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ABSTRACT

The ' storage proteins inrharley endosperms, hordeins,
are:insoruble in aqueous bufferﬁ. During ear1¢ seedling
qrowgh, they are hydrolyzeé to small peptides and_amino acids.
The overall hydrolysis of endosperm reéerves is dependent on
enzymes, such as alpha-amylases, carboxypeptidases, and
endoproteases, which are induced in response to gibberellic
acid. Saluble products released f;;m‘the hydrolysis of
hordeins werezgnalyzed to determine: a) the mode of hydrolysis

of these proteins; b) the role of gibberellic acid in the

initial hydrolysis of hordein proteins; and finally ¢) whether

the initial events in the hydrolysis are mediated by a specific

protease. Soluble proteins were prepared from dry endosperms
{controls) and embryo-less endosperm pieces‘incubated'for 24
and 72 hours i: a buffered medium in the presence and absence
of gibberellic acid. The hordein-related polypeptides in the
soluble fra¢tion were ideétified by using IgG's prepared-
against urea-denatured hordeins. In .the control samples,
sevgral'bands were detected on western immunoblots.
Additional bands in the size range of 25—36 kilodaltons and
.40 kilodaltons appeared in gﬁe absence oE-gibberelliE acid,
In the presence of gibberefiic acid, howe:er, f;;gments in

the size range of less than 15 kilodaltons were more
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dominant. Furthermore, the levels of small peptides (1es§

‘than 30-35 amino acid residues in length) afd free amino

acids increased when samples were incubated for longer times
in the presence of gibberellic acid, The results are
consistfnt with the idea th;; a giﬂberellic acid-independent
endoprotease (s) is involved in the initial stages of hordein
hydrolysis. Further hydfolysis ig, however, dependent on the
presence of pr?teases indﬁced~by gibberellic acid. The
results are discussed in relatio; to both the mode of
hydrolysis and the spegificity of‘initial events of hbrdein

-
hydrolysis.
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PREFACE

The experiments described in this thesis were carried
out in the Department: of Biology, McMaster University, from

September 1980 to August 1985. This thesis consists entirely

- of my work, except where others are specifically mentioned.
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3 INTRODUCTION

PART I. REVIEW

Seeds are quite remarkable for the following reasons:
a) they are metébolicaliy inactive in their dry state and yet
living, as they can resume nermal growth upon hydration, and

b) they Eentain large ‘reserves of food material’ sugh as’
carbohydrates, proteins, and lipids, J;ich ar; efficiently
degraded during the early stages of seedling growth.  Seed
germination, therefore, offers a relatively easy system to
study -the regulaﬁion of synthetic and/or degradative

processes, which are initiated by simple manipulation of

. environmental conditions such as the addition of water.

l. Hydrolysis of Storage Reserves in the Cereal Endosperms:

Laige reserves of carbohydrates and proteins are lafd
QOwg ~and stored in the cereal endosperms during seed
development (9). Although the 'molecular signals' that turn -
on the genes 1n§olved'1n the synthesis .of these reserves are
not known, it is génerally accepted that theJrélative levels
of plant growth Eegulators,‘fuch as gibberellig acid (GA,q)
and abscisic acid (ABA)} are critical. During the active
phase of synthesis, for-exampiE, ABA levels are high and GA,

levels low (9). With the onset of germination, the metabolic

. - ' N
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activity in the endosperm switches Eo the degradative phase,
and at this stage, GA, is released from the embryonal part
and possibly from the terminal region of the seed.- The
otherwise insoluble starch and protein reserves in the

endosperms are rapidly hydrolyzed to sug;;s and amino acids.

1.1. Role 35 Hormdnes: Starch, the major energy
source, 1s degraded by «- and B- amylases during the earf&
stages of seedling growth. Using the technique of iso-
electrofocusing (iEF), MacGregor (69) reported the presence
of as many as 18 isozymes of «-amylase in‘barley.kernels.
The control of synthggis of x-amylase is fairly well
understood (57, 82, 84, 94). Varner and co-workers
established the requirement 'of Gn3'for the induction of &—
amylase and other hydrdlases'in embryo-less endosperm pieces

and the aleurone laye f barley cv. 'Himalaya' (21, 24, 25,

49, ‘52, 116). Aleurone layers, which consist of living cells

surrounding the starchy endosperms, were shown to be the site’

of synthesis for the hydrolases (24, 25) In the presence of
CaCl,, these enzymes were released into the bathing media.
Addition of ABA along with GA5 resulted in the cessation of
the development of o«-amylase (82). ABA thus appears to
antagonize the GA3—enhanced processes (52). Since, the

effect of ABA was observed even after the synthesis of -

amylase mRNA, Ho and Varner concluded thatJABA acts at a
- J

post—transcriptional level. Recently, Mozer provided -

A



evidence in support of the possibility that ABA exercised its
effect at the translational level (82}, since ABA did not
suppréss the amount of translatable mRNAS put affected the
efficiency of‘their translation (50).

In recent years, 2 great deal of work has been
undertaken toﬁunderstand the molecular mechanish of GA,
induction of ®-amylase in aleurone cells. Sensitivity to
cycloheximide and other inhibitors, and density labelling
experiments in the late sixties, indic ted that the
production of x—amylase involved new p;otein ynthesis (25).
Higgins and co-workers isolated poly—(A+) _mRNAsl from GAy-
treated aleurone layers. When transtated in vitro they
produced several pr&teins, of which the.méjor one was &-
amylase (50). " Later, the same group :s well as several
others showed a close parallgl between the accumulation of &=
amylése protein in situ and the levels of translatable &-
amylase mRNA (21, 49, g2, 84). This message constituted 15-
-25% of the tétal translatable messages after presentation Qf
GA3 to the aleurone layers. The .increase in the levels of x-
aﬁylase mRNAs has recently been si?yn to be. due to an
increased rate of transcription bf the x-amylase gene (21,
g4, 94, 95). The workers made use of 2 cDNA probe to
fdentify the newly synthesized mRNAs in GAg- treated aleurone

~ layers. Another possible level of control of X-amylase

synthesis by GA, is at translation (82) . Mozer showed that
: \

the GA3 additions resulted in preferential translation of



: e
certain messages, €.9. x-amylase (49, B4). Interestingly,

for reasons not quite obvious, the cpntinued syhthesis of of-
amylase protein required the presence 6f GA, even after the
completion of x—-amylase mRNA synthesis in aleurone layers
(82). This may be due to either preferential
stabi1ization/translation of x—amylase mRNAS, and/or
inhibition of o(-amylase breakdown by controlling the levels
of an ®-amylase inhibitor. Support for the latter view has
come grom recent work of Mundy, who has shown that the leﬁeis
of ABA ind G§3 controlled thg synthesis of an m-amylaée
inhibitor (83, 118).
In recent years, it has begn established that o=
amylase is comprised of two groups of proteins, A and B (55,
94). These two groups d;ffer in the following features: a)
‘pl, group' A between 4.6 and 5.2, and group B between 5.9 ané
‘ 6.6; -b) peptide maps; and c) their loci, which are present on
different éhromosameg. Rogers and co-workers have isolateq’
cDNA clones for both types of «-amylase from a cDNA library.
The cDNA library was prepared from mRNAs induced in the
presence of GAjg in the aleurcone layers (94, 95, '96). "Their
studies éhowed that gene families were regulated differently
by GAz. For example, the mRNAs for group-A Qere present in
the ‘aleurone layers in the apsence of EA3, and in its

presence, they increased by 20-fold. On the other hand,

mRNAs for group B were barely detectable in the aleurone

N\ :



) | 5
layers in the absenée of GAq, and in its presence they
increased by 100-fold (94). cDNA clones for both groups A
and B have been completely sequenced and were found to share
regions of partial homology. The sequence analysis also
suggested;;He existence of a possible‘hairpin loop structure
in the 5' region of the mRNA.

It is insgfuctive to note that cycloheximide
additions to GA3:treated' aleurone 1layers bloéked the
synthesis of the w-amylase message, suggesting that a protein
factor ';'.was required for either stabilization of the
message or efficient expression‘of the «-amylase gene (84},
The identity of factor 'x' remains to be established.

‘Despite the great wealth(éf infogmation maae
available in recent years, it 1is still not known how Gh3
results in 1ncreasgd rates of transcription of genes coding
for the ®-amylase protein. The growth regulator maj either
Aeteract with the promoter of the x~amylase gene or may
result in the synthesis of a factor, which in turn leads to
increased transcription and translation of the X-amylase gene

and X-amylase mRNA, respectively,

1.2, Hydrolysis of Cereal Proteins: Work on® the

cereal proteases 15 fragmentary and as a result the mechanism
of the initial hydrolysis of cereal storage proteins is not

known, ft remains to be established whether protease

Al

activities measured with non-plant proteins or artificial
* .



peptides as substrates could mediate the early solubilization
step(s). Despite these uncertainties, there is a general
agreement in the literature that initially the storage
proteins are cleaved into a few polypeptide fragments as a
result of one or more specific cuts possibly by a 'specific!
protease(s) (8, 75, 97). Presumably, the products released
at early times are soluble and could serve as substrates for
the proteolytic activities, e.g. endo- and exoproteéges,
appearing a few days after imbibition. These ,eniyme
activities probably have broader substrate specificities,
The final products of the overall hydrolysis are_small

peptides and amino acids.

2, Storage Proteins of Cereals:

The storage proteins of cereal grains were classified
on the basis of their solubility.into albumins (water-
soluble), .globulins (saline~soluble), prolamins (a}cohoi—
soluble), and glutel{ns {(alkali-soluble), by Osborne (88).
In seeds belonging to different families of major cultivgted
crops, a particular class of protein is stored. 1In cereals,
for example, the prolamins are stored, whereas in legume
seeds, the bulk of the storage proteins are globulins. Some
exceptions however, were noted, e.g. hearly 80%-of/;he
storage proteins in ocats and ricg is generally regarded as
globulins because these proteins are soluble in saline

buffers (91} and show structural similarities with globulins.

o~
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puring the development and maturation of the cgﬁpal

kernel, prolamins are actiyely synthesized and deposited in
the protein bodies.. The protein bodies are ovoid organelles,
a few microns in diameter, which are embedded between starch
granules in the starchy endosperm (54) . The zeins in corn
are\stored exclusively w1th1n the protein bodies (15, '72).

In barley, the hordeins "too are initially stored in these

_erganelles during the development of endosperm. At ﬁaturity,

‘however, the protein bodies disappear and cluster of

proteins are present among the starch granules (18, 54 72).

, 2.1. Structure of Prolamins: The prolamins are

hydrophobic in nature and their amino acid composition have

2 _ .
several unigue features (Tatle 1. For example, - they are

tich’ in ‘proline and glutamlne/glutamate and poor in lysine

E}

.and tryptophan (Jl, 53, 74). Since these proteins are

4,

insoluble in water, they have generally been extracted with

propanol, and studied in detail only in the presence of SDS

or urea. As a result, the component polypeptides rather han.
the protein itself have been investigated. The | diffz;hnt

techniques adopted to analyze these polypeptides are based on
electrophoresis and include starch gel, sod}um dodecyl
sulphate- polyacrylamide gel electrophore51s (SDS-PAGE‘, urea-
PAGE, IEF, and two-dimensional procedu;es,comblning SDS-PAGE

with eitheff IEF or urea-PAGE (74, 103, 104, 105, 106, 107).

» 4



Table 1. Amino, Acid Composition of Total Hordeins in Barley
Endosperms ‘

mole % (Amino Acid Residue/100 Reéidues)

Amino Acid Miflin (74) Holder (53). Brandt (11)
Methionine 0.2 C 1.1 ' 0.9
Cygteine 1.7 2.3 1.6
Aspartic acid 1.0 1.7 - 1.6
‘Glutamic acid*®  41.2 34.9 ) 34.7
Threonine }.0 . 2.0 -. é.o
Ser}ne 4:6 ' 4.1 4.2
Proline . ( 3.9 21.5 | T 2300
Glycine . - 0.3 . - 2.5 - ‘2.5
Alanine, ' 0.? . , ‘ A2L6 _ i 2.4
_Valine oo 4.8 . - 4.6
Isoleucine 2.6 _I . 3.9 - 3.8
Leucine 3.6 - EE 7.2 : .6.9
Tyrosine 2.3 W oo ,. 2.4
‘PhenylalanineA 8.8 5.6 . . . 5.9
Histidine L Ly T 1.0 .
Lysine . 0.2+ 0.7 | " 0.5
Argini;}, + 0.8 - _1}5 ; | I2.0__

® l ’ ] .
-- values include asparaajie

** __ values include glutamine



Zeins, the major prolamin'in maize, consist of two major
components, one of 21 kDa and the other of 19 kDa (3, 15, 17,
109). On the other hand, hordeins, the major fraction of
prolahins in barley, can be 55parated into a number of
discrete bands. These have been pooled into 3 groups, e.g.,‘
A (15-20 kDa) with several bands, B (60-70 kDa) with 2 major
and 2-4 minor_bénds, and C (90-100 kDa) with 3 major and up

to 4 minor bands (91, 100, 101, 104, 108),

. 2.2, Immunochemistry of Prolamins: In recent years,

the prolamins have been analyzed using immunochemical
'techniques (28,,29, 66). Insolubility of these proteins in
aqueous buffers has necessitated the use of 3-6 M ureé to
dissolve the pProlamin polyéeptides.- In geneial, since the
prolamins are poor-immunogensr fairly high quantities of
hordeins (2.5110 mg) and zgins (2.5 ﬁg)’were injected into
Ehe5rabbits (28, 91) in order to‘elicit a good antibody
fesponse. ersslreéctivity of the crude sera against the
réspective immunogens have generally been tesgted with the
double immunodiffusion assay (29) and Immupoelectrophoretic
methods (28, 66).

' ~The prolamins from corn, Sorghum, and millet do not
cross-react with antibodies raised against group C
po;?peptidés-of hordeins. These antibodies, howéver, do
cross-react with tpé prolamins of not only barley, but élgkxg

of rye and wheat (28, 91). The immunochemical differences
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among the prolamins of different cereals confirm the grouping
of corn, Sorghum, and millet into sub-family Panicoidae, and
barley, rice, and wheat into sub:family Triticeae (91).

‘ It should be mentioned that the ctoss-resctivity of
antibodies raised against zeins "and hordeins has not been
tested against the soluble albumin and globulin proteins
extracted from the kernels of corn and barley. Since a
rathet arbitrary criterion, i.e. solubility, was originally -
adopted to classify cereal proteins (88), the result of-sueh_
an experiment might be important in determining how similar
or dissimilar the two types of proteins really are.

2.3. Molecular Biolegy of Prolamin Synthésis:' The

zeins from corn consist of two.major polypeptides of 19kDa and
21 kDa. However, two‘dimensional analysis of the zeins show
that thete are about 25 components (54, 65, 109), suggesting
that these are quite polymorphic proteins. A synchronous
synthesis of these polypeptides beglns 15 days after.
pollination (54). Initially, the polypeptides are
synthesized on membrane;bound polysomes, after which they are
deposited in the protein bodies.‘ The zein messages were
isolated from membrane—bound Polysomes. when the zein mRNAs
were_translated in vitro using a rabb1t retlculocyte system,
ethanol-extractable prolamins, ident1ca1 in electrophoretic
and immunochemical features with those translated in situh
were:® synthesized (15, 17, 64, 65). The zein messages have:

normal features of eukaryotic mRNAs, e.g., a) the presence of
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a 7' methylated guanosine residue (cap) at the 5'—end, and b)
a poly-(A*) tail at the 3'-end (17, 109). They have an
average length of 1.1-1.2 x 103 bases (16, 17, 64). The zein
genes lack introns. The genomic DNA from corn embryos was
restricted using a number of restriction enzymes and probed
with labelled zein cDNA in Southern hybridization experiments
to estimate the number of zein genes. As many as 100 genes
scattered throughout the genome were detected (16, 37, 90,
119). Extensive work has been done in ao effort to elucidate
the structure and expression of zein genes;L,A complete
sequence of the 19 kDa zein éene has been reported recently
(90). 'The predicted sequence of the zein polypeptide‘from.
this gene shows a conserved peptide of 20'amino aclids, which
*is repeated 9 times. The repeating sequence is as shown

;below;

Gln—Gln—Leu-Leu—Pro—Phe—Asn/Ser-Gln-Leu—Ala—A;a—Leu/

Pro—Asn-Ser—Ala-Ala-Tyr—Leu—Gln-Gln-

The cloned zein genes have been expressed ‘using in !1552
transcription systems such as HeLa cell extracts -or ext:acts.
of germinal oocytes Erom Xenogus (64) Two correct start
.sites, the promoters Pl and P2, were identified while the
P2 promoter 1s situated just before the coding sequence, the

‘other ﬁromoten Pl lies about 1000-bp upstream (64).

Recently, a heterologous 1 'vivo expression system for zeins
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has also been develobed. The 19 and 21 kDa zein genes were

integrated into chromosome II of the yeast Saccharomyces

cerevisiae. It was shown that both Pl and P2 promoters were
recognized accurately to produée two messages of the correct
sizes (63).

Hordeins, like the.zeins, are also highly polymorphic
Proteins. : These‘polypeptides are actively synthesized
between 15 and 35 days after pollination (54, 108).‘ There
are two major groups of hordein polypeptides, one sulphur-
rich (B- hordelns), and the other sulphur poor (C-hordeins).
The two groups of polypeptides comprise about 95% of the
total hordeins (104). Genetic analysis has shown that B- and
C-hordeins are encoded.by two separate loci, Hor 2 and Hor\l,

H . -
pectively (107). Hordeins are synthesized on membrane-

Bou d polysomes {12, 13, 18, 19). The mRNA fraction from
such polysomes were isolated employing pg&y U-Sepharose 4B
affinity chromatography (70). A library of cDNA was
constructed using the poly-(A*) RNAs (30). The cDNA clones
coding for'B— and C-hordeins were identified by comparing the
- products syntheélzed in vitro with authentic hérdeins (30).
Partial sequence analydis of a C-hordein gene shows that an
octapeptide (-Pro-G1n-Gln—Pro—Phe-Pro—Glnