley (68) Isolated endosperms or aleurone ' L

layers of some batches of graln produce no owamylase in the\\ )

absence of GA, others produce con51derable amounts -of the enzyme. _

i

These are called Whlgh background“ graln, and respond 1ess:

Q

markedly to GA than the “"low background“ varletles, Thls may : L

be attrlbuted to loss of glbberellln regulatlon,eor to ..
b

lnductlon of a—amylase productlon by endogenous “hormone.

. “

T Free and bound hormones have been found in Many T
,J - ) B

caryopses (8 100 150 160) Aux1n esters "and glyc031des ‘have

et

LN

been 1solated from mature malze caryopses i39 179) ‘and bound :

_"‘Cytoklnlns and glbberelllns from 1mmature malze kernels (73,
112 142) Ross and’ Bradbeer (153) have suggested that bound

horMones may be 11berated durlng germlnatlon to stlmulate

growth processes. Hence a tlssue or organ could be at least

. Partlally 1ndependent of an- exogenous source of hormone.-

a
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To investigate,the role of hormones in hydrolase A
) syntheSlS in- malze endosperm, abscisic ac1d was used. The

mechanism of action of thls growth regulator is dlsputed
a : e

but in many instances it appears to act as a hermone T
Jantagonlst (176 185} . ‘For example GA—1nduct10n of u~amylase-v

in barley aleurone 1s~1nh1b1ted by absc1810 ac1d, and . the ABA ,
1nh1b1tion can be anndlled by 1ncreas1ng the GA concentratlon (28)
(}_Slmllarly in malze aédltlon of ABA to the incubataon med;um
of exc1sed endpsperms strongly 1nh1b1ted hydrolase prodéct;on,‘
N

’:.as well as proteln and starch breakdown. Addltlon of 3 'uM

7

GA- reduced 1nh1b1tion due to_2/ﬁ§/ABA, and 30 M- GA’ completely

' overcomes thlS inhibltion. _Inhlbltlons due to hlgher
")

concentratlons of\ABA‘were also reduced, but not abollshed by
s ]

30 uM GA" ' Nelther 1ndoleacet1c acld nor klnetln reve:sed_

. the effects of . absc1sic ac1d (Qables 33 and 34) . The .”>1'
59601f1c 1nteract10n of ABA and Gk*lndlcates that glbberelllc

ac¢id has.a spec1a1 role in regulatlon of hydfolase productlon

a

“in maize. Do " B L e
These observatlons (Tables 33 and 34) are. contrary to:‘

L | .
. Khan's evldence that klnetln overcomes ABA 1nh1b1t10n mqfe R L

an

¥

effectlvely than GA (84) ~ He proposed that a "balance. between"
CYtOklnlnS and 1nh1b1tors such as ABA controls germlnatlon,'
’.whlle glbberelllns dlreptly 1nduce hydrolase productlon when

ithls balance 1s favourable.' The observatlons on GA—ABA

lnteractlon in control of hydrolase productlon in’ malze

v




. endosperm.

e

. .. t ¥ -
- - & ;
co .
y ,

endosperm cannot be - reconciled with this hypothesis..

Instead ABA appears to inhibit the actions of gibberellic

acid directly, indicating that gibberellins are involved.

ih the normal regulation of hydrolase produstion

in maize

In many seeds production of hydrolytic enzymes is not h

1nducedpby GA, for example a=- and B amylases in pea cotyledon

<
(196) and carboxypeptidase and isocitratase in cott&nseed (63).

In these cases enzyme production is sen51tive to

absci91c acxd.

1nhibition, but this cannot be reversed with gibberellins, or

other hormones. Hence mai e may contain a suppl

whlch stimulate the synthesis of protease and a-

y' of gibberellins

amylase when

" the grain takes up . water.- This process is inhibited by ABA

) b

!
and the inhibition can be overcome by suppﬂementing “the

'endogenous giﬂberellins Wlth an exogenous s pply.

To furthex investigate the role of gibberellic acid

in regulation of enzyme produgtion in maize, caryopses expected

to be deficient in endogenous GA were used. some’ dwarf—'

mutants of maize can be restored to normal growth habit by

| treatments with gibberellic ac1d (140) These 31ngle-gene

mutations involve enzymes in the GA piosynthetic pathway

(78, 156), and both shoot and root tissues of the plants are

deficient\in gibberellins (141).‘ Endosperns of
were found- to\produce 1ow ‘1

when incubated in.buffer and additi

L
RN

~ i, - ’

N

mutant d—s

evels of u-amylase and protease:

on of gibberellic aczd

o -
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tlmulated enzyme prodnction five—fold (Table 35). This‘, - B
prov1des strong evidence that GA is invelved in stlmulation
of protease and a-amylase production, and- that normal malze
endosperms: haVe an adequate endogenous supply of the hormone;
. s thHErellic)acid could be present in the mature .
| endosperm of. maize, oOr could be syntheSLBed in the. 1mb1bed‘?'
endosperm.‘ Kessler and Kaplan (81) found that 1solated
barley endosperms or aleurone layets have ‘the capacity to ,
produce GA, when treated w1th cAMP In the absence of exogenoue
" GA,- cAMP causes an increase in endogenous GA, and u-amylase
“productlon.< Both processes are prevented by inclu51on of
" AMO-1618, ccc or Phosphon D (50- 100 “uM) L dn the incubation .
:medlum.‘ These compounds block specific stepsﬁin the GA
7blosynthetic pathway (3 33,34,152, 186), hence it appears that
glbberelllc .acid is synthesised‘in CAMP treated barley endosperms.
‘Indlrect evidence to the contrary is prov1ded by Galsky and |
'Lippencott (48).‘ They found that these GA synthesxs 1nh1b1tors
‘f&S 1500 uM) "did not affect cAMP stimulatlon of a- amylase '

production by barley aleurone layers. This. dlscrepancy

has not been explalned

‘ . . . . -H‘ e . . . |
C To determlne whether GA biosyntheeis occurelrnlmalze i

-

‘andosperm, the effects of these inhlbltore on u—ai?laee and’

hich = _" “\..

completely inhlbrted Gk and c-amylase synthesrs in barley (Bllﬁ

protease production were‘tested Concentratxons‘

had little effect on enzyme productlon by maize endosperms .

1.




. in maize endosperm,J,P'v e /ﬂ
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(mable'BG): High concentrations partially inhibited protease ..

nd a—amylase production, but this appeared to be non-speeific :‘y
" since. the inhibition was not overcome by addition of. gibberellic
acid’ (Table 37). It appears, therefore, that enzyme .
'production and endosperm hydrolysis in maize do not. depend

on synthesis of GA- in the imbibed endosperm. R Hﬁ__';”
.&'1 By elimination it &ppears thet mature maize endosperms
'must cOntain bound or free GA, or GA precursors which may be
converted to active forms of the hormone when the caryopses'
'teke up. water. Measdrement of endogenous hormones in restindﬂ
'and imblbed endoSperms of dwarf d—g/and normal maize is necessary
jbefore definite conclusions Can be mede.' However this’

’research does indicate that endogenous gibberellins»play a

_keyerole {;-stimulation of protease and c-amylase synthesis

L o N T o
Sitefof action of Gibberei&ins B A

; : T 5 : y . ce
B - I T A .

Y

._\_\_\_

- ‘relThe meohanism of hormonal stimulation of protease
end'c-smylase synthesis has npt been determined. In cereals
_.in the presence of GA d-amylaSe and protease are synthesised
de novo (45 69, and Figure 19), ‘and RNA synthesis is -

i . .
‘necessary for this process (18,&17 180 and Table 38r. The
J'hormone mey act at the level of transcription, promoting

'SYnthQS?squ m—RNA encoding the enzyme proteins-(19s)r




. ?
nlternatively its action may be post-transcriptional (25),
stimulating translation of existing m~RNA “into protein.

The m-RNA may be ccptinuously synthesised, but not ‘ |
- tfénslated in the absence of- the hormone, or a stable
‘m—RNA may be present..} ,“‘ gr" . "" e .
If a stable m—RNA‘is present RNA synthesis inhibitors:
should not prevent enzyme syntheSLS.L For example in
cottonseed m-RNA for carboxypeptidase is produced at a'defined
stage of embryogenesrs, but is not translated into enzymne |
protein‘until the caryop515 has matured and germinated.

e

During this time RNA synthesis inhibitors do- not block enzyne
production (63) : 1 :f‘ ) ;._3 _ n .“ '
= “ RNA synthesis lnhlbifé:;—do prevent enzyme production
in cereal endosperms, but this is/not necessarily proof that

'-.m—RNA synthesrs is required for\enzyme induction.__The:

1nh1bitors might block productien of other species of RNA

, essential for enzyme synthe31s. Goodwin and Carr (Sl) have

'-/ shown that synthesis of . more than one type of RNA is necessary
’ for'GA 1nduct1 of d-amylase in harley aleurone. ‘They fourd
that actinomyc1n D" 1nhlbitS enzyme synthesrs only lf present

jﬂduring‘a short 1nterva1 late in 'lag phase, between administration
/""" .

of GA and appearance of- a-amylase.? At later times ‘the® - .
lnhlbltor penetrates the tissue, but does not ‘affect enzym

Jynthe51s..-otherninhibitors, such as’ G—methylpurine and | L
added at any time during GA

2]

B-azaurac11 are 1nh1bitory if




- during ‘lag“ phase, while other spec1es of RNA whose syntheses—'

B

:treatment (28) A stable ‘RNA may be synthe31sed late..
\ S
are lnsens1t1ve to- actlndmyc1n D'may be made contlnuously.

"' The functlons of these two types of RNA in GA- . ‘
1nduct10n of a-amylase are not evident. ’Rlbosomes do.u'-
1ncrease~1n number after GA treatment of aleurone tlssue
(42) ,,and this 1nvolves new synthesls of RNA (60) . However : ;_ '~
5 fluorouracil, an 1nh1b1tor of ribdsomal and transfer RNA,' o ': o
‘synthe91s in pl ts (82), does not inhiblt aaamylase préductlon. r.ﬂ
in the endosperm (198) Glbberelllc acrd 1nduct10n of ; f“; f-f
a—amylase thus appears to requlre synthe51s of RNA?spec;es N |
. other than r-RNA "and. t—RNA.i e ) RS h“t;hffdﬂ
| ) Zwax and ﬁacobsen (198) “have observed stlmulatlon of '; _‘ :d'
Synthe31s of ézlydlsperse RNA in GA’ treated aleurone 1ayers.l “
jThls is frrst detectable at 4 hours after GA treatment, and-
_1ncrease5sstead11y. It and a—amylase productlon are rnhlblted
lby actinomycln D and by absc1src ac1d, whlle nelther arel .';*.‘_ _

nh1b1ted by -5- fluorouracil.f Thus a correlatlon is’ L
,establlshed between GA-in \ﬁuced RNA and a—amylase synthe51s."
The RNA fractlon synthesxsed is- not r—RNA or t—RNA, and ' B
could be°erNA for the various: en es 1nduced by the hormone.
Inductlon of synthe81s of this polydrsperse%RNA ?; ‘
fractlon is unlikely to pe the primaty eftect of GA in. the

aleurone, slnce the pattern Of protelns belng synthe51sed in

tﬁe~tissue changes within one hour of exposure to the hormone (46).

. . S \ A s

< e o

-




| 1631
o

Effects on synthesis of lecithin also occur in the

first hours of GA treatment (72).‘ Thus we do not know

‘the primary site of action of the hormone, nor all the_"

f‘BpeleiC processes stimulated by GA, ‘nor whether it acts at

the level of m-RNA synthesis or at a. post—transcriptional

level in reguhation of hydrolase synthesis in barley '

aleurOne. Observation of the effects of RNA and protein

7-_synthesis inhfﬁitors on maize endosperms do not permit any.

speculation on the mechanism of action of gibberellins in-
. %

- . - T, " - ) . -

this tissue.

- Model for Protease'nctiuity and StorageiProtein Degradation-

in Maize Endosperm during Germination”

~1

P ) . .‘ '-.". o ‘e . . K : \‘--‘.3 -. )
o To summarise the information on storage protein .

degradation, protease activity, and hormonal "control of

these procesSes in maize, a simple model has been constructed

(Figure 23) This model proposes the following sequence of events:
_Day 0: Theﬂendospermiof the quiescent grain contains S
,undenatured zein andiglutelin. free or bound gibberellin, and

inactive protease. L o R




" F

N

>

.-

C
“ta

Dais 1 and 2: Imblﬂltion of th
pfoteaéé,'whlch dena ures the z
of’ total nitrogen oéiurs 51nce
protelns are compensated by 1nc

(Flgure 2) . 4 Imblbltlon may ars

gibberellin.‘ - _ifa-

D x : Synthe51s,ef/ac1d prote

164.

3
N

1

e caryqp51s act1Vates latent

ein and glutelin. No loss CL
small losses 1n storage

reases ln the - soluble fractzon
R LI -1

o permlt release of bound

B .
/ - e
L

ase(s) beglns (Flgure lO)

ThlS is’ stlmulated by endogenous GA, b%t the 51te of actxon

- pf the hormone is not known.

.Days 4_to.9£' ZEIn and glutelln are degraded w1th equal

effioiendyﬁby the new’ protease(

e "/ﬂ

N

s) (Table 27) and consequently “\'

tﬁe'more abundant proteln dlsappears most rapldly. Amlno

- 1ncreases steadlly, synthe51s e

oacids'released from: zeln and glutelln are tran rted to the
embryo, or. are 1ncorporated 1nt0 new endosPerm protelns,

1"for example protease and a—amylase. Protease actlvlty

xceedlng 1nact1vat10n. A

' small molecule "StabllISlng facto " may accumulate as

endosperm hydroly51s progresses: an 00“1§;ﬁ°§ifY'?he.f§te -

']of'inactivation_of the protease(s).'

Jprqteolytlc act1v1ty begans ta

- Day 8: Zeln and glutelin“reserves are depleted, and )

decline.
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Model. for Development of Protease Actlvities

'

and Proteln Degradation durlng Germlnation
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Although thls model is ancomplete, it provides

new 1n51ght 1nt? proteln catabollsm in germlnatlng grain.

L.
I

The sequence of’ events ln proteln breakdown and actlvities
of proteases can be compared.- ThlS permlts realistlc'

gvaluatlon of the roles of hormones and hormonally stimulated

2

enzymes in reserve proteln hydroly51s 1n'the germlnatlng grain.

¥

’ L
| o 1 3 .
4 ) . .
: ’ + - Ll ’ "
v
., )
.
b
.
v N . .
v - o
o
i v
pul ! ~
a
. } )
"
- . . .
. . Lt
* i)
~
i ' *
P
. - ’
v .
¢ . . o ;
#
i
0. '
B,
& - .
*“ a
' .
Q -
- . .
.
! B ' - o
e
:
3
o
- -
". L]
e
+.
i
o
“
. 2
. ‘
N Y
\ (
’
. A - .
. . - }
.
4
a . . -
! .
L]
‘ LN .
* =
. - ¥ -
" - e
° D




-

3
4

\

: ‘ll

-

10.
-

2.

* ‘REFERENCES = . ' -
Abdel%Gawadf}H.ﬂAt and F. M.-Aéhtonu 1973, ioﬁeinlt
~hydrolysis in protein bodies isolated ;from sguash"seed ’
co yledpns;.-PlantNPhys}ol. 51: , suppl. p. 3. ' o
‘Kitschul, A. M., ¥,. Y. Yatsu, R. L. Ory and- o
E. M. Engleman, 1966. _ seed proteins. Ann. Rev, Plant

- Physiol. 17: .113-136.°

3.

Cd.-

5.

6

7.-

. of flour. Ceréal Chem.. 13: -54-60.

8.

9.

- of (-Y-kaurene in cell-free extracts of immature peas.

‘Hinypharhitis.nil. pPlanta 99: 1290-301. -

. MeMaster University.

- Anderson; J. D. and T. C. Moore, 1967. Biosynthesis

- .

" Plant Physiol. 42: -1527-1534."
,Ayfaﬁaa, T. and H. Nihien,'1954,;"Inve§tigation-of baflé§1°
malt amylases and- related proteins. Acta Chem. "
Scand. 8¢ 88-105. R

Azhar, S.;FA. K:£S;i@astava and C;7R;:Kri$hna'Mu;ti,,'
1972. - Compositional, changes during germination of -
Cicera arietinum., Phytochem. 11: 3173-3179.

.BailQYJ'R.'W.'and:J-ré. Mécraé,31973.” Hydrolysis of -

, intact leaf starch grains-by glucamylase §hdru-amyfbse;
FEBS Letters g&;u{293-204.‘ R S o
Balls,’ A. K. and W. S. Hale, 1936. .Proteolytic enzymes

'Bareﬁdsé: G. We L5 1971, rFormaEicn_of~bound gibbérgllins

-~

‘Barnard, R. A., 1968. . Some aspects of the metabolism -

oflﬁioliné.dur;ng-Zea mais“germinatioh. M.Sc. Thesis,

. B o
-3

R . * - . . . . - - v ' -z .
Beevers, L., 1968. protein degradation and proteolytic .

.

" activity.in’ the cotyledons of germinating pea’ seeds.’

11.

a

__Phytochem. J*% . 1837-1844. - . - - -

»

.

_-Béévérs,_Lf%aﬁd W. E.uSplittéthSSer,-1968.? Prdyein\

‘.andenucleic-acid-metabOlism;in germinating peas.
' J. Expt.-Bot. 133 698-711.0 | . S

P

L ‘ A%".



13.

14.
15,
16.0‘

‘17.

19.

20.

23.

- aleurcne cells of barley. Plant’

22%. .

168.

Bennett, P. A. and M. J;~Chrispeélw‘ 1972. be N
synthesis of ribonuclease and 8-1 3;glucanaaéfbyqv? o
Physiol. 49; 445-448,

.Bhatéy, R. S., 1969. Note-bn the devérgpmené bf

proteolytic enzymes in germinating barley. ! .‘ -
Cheém. 46: 74-77. o _ 9u ﬁ%J\.Cergal )

Bietz, J. A.,:F. R. Huebner and J. A, Rothfus, 1970.
Chromatographic comparison of peptlc digests of - o
individual gliadin proteins. Cereal Chem. 47: 393-404. .

Booth) M. R. and J. A D. Ewart, 1969. Studies on

flour components of wheat gliadins. Biochim. Biophys. .

~Acta 18l: 226-233.

‘Boundy} J. A., J. H. Woychik; R;éi{:DimlétﬂaEd J. S. Wall,
1967. Protein compogition of dent, waxy, and high-
amylose corns. Cereal Chem. 44: 160-169. .

Bressani, R. and R. Conde, 1961. - Changes in" the -
chemical composition and in the distribution of . * . °
nitrogen of maize at different stages of development.
Cereal Chem. 38: 76-84. - T,

Bfiggs, D. E., 1963. Biochemiatrytof_barley-germinhtion:
Action of gibberellic acid on barley endosperm. . ¢
J. Inst. Brewing gg:_'13-19. . o

'Bfiggsi=D. Ei, 1964. 'Origlq'ahd dis;riﬁutipn‘of!uwamylape, .

in malt. J. Inst. Brewing 70: 14-242- . L

Briggs, D. E.;‘1968.;‘u~nmy1ase‘in germinating -~
de~-corticated barley.. I. o-Amylase, conditions of
growth and grain'cqnstgtuents.: Phgtochem.ﬁlg 513-529.
Briggs, D. 5. and V. -J. Clutterbuck, 1973. Generation
of a-amylase in germinating Hordeum distichon.- o
PhytophemZ‘13:]'1047-1050. B .

Burger, W. C.; 1973, Multiple forms of ‘acidic

“endopeptidases from germinated barley. ;Plant'_Phygiol.i

51: 1015-1021. % _ .

Bﬁfger,3w.xC.,'NZ_Prentice,'M. Moeller and G. S. Robbins,

1970. - Stabilizatiom, partial purification and ~. - .
'charactertzationrbf‘peptidyl:hydrolases from germinating .
barley. “ghytoghem;gg'?49-58. - . - L

» D 4.




169,

24. - Burger, W. C., and H. W. Siegelman, 1966, ‘LOCation;of-
a protease .and its inhibitor in the barley kernel.
Physiol. Plant. 19: . 1089-1093. . -

25. Ccarlson, P. S., 1973. Notes on the mechanims of action
ofwgibberellic acid. Nature New Biol. 237: 39-4l.

26. Chgn,'s.‘s. é,, and J.. L. L. Chang, 1972. .Does gibberellic.
acid stimulate seed germination via amylase synthesis?
Plant Physiol. 49: 441-443. o S '

'27. Chrispeels, M. J., 1973. Mechanism of osmotic regulation

of hydrol&se.synfhesis in alewurone, cells of barley:

N Inhibition of synthesis.. Biochem. Biophys. Res.Comm. 53: 99--‘10'4. .' 

28, Chrispeels, M. J., and J. E. Varner, 1967. Hormonal
control of enzyme synthesis: ‘On the mode of action of
GA and abscisin'in_alegronqﬁlayers of barley.
Plant Physiol. 42: 10 8-1016. - . :

'29. Christianson, D. D.,,H. C. Nielson, U. Khoo, M. J. Wolf,
and J. S. Wall, 1969. Isolation "and chenical composition
- of protein‘bodies‘and'matrix;p;oteins in’ corn endosperm.
‘Cereal Chem.vigz_.372-381. L o : :
30. Concon, J. M., 1966. 'The proteins of opaque-2 maize.
. Proc. High Lysine Corn conference, ‘pp. 67-73. . _ .~
R - ’ ~ : t o R J—;. )
31. Dalby, A., 1966. Protein synthesis in maize endosperm.
. 'Proc¢. High Lysine Corn conference, pp. 80-83.

32. 'Danielson, C. E., 1951 The breakdown of high molecular.
" weight proteins of.peas during germination.. Acta Chem.
© Scand. 5: 541-554. ' - ‘ S

‘ ennis, I €. D. U flrana C. A. West .iésé An
33- .Den S ‘D. T- o e ppe r Gl [} ™ ] -
| ehzymié-site éf_inhibitiqn_of gibberellin biosynthesis.
| by'AMO"Gia and other plant growth retardants. -
Plant ysiol. 40:. 948-952f R
. ) .‘ . 7_' _' ' ‘._ " ] i - .,. . | f
34. Douglas, T. J. and L. G. paleg, 1972. .Inhlbition_o
. stegol ﬁiosyntﬁesis by,2eisopropy1-4-d1methy1amin0j5- o
-methylphenyl—l,piperidine-cafboxy}ate‘methyl chloride )
- in Tobacco and Batlljvér preparations. _Plant Phyiiol. N
_49: 417-420. N -
35. Drennan, D- $. and A. M. M. Berrie, 196?;.-Physiological'
' ctudies of germination in the genus Avena. “I'L”?ge
‘development of amylase activity. Phytol. 2L3.1£7 . -




36.

37.

38.

39.°

40,

41.

42.-

43,

. a4

- 45.

465-

170,

-

. Lo .u\ I S, C
Dure, L. L., 1960. d@oss nutritional contribution of
maize endosperm-and scutellum- to germination and growth

of maize axis. Plant Physiol. 35: 919-925..

‘buvick, D. N., 1961. Pr,tein.granﬁleS‘in\maize endosperm

cells, Cereal Chem. 38: ~374-385. "

Eastwood, D., R. 3. A. Taverner and D. L. Laidman, =
1969. ‘Sequential actien .of -cytokinin and gibberellic
acid in wheat aleurone tissue. Nature 221: 1267. -

Ehmann, A. and R. S. Bandurski, 1973. The isolation of
2-0- (indole-3-acetyl) -D-glucopyranose, 4-0- (indole=3-"
acetyl)éD-Qlucopyfanoséyﬂand”6—0-(indole—3—acetyl):D7
glucopyranosé from mature sweet corn kernels of.ggglmays.

" pPlant Physipl. 51:. suppl. 12.

Enari, T.-M., E. Puputti and J. Mikola, 1963. Fractionation

of the proteolytic enzymeS'of.barldy-and malt.  Proc.:

Eurppean.BrewingFCOnventign, Brussels, pp. 36-44.

Engel, C. and J. Heins, 1947. Diéﬁribﬁtiqﬁ of enzymes in
resting cereals, II. pistribution of the proteolytic

. .enzymes in wheat, rye, -barley. Biochim.. Biophys. Acta

1: 190-196.

ﬁﬁins;fw; u., 1971. Enhancement of polyribosome formation,

and induction of*tryptophan—r;éh proteins'bx gibbereL}ic
acid. Biochem..ig;_-4295-4303-'a“ . RO -

'Eviﬂs,»wénﬂ,,iandﬂﬁl E. vVarner, 1971. Hbrmone]coﬁtrolled

9ynthesis_6f‘endop135mic-reticq1um in barley aleurone
cells.. Proc. Natl. Acad. Sci. 68: 1631-1633.

Fasold, H. and G.'GundIach,‘lQGS._jChStacteriqation of .
peptides and proteins with enzymes. . In:  H. V. Bergmeyer,
Ed.,‘Methods-of-Enzymatic Analysis. - AcademiC Press,
New York, London. _PP- 356-360. - S

Filﬁer,'P.-and'J. E. Vérner,_i967} A test for gg’novo_

.'Zsyﬁthesis.of:enzymegz Density. labelling with Hz.} 0

of barley qéamylase‘induCed by’qibberellic acid.

. proc. Natl. Acad. sci. U. S. 58: - 1520-1526. .

fiiﬁt; p. H. and J. E. Varner, 1973, Early effects of

-gibberellic_acid,and sbscisic acid on prgtein synthesis-

in barley aleurone cells.. Plant Physiql;_gi;‘,SQppl; prS.

.g\\a:'

-




1710

47. Folkes, B. F. and E. W. 'Yemm, 1958. The respiration
. of barley plants. X. Respiration and the metabolism
of amino acids and proteins in germinating grain.

New Phytol.:gl:‘_lOGrIBI. LT .

48. Galsky, A. G. and J. 'A. Lippincott, 1969.. Promotion . .

"' and inhibitipn of a-amylase production in barley endosperm .
by cyclic 3',5'-adenosine monophosphate and ADP. C o
Plant and Celd Physiol. 10: 607-620. ‘ o

49. Garg, G. K. and T. K. virupaksha,  1970.. Acid protease
- from germinating Sorghum.'<I.;-Purification and® .
‘ characterization of the enzyme. Europ. J. Biochem.
17: 4-12. T 3 A . o
50. Gilad, T., 1, Ilan and L. Reinhold, 1970.- The effect
¢ af kinetin- and of the embryo. axis on the level of
reducing sugars in sunflower.cotyledons._'Israel
. J. Bot: 193, 447-450. T B
51. Goodwin, P. B. and D. J. Carr, 1972. Actinomycin D .
and the hormonal induction of amylase synthesis in barley
aleurone layers. planta 106: 1-9.. - U -

52, . Grant, ﬁ;.G.-andJCQ‘C. Wang, 1072. bialysable gomponents .

o.  ~resulting from proteolytic activities- in extracts of =
wheat flour. Cereal ngm.,gg: 201-208. ©

5é. 'Guardiola; J, L. and J. F. Sutcliffe, 1971. Control of
. protéﬁn hydrolysis in the gptyledon3>of germinating- pea
seeds. Ann. Bot. 35: 79;-809.; IR B

' e—

-

54. Hanford, J., 1967. The proteolytic enzymes of wheat
/=" flour, and their effect.on”brgad-quality_in the United
; Kingdom. Cereal Chem. 44: 499-511, - : IR
i 55;',Haﬁson,lw;?D;,*B.:Briﬁﬁéllgand . F. Sprague, 1946.
: ’ Relationship .of zein to‘the;totql'protginaof;corn.
Cereal Chem. 23: '329-355;a“. . o \
¥ 5g. Hawk, P.:ﬁ:, B.uL;;Oser,'and W.  H. Summerson, 1947. .

' y's 3 : dition.

In: .Practical PhyszologicaltChemistry,‘}Zth e

The Blakison CO-., philadelphia, Toronto. PP. g14-822.
‘ ‘ AL ' 1973.
. Ho, D. T. Hey Re A. B. Keates gnd:J,.E. Varner,

> Eg%ectiofinuéleic_acid synthesis inhibitors on the 4

response of barley ale one layers to gibbe;ellic acid.

'plant Physiol. 51: Su 1. ps 3. S , 5 _a!‘

.




58.

59.

" 60. .

172,

Hobday, S. M., ﬁa A. Thurman and D. J. Barber, ia%:..h

| Proteolytic and trypsin inhibitory activitieg in ™

extracts of garminating Pisum sativum gsaeds
phytochem, '12: 1041-10487  © '
> 0 :

Hochatrasser, K., M.fMuss-and,E;fwefle, 1967;  P1aht

_protease inhibitors. I. Purification and-characterizatibﬁ

of. trypsin inhibitors from malze. 2. Physiol. C
348: 1337-1341. O _ : ¥ _hem.
. ) ' . . ,. : B ' . ‘ T v \ “‘,I.‘.
Hpmea,‘P.‘L.-and P, T,f$peakman.,1973.' Turnover of
ribosomas in embryoless half-seeds of barley induced

by gibberellic acld. Nature New Biol. 2421 190-192.

61,

. 64.

" 65.

66

‘changes-assuciated wit

. . : y U R -

ten Hoopen, H. J. G., 1968. - The proteolytic enzymes
of barley and malt. I, Extraction of peptidyl. .
peptide hydrolases (endopeptidases) with activity at
pH 5 from malt ;_CarealuChem..igz- 19-27, .

anic}-f; C.,'1970.-'Rapld changes-in 1ev61é of polysohas
in Zea mays in response to water stress. Plant Physiol.

Ihle, J. N. énd~£?§Dure; 1972. The developmental

_biochemistry‘of'¢9tton sced embryogenesis and germinati@n.

IIXI. 'Regulation‘of,the’biosynthesis-bf enzymes: utillized

;ih'germiqation; J, Biol. Chem. 247y 5048-5055.

"the germinationof corn. I.

Ihgié,rd.j L. Beeééra EndR.H.HéQeman,flSGﬂf 'Metabol;c_
etabolites and. their redist:ibutidn

Changes-in.weight'andf

- in the embryo axis, scutellum and endosperm.

‘Plant Physibl,'§g=-1734—739; . c _
iIngle;uJ;} DZ ﬁieti‘and'R. H. Hageman, 1965. Changes
"in composition du:ing‘development‘and‘maturation of

' maize seeds. Plant ?hysiol, 40: ;8355339.

N e

§7.

ingiejcd; and R. Hi‘Hageﬁan;}iQGSZ _Metabollc channg

'agsociated with;the'germination,of?corn. 11, Effects ;

of gibberellic acid on endosperm: metabolism.

'PlantfPhysipL. 52:5'672f675.-_3-

Tvanko, S. 1971. * changéability of protein fractions

/'and their amino acid composition during-maturatioq of

" parley grain.-
- 68.

Biologia Plant. l;; 155-164.

4

Factors affecting response in
the barley,andosperm‘bioassgy-for giﬁbarell;ps,

i
] .
g

et .
L T -




69.

v o 173,

S

Jacobsen, J. V. and J. E;'Varner; 1967. Gibﬁeréllié

acid-induced synthesis of a protease by isolated aleurone’

.layerg of barley. Plant Physiol, 42: 1596-1600. ..

70.

simenez, J. R., 1966. Protein fractionation studies in
high. lysine corn. _P:pc;“High‘Lysine Corn Conference,

"Pp.. 74"79 PO

71.

72

. proc. Natl. Acad. sSci. U;fS. 68: - 2674-2677..

3.

Johnson, K. D.-and M. J. Crhispeels, 1973.° Regulation of o

pentosan-biosynthesis in barley aleurone tissue by
gibberellic acid. Planta 111: 353r364. - - '

qohnéoh,‘K, p. and H. Kende, 1971. Hormonal control
of lecithin synthesis in barley aleurcne cells: .
Regulation of the,CDP—choline'pathway by gibberellin.

- Jones, D. ., 1964, _Examination of the gibbgrellins
of Zea mays arid' Phaseolus vulgaris by TIC.. o
~ Nature 202: ,1305-1315,; - o '

‘Jones, R. L., 1969. Gibberellic acid and the fine
structure of barley aleurone cells. I1. Changes
during synthesis'and.secretion,of a-amylase.

planta 88: 73-86.

' jS.,

76.

77..‘

78,

.79. - Ks
" and quality

8l1.

"maize to bome‘kaureneﬁderiiagivés. Science 144:

" of maize grain as influenced by varie
- J. Sci. Food Agric.ﬂ3£=-3132’l34- L o , 5
2 7 | clic-purine'mbnohucleotidesi_

‘Joneé,.R.-L;1”1969;'ﬁInhibitioﬁ of GA—induced_a-amylasé
formation by polyethylene glycol and manitol. - -
Plant Physiol. 441 . 101-104. -

‘Jones, R. L. and J._E. Varner, 1967. ihe bioassay of .’

fgibberellins. planta 723 53-59.

Kaminski, B« ahd ﬁc*Bushuk;_L969. ”Wheat'proéeases. 3
Separationﬁand.detection by starch gel electrophoresis. .

. Cereal Chem. 46: 317-324. | :
. éhinnef; P. R.-Jéffries, and C;'A.‘Henrfck,“

Katsumi, M. Bo, O

1964, Growth response of the d-5 and an-1 mutants of

 849-850.

. L.'ﬂ1971.' Atraziné ahd simazihe jncrease yield
s A v of range fodder. Weed Science.19: 370—371.

1970. Prdteinian&hamino acid composition -

‘Keeney, D ty and fertilization.

cessler, B. and B. Kaplan, 1972. C¥CR
Induction of gibberellin biosynthesis 1

n barley endosperm.
- pPhysiol. plant. 27:. 4247431f:_ o ,

.- SR

R

B T ML “;%

]

[

— :

mare gt et T

I a7 o et e i T




82.

813 -

84.

85.

89.,

90.

gl.

92, | _ .
_ nitregen in piological materials.” qual.‘Chem.Agg;

93.

. response to auxin. In: @ F. Wightman and G. Sett rfield
Eds.,.Biochemis;;y;aHE Physiolbgy”of Planﬁ'Growtﬁ e
- Substances. The Runge Presg, Ottawa.- pp. 711-722. B

‘of amylases in germinating cereals.

- of-malted—wheat,BAPA-ase. Cereal Chem. 48: 512-522.

174,

Key, J. L. and J. -Ingle, 1968.: RNA metabolism in

.Khan, A.dh,ﬁ,1969. Cytbkinin%ihhibitor antagoniém‘in

the hormcgayrcontrol.of u-amylase-syntheSis‘andfgrowth

_in barlgyiseeds. Physiol. Plant. 22: 94-103.

Khan, A. B., 1971:'jpytokininé£ Pefmiséi&e-roie.in’ : :
seed germination.” Science 171: 853-859. | R
Khan, A. A. and R. D.,Downing; 1958;' CYtokinin'révgrsal

of abscisic acid inhibition of growth and a-amylasé "

~ synthesis in barley seed. “Physiol. Plant. 21: 1301-1307.

) #irsi, M. and J. Mikola, 1971. Oécurrépcelof proteoiytic
. inhibitors -in. various tissues of barley. Planta 96: 281-291.
» ] . R . F) . . . T —— ,

Kneen;'ﬁg; 1944. A comgarative-study of the development -~

'Kochler, D. E. and J. B. Varner, 1973. Hormonal control

of. orthophosphate incorporation into’ ptiospholipids "of
barley aleurone layers. Plant pPhysiol. 52: 208-214.

Kru&ér;’J;vE:} 1971, purification and some proﬁerties.ﬂ'

+

o o o A _ T . -
Laidman, D. L. and R. J. A. Taverner, 1971. Triglyceride

~ mobilization in the germinating wheat grain.

'Land£Y}-J;‘ahd T._Mduréaux,‘1970. Hété:ogénéité des'

'glutelines_du'grain'deamais: Extraction géléctive et

composition~en‘acideS-aminéS'des trois fractions isﬁlégs.  L

© Bull. Soc. Chim. Biol. 10: 1021-1037.

Long, C. A., 1958. ‘simple microdeterminations of kjeldahl

L o o (. L

wae ‘L. B. ¢ - Ayérs'and-S;-K.-gies,'%972._3 ) s
Rela ionshi;$§f_seed protein,and amino acid cqmposition , .
to . eedlingfvigqrgapd_yield'qfcwheat- ‘Agron. J. 64: 608-611.

1692-1694.

'94;'5L6Qe;'t;'3;;ahd S. K. Ries, 1972. ’Eﬁfécts.Of environment

o the rela '6nlbetween‘seed pxoteiniand seed;ing vigor
ih wheat. Can. J. plant Sci. 32:% 15?-164;--.. L -

Ve T

S

cereal Chem. 21: 305-314. "




LA

95.

.

’

o 175
- I . : ;
owe, L. B, and S. K. Ries, 1973. . .Endosperm protein
~ of wheat seed as a determinant of seedling growth.:
Plant PhYSiOl{'§l=,‘57f60- D
Lowry, 0. H., N..J. Rosenbﬁrg,_A;‘L{ Farr and = sz

96.

97.

98.

R. J.‘Rapdall, 1951. Protein measurement with Folin
Phenql reaggnt;'_J. Biol. Chem. 193:° 265=275. -

Lﬁers;f'H,'1936; Chdnges.in-enzymes'during malting. -
Cereal Chem. 13: 153-17L. -~ . C

' R 3 L : . -
MacLeod, A. M., J. H. Duffus and C. S. Johnston, 1964.

pevelopment of hydrolytic,enzymeS“in germinating

. grain. J. Inst,_Brewing 70: 521-528.

99.
100. .
101.
102.
103,

104.

105.

106.

107,

~ lysine .con

New York;VPPJ 319'402f' »'

‘endopeptidase:

Mainguy, P. N. R., R. B.nvan'Huyétee and D. E.hgaydeh,

©1972. Form and:action of afproteaSe-in cotyledons of

_germinating peanuT_seed, .Can., J. Bot. 50: 2189-2195. "

mcComh,xH;TJ}; 1961. - “Boﬁnd"ugibberellinAin”matdré

a-

" runner bean seeds. Nature 192: 575-576.

Mcﬁdnal&,‘c;“ﬂ; and’i. L;JChen;'1§64; ‘Eroperties‘oﬁ

‘wheat-flou;,proteinases;. Cereal Chem. 41: 443-455.

tcbonald, I. R., J. S. D, Baconr: D Vaughan and -
R. J. Ellis, 1966. The relationship between ion
absorption.and protein_synthesis'in beet discs.v

.,J- Expte.-: BOt. _];2_: ) 822-83-7.

.Mcﬁéié,ja,rs;:and L.:b._ﬁove, 1968. - Ribonuclease

activity in tomato "leaves as relgted-tb‘developmént
and senescence.. New Phytol. 67: :505—515; |
McKiﬁnéyu L;.L.EflﬁSB.J‘Zeinif In: Ehdyclopedia of .
N mistry (Supplement), G. L: cTark (fd.), Reinhold,

Meibﬁet}”ﬁ:raha J. E;fvarhéf;,1971.; Protein release’

by barle¥ aIeurqne’;ayers..jJ,;Insp. Breyigq;ll: 456f462.

i vte. Ti c;-énd_d; G.:Scaﬁdalibs}A1972-.‘Maize' ' ]
Melville, . _Genetic-control,uChemical characterization’

and-relationship_to endqgenous_trypsin inhibitorg,_i.:
Biochem..ﬁgnetics*lz_ 15-33. IR
ot '?E;'T-;‘L. <. pates and O. E. Nelson, 1964.

ot e that changes protein.comPOSitjﬂn'and increases

.Mutant gen APOS e
Mutant g tent of maize endosperms _Sc;ence,145:h272_?aq..

A TEUE

Foed Syt



108.

‘BiochimJ_BiothSy Acta 200: 459~-465. . L L

169.

.a trypsin'inhibitQ:'frOm;barley; Eur. J. Biochem.

Plant Physiol. 51:  563-569. .

Meyer, H. and A. M. Meyer, 1971. Perméatiéh‘of ary.

Science171:. 583-584.°

;Migra,ﬁG.,and'R;'H;-Hall,;1973; ,Tréns—ribosylzeatin.A
Its biosynthesis in, Zea maxs*endosperm'énd,the

. Moore, A. E. and B. A. Stone, 1972. \ﬁhYSiolégical

‘Marata, T., T. ﬂkéiawa and S. Fukuchi, 1968. Enzymaticg/
9

- 176.

Mesrob, B., M. Petrova and C. H..P.}Ivandv, 19706, - - '7:;7

A comparative study of hordein fractions.

seeds with chemicals: Use of dichloromethane.

Mikola, J. and L. Kolehmainen, 1972. Locaiization
and activity of various peptidases in germinating
barley. Planta 104: 167-177.° - -

Mikola, J. and E.-M. Suolinné,ilQGé. rPurifikaﬁioq of .

9: 555-560. -

mycorrhizal fungus, Rnizopogon roseolus. -

studies on the 8-1,3 glucan - hydrolase from Nicotiana
lutinosa leaves. Planta 104: 93-109. : "

,Mountfield,.J; D., 1956.  The proteolytic eﬁzymeslof‘

sprouted wheat. ‘Biochemﬁ”J.‘gg::‘549f557.

Mukherji, S., B. Dey, A. K. Paul and S. M. Sircar, 1971."
. changes in.phosphorus fractions and phytase activity of - .

rice seeds during'germination, Physiol: Plant. 25: 94-97.

mechanisms of starch hydrolysis in germinatiqg”:ice
seeds: I. An analytical_study.. plant Physiol. 43:. 1l

Naylor,‘J;fM;f 1966. ,DorméhCy $£uq1es in seeds of .
Avena fatua. V. On the response of aleurone cells to . -
gibberelliq_acid.' Can. J.‘3ot.¢ii:_ 19-32. :

‘Naylor, J- M,;'1969. Reghlation of .enzyme synthesis in
alﬁuroﬁe tissue of Avena species. Can. J. Bot. 47: ‘ZOGQ-2Q7%.
Naylor 'J; M. and G.-M; Simpson, 1961. Dofmangy s tu
oéYAveﬁa-fatua. .II.”_A.gibberellin-sensitive inhibitory
'mechanism in the embIyo- can. J. Bot. 393 281-295. |
Nélson;‘N.) 1944."A‘photdﬁetric adagtatidn of the Somogyi -
method for the determination of glucose. J. Biol. Chem.

153: < 375-378. - : .

- - Ve
P S Tl

- '-f«'.»).{.";,i T P T ,‘=;-,_;;_;';_;:;..:: o

studies in seeds

i s S LR St WK i e,

.
v A T A P

9-1905,




-

121.
122,
. 123.;
124.
125.' ’
126 .‘
127+
128.

129.°

4

.l\\\ 130 -

131.
132.

133.

‘Oaks{_g., 1965b. The éfnthesis of leucine in maize

‘Can. J. Bot._ﬁg: L17-124;

. 19: 525-534. °

- \

i

- L -

S RIS

Nelson, O. E., E. T. Mertz and L. S. Bates, 1965. et

.Second mutant gene affecting the amino acid pattern

ofhmaize endosperm proteins. Science 150: .1469-1470.”

‘Nielsqn,.ﬂ.'c.,“J"W. Paulii, C. James and-J. S. Wall, oy
1970, Extraction and structure.studies on corn glutelin o

proteins. Cereal Chem.’ 47:  501<512.

Nimmo, C. C., 1963. Principal properties of wheat '
albumins. Proc. Seed Protein conference, New Orleans,

| . . ‘ - Q . . ) o
Oaks, A., 1965a.. The regulation of nitfogen‘}oss_fioh
maize endosperm. Can. J. Bot. 43: 1077-1082.

Fl

embryos. Biochim. Biophys. Acta 111: ~ 79-89.

bgks, AL and,H,rBeevérs,-1964, The'requi#ement for -
organic nitrogen in Zea mays embryos., Plant Physiol.

39:  37-43.

0aks, A. and F. J. Johnson, 1970. Effect of sugars on
amino acid biosynthesis in maize root tips. -

Orﬁ, R. L.-and K. W. Hennigsen,_i.969. -jénzymés assm:iate.d_ .

,with’protein,bodies isolated from pngerminated‘barley
seeds. Plant Physiol. 44: 1488-1498. :

osborne, T. B., 1897. The amount and properties of the
proteids of the maize kernel. J. Amer. Chem. Soc.

| Palég,*LL, 19605.**éhysiolbgica1‘effectsfof gibberellic

acid. I. On CarbOhydrate_metabglism and amylase activity -
in barley endosperm. Plant Physiol. 33: 293-299.

-

-Paleg;'L.-G.,'IQGOb;=Physiologicai effects of gibberellic

acid. II. On starch) hydrolysing enzymes Of barley
endosperm. Plant Physiol. 35: 902—996AL :

'paleg, L. G. and-B. 5. tyde, 1964. Physiological effects

of gibberellic acid. VII. ‘E;ectron microscopy of bagley o
aleurone cells./ﬁ?lanthPhysin..gg: 673-680. ‘

paleg, L. ., H. Kende, H. Ninnemann and A. Land, 1965.

‘Physiological effeéts‘ofrgibberellin, vIII. Growth
. retardants

on barley endosperms. ‘Plant’Physibl.-gg;f 165:169.

. . - . - L . =




T X

o it i e

178.

- "

i

134. palmer, G. H., 197& ﬁespénse of cereal grains -
) ] . to
_ .gibbgrellic_acid; J. Inst. Brewing 76: 3784381.}

135. 'Pﬁlmianoi Priandéﬁ.io. Jﬁliané, 1972. Biachehical
 changes in rice dur ng germination. ~Plz t Physiol. |
J S 49: 751-756. ‘ 1 én‘.‘YSiél c o

-

LRt e R e
A

3 .
r

s

136. ]?aulis; J. We, C.'James'andﬁJ.‘S. Wall, 1969. Compariébﬁ ’
: of glutelin“proteins in normal and high-lysine corn
‘eq9qsperm. Agr,'Fopd_Chem;‘glz 1301-1305. -

137. Paulis, J. W. and J: S: Wall, 1971. Fractionation - :
' and_properties of alkxlated—:educed corn glutelin n o
proteins. Biochim.‘Biophys. Acta 251: 57-70..

138. Pénnert'q,_and.r,'ﬁ;'Ashtqn, 1966. Proteolytic ' o
enzyme control jn sguash cotyledons. Nature' 212: 935-936.
,U19351 >Studies,oﬂ the distribution. of _ R

dormant and germinating wheat -seeds. 1. " o
Biochem, J. 29¢ 1898-1904. - .

'139. Pett, L. B.
enzymes in
Dipeptidase and protease.

140._ phinneyy B. O., 1956 .+ Growth;reépénse offsingle;gene
dwaxrf mutants in maize to gibberellic acid, Proc. Natl.
‘Acad. Sci. U. S. 42: 185-183. o S

_141.‘ Phinney,_B{'O;,-fBSQ. ‘Dwdrfing'gehes‘in Zea mays apd e '
their relation to the gibberellins; In: Plant Growth -
' Regulation. R. M. Klein (Ed.) . IowauState.University .

preés, Ames, Iowa, pp. 505-515. . o

B. O., C+ A. West;'M} Ritzel and p. M. Neely, -
e fbr-“gibberellinrlike“ substances from

‘142, Phinney,
| or e ead. Sci. U.S. 43: 398-40%.

e 1957. . Evidenc

. : flowering"p;ants, Proc.

{43. .prentice, N., W. C. Burger and M. Moeller, 1971. S
‘ netivity patternS'of'three peptide hydrolases and an - ,

amidase during malting and brewing.;'Cepgal.Chem. 48: g581—524.

[

E.mWiederholt;-IQGQ.,"_=

tral peptidases in

..144. Prentice, N., W. c. Burger and
| 157-160., - °

pistribution of acidic an@ neu _
germinating\barleyt; Physmpl.\?lgn?, 22¢
| | A;'n,, 1954, Effects of hitiogenifertili;ation,

145. Prince, 'ety'Oﬁ.the,ProtEin domposition

plant spacing, and vari
'of corn. Agron. J. 463 185-186. S

AL, 1972 _Metabolism of trypsin—inhibitory ¥

in the gqrmin%;iﬁg ceeds of kidney bean

146. _Puéztai,
| ta 107: - 121-131.

proteins :
(Phaseolus’vulgarzs).- a

oy




4

y

Il

]

14?.~'Pusztai, A. and I. Duncan,‘1971;' Chéngés_in proteolytic -

enzyme -activities and transformation of nitrogen

_ ‘ _ ) 2 ous

‘compoundslin'the germinating seeds of-kidney gean
(Phaseolus vulgaris). Planta 96: 317-325.. )

148. Radley, M., 1969.° The effect of the endosperm on the -
. gzrmagignzgg-gibberellin by barley embryos. Planta

1497 'Redman, D. G., 1971.. Softening ofigluten by'wheat‘
. proteases. . J. Sci} Food Agric. 22: 75-78. :
o t o g N LT .
150. Reinhaxq, E. and R. Sacher, 1967." Versuche zum
enzymatlsghen abbau der gebunden gibberelline von
P. purpurta. Experientia 23: 4_15—4%, o
151. . Ries, S. K.,'1971;"The-relationship of protein ¢ontent
. and size of bean seed with growth and yield. ' ‘
 J. Amer. Soc. Hort. Sci. ggf_,ssv-sso, -

152. Robinson, D. R. and C. A. West, 1970. Biosynthesis of

- cyclic diterpenes in extracts from seedlings-of ' B
Rincinus commumis L. - XX« Conversion‘of.geranyl—geranyl

. pyrophosphate into diterpene hydrocarbons and partial -
purification of

. -dormancy. V. The contient of exogenous gibberellins

153. Ross, J. D. and J: W. Rradbeer, 1971. studies on seed
ilara L. Planta 100: 288-303. ~

" in seeds of Corylus av

ﬂ;h."Roﬁsell.;E. v. and L. }ﬁ;coad,;ISGZa.' Thelcbnstituent.
. ofiwheat-binding latent B-amylase. Biochem. J. 84:-

_155.1:Rowse111'E; V. and L._J.'Goad, 1962b. -Latent g8-amylase
o " of wheat: Its mode of attachment to glutelin and its

' release. Biochem. J. 84: ‘suppl: p. 73-74.

'156.‘\Ruddat, M. and A. Lané, l963&-‘Gibberellin activityzof

‘steviol,,ahplant terpgnoiq.';ugturwiss. 50: 23.°

157. Scaileﬁ;gn. L., 1947. Zein sglutionsﬁaé-association-_

’ dissociation‘systems._-J. Amer. Chem. Soc. 69: 1602-1608.

: : . _— FR _ o , : A
' 158. Schweizer, c. J..and S. K. Ries, 1969. Protein conpent.

. of seed: Increase improves growth and yield.
Science 165:- 73175, - . :
159.

of raw starch. J.

R

3

-

‘ . j"-\179.-

the cyclization enzymes. Biochem. 9: 80-90.

' mje‘u . .1945L .Tﬁé.roie of maltase inftbé enzymolYgis
Sch? Ty Biol. Chem. 161:_‘219e234. : -

]

i
R T ey

==,



-

f
e
e

- 180,

v

60, Sembdper,,G;,qu-Schneidef, J; Weiland and K.'Schréiber,
1964.  Uber die gebundenes Gibberellin aus Phaseolus
coccineus L. Experientia.20: 89-90. a0

161. Shain, Y. and A. M. Meyer, 1965. :Protéoiytic énzfmesi ‘ Y
and endogenous trypsin inhibitor in germinating lettuce
seeds., VPhysiol.'Plant..lgz 853-859. ' B

162. Sha%n,'Y.fapd.A. M,,nger,,iBGB. Aétivation of énﬁymes- .
during germination;” Amylopectin-1,6~glucosidase in '
' peas.-‘Physiol.‘Plaht..g}; -765=776. S

163. Shinano,fs; and,K:-Fﬁkuéhimo, l969."Lotus'seed acid
. protease. . . purification and some properties. '
Agr.'Biol.TChem.‘égzy 1236-1243. : ..

5 R . : I v

164. Simpson, @.. M., 1965. ".Dormancy studies in,seeds'of-Avena'fatua;
~ IV. The role of gibberellin in embryo dormancy. . T :
Can.”J. Bot. 43: 793-816. - . ‘ .
165.  .Simpson, G. M. and J. M. Naylor; 1962. - Dormancy. studies

, 'in seeds of-Avena fatua.' III.- A relationship between

‘maltase, ‘amylase and,gibberellin.'.Caﬁ. J. Bot. 40:
- - 1659~1673. . S LT

e

-

- propertiés of Protease A from wheqt'érain.
T d. SCi..Food,Agr@c..gg; 11-16. -~

166; Skﬁlpih,'s. énd;J, Warchalewski, 1871. Isolation and o

167. Smith, I., 1960.;. Sugats. Int Chzomatography_apgl -
" Electrophoretic rTechniques, Vol. I.. Interscience =
Pub. Inc., NéﬁfYork.,_pp.'246-253.j-l - L
-168. ‘Sce&ék, L. and C. M, Wilson, 1971.. amino acid COmPOSit;On
o ofmprétéiné jsolated from normal, opaque~2 and floury-2 :
' corn,endosperms'by a modified Osborne procedure. -
J.. Agr. Food Chem. 19: 1144-1151.

169. Soed;k}"L; and C.- M. Wilson, 1973. Me?apoligm_ofrlysine
' and léﬁbine.derived from storage protein during - . .
' germination of maize. Biochim:.qughys.actavggi:l o i
- 353-362. - K v ’ % - ] . o ]
o ‘ : : Cand J. R Gear, 1962. The biosynthetic
-0 iﬁigzggéaiiog16?ngogamipe.into\@gdrastine. q.‘Amgr. Chem.
Soc.'gi:-'1059-1060¢' C st ‘ :

"H. B . ;Nifrate éssimilation‘in PN
B S i 'M.Sc. Thesis, McMaste;»University..

171.  srivastava,
. geedlings of Zea mMays L:

N

W

£y

.
d
. CRE T




o . ' - S ] - g ' o “"f'. : . . Coa v -_."
. 172 - St- Angelo" A. J..- r R. L_.‘ Ory and H'.’ J. Hansenr C "t ¥
‘ 1959,0;Localization of an acid proteinase in Hemp seed. ’
Phytochem. 8: 1135-1138. R ‘
173. Sundblom, N.-O. and J. Mikola, 1972. On the nature of  °
‘ protelnaseSﬂsecreted by the aleurone layer of ‘barley ° .
“grain. Physiol. Plaq%arum-27: 281-284., '
[ 1}4’ ' - '

" 174. . Sutcliffe, J. F. and Q. A. Baset, 1973. _Contrd1 of .
_.hydroly515 of reserve materials: in the endosperm of.
. germinating oat. plant S&i, Letters 1: 15-20.

Pl

175. Taﬁerger,iR. J. A. and D. 1,. Laidman, 1968. Induced .
- triglyceride metabolism-in_germihatinq wheat grains,
Biochem. J. 109: " 9p. ‘ . e N
176. Thomas, T. H., P. F. Wdreing and P. M. Robinsom, .1965%
Action of the sycamore "pormin" as.a gibberellic-aCId-
antagonist. Nature 2057 1270~1272. ' :

177. TooIe,-E;'h.,'1924. The transformations and course. of c
development of germinating maize. Amer. J. Bot. if: - .
325-335. R R = "
178. -Turner, J. E., J« A. Boundy and R. J. Dimler, 1965.. zein:
" A heterogeneous protein containing disulphide linked. . - "
.aggregates. CerealeChem.‘gg:-&ﬁ52—461tj o o

*'179. Ueda, M. and R. s. Bandurski, 1969. A guantitative
: estimation of alkali-labile indole~3-acetic acid
compounds in dormant and germinating maize kernels..
‘Plant Physiol. 44: 11175-1181. S :

180. Varner, J. E. and G. R. Chandra, 196¢4. Hormonal control
" of enzyme synthesis in barley endosperm.  Proc. Natl. .,

o o Bei. U. S. 52: 100-106. . 0
ls1. varmer, J. E., .G. R. Chandra anc M. 7. Chrispeels, 1965.
: GA3-cbntrolled Synthésis.of a-gmy;ase in barley R
. endosperm. 'J. Cell Comp. physiol. 66: 55-68 Suppl.

5 yirgil, E. L. and . Ruddat, 1973. Effect of ‘gibberellic
_182 V1rg11.d?hctinomycin-D'on.tﬂe formation and distribution
* . of. rough endoplasmic reticulum{in barley aleuronejgglls.

Plant Physiol. 51z 549{558. . . :
183, visuri, Mo,
parley. Europ-. J. Bichem. I: 193-199.

134.’:ﬁan c. c. and D. R.'Graht,'1969.' . _
“in gﬂéat flour.. Cerealehem..ﬁg; 537-544. —

A"




185,

" 186.

187.
188.

189.

" 7._’ 190 L]

191.

192.

R 193.
194.
, 195,

: 195.

Yomo, H. and 3. E. Varner, 1973. Control of the =

" formation offgmylases and proteases in the coty
- germinating pea

J : - : .ln . . 182-‘

+

Wareiné,.P. F. and .G. Rychk;,1970..'AbsciSié acidﬁ‘
‘A newly discovered growth regulating substance in’
plants. . Endeavour.29:. 84-88. . ‘ ; -

- West, C. A. and R. R. Fall, 1970. Gibberellin
biosynthesis and its regulation. In: Proc. 7th
Internationdl Conference on Plant Growth Substances.

' Wildberg, E., B.-Michael and W. G. Pollmex, 1968.

Stickstoffdungung zu lysinreichen "Opaque-2" Mais.

Z. Pflanzernahr. Bodenkunde 121: 125-132.

Wolf, M. J., U. Khoo and H. L. seckinger, 1967. -
Subcellular structure of endosperm protein in high-lysine

_and normal corn. Science 157:  556-557.

Yemm, E. W., .1958. The plant proteins and peptides and .
their localization in cells and tissues. In: : -
Encyclopedia of Plant Physiology, vol. 8. R

W. Ruhland (Ed.)., Springer Verlag, Berlin. op. . 313-355. -

Yemm; E. W. and E. C;'Cocking,“JBES. The determination-“”

of amino acids.with ninhydrin. “Analyst 80: 209-213.
Yomn, H., 1958; Sterilizéfién'of barley seeds and the
for.uation of amylase by separated embryos and endosperms. .
_Hakko KYokaishi'lg;'_444-448 (Ctiem. Abstr. gi::‘1669e)..7:i

Yomo,,H.,-iBGI. “Activation of protease .by gibbérellin. :
Hokke Kyokaishi 19: 284-285 (Chem. Abstr. 37 '11544, 1962).

~Y6mo,'H;‘and‘H; {inuma, 1962. ﬂActivétiOn of,enzymes“‘
‘in,ungerminated‘barley endosperms-with_gibbqrellin. .
Agr. Biol. Chem. 27: 76=79. : _

"

" Yomo, H: ahd;ﬁ}“Iinuma,.1966;f production of gibberellin-..

like substances in the embryo of barley during gegminatibn.
planta 71: 113-118. . A . :

T

.'Yomo,‘ﬁ.‘andgb} E. Varner, 1971. ‘Ho;mbnal'controlrof a

secretory tissue. Curr. Topics Dev. Biol. 6: 1111144.

ledons gf'\
.. Plant Physiol. 51: 708-713. .0

L
3 .
’




L 183.

b .
= /

Zisapél, N.% N. Kum—Abramowitz,‘gnd M. Sokolovsky,n

1973. Peptide inhibitors ‘and activators of
carboxypeptidase B. Eur. J. Biochem. 35: 512-5%7. . .

swar, J. K. and J. V. Jacobsen, 1972.. A correlation

petween an RNA fraction selectively labelled in the

presence of GA and amylase synthesis in barley
aleurone layers. plant Physiol. 49: - 1000-1004.

#"

o

2
A

R -cny: .. ]




[N

_ APPENDIX

-
o
i

.

%

merarwd

!

'

- o :
" X

el

‘

'

'
- N
-
i
+




PRATS Y.

Ty g

it

sy
e

P15, L 7

. _PABLE 39 . 4

.Réproducibility of Protease Extraction

Two batches of endosperms were used. Batch A were from -
5 day old seedlings,'and Batch B from 7 day old seedlings.

Four extracts were prepared from each batch. Twenty-five

~ endosperms were used for each extract. Gliadin was L .
employed as substrate, ‘and' protease activity was determined
in triplicate for each extract. These values were averaged

and expressed as ug tryptophan equivalents released per: .
minute. Soluble protein per extract was determined as - . - : 4
described in MATERIALS AND METHODS. ~ : | ‘

|

Endoskperms _ Protein ' - Protease’ Activity
" extract ~~ Total Per mg Per - -
- mg extract protein ,  endosperm P,
A 1 3,14  85.0 127.0. 3.40
2 3,13 87.0 - 37.6 - - 3.48
c3 2.90  B83.4 28.6 - 334
4 "+, w840 - 28.4 3.3
) . ! . ! . ‘.- , . . ~ -
5. 1 2.94 126.0 45.8- 5.04
2 .85 1137.5 48,2 . 550
3 2.83 . 135.5 47.8 . 5.42
4 © 2.80 132.0 a7.0- .. 5.28
L. 3 . . - ) ] ‘ -
~ ! \
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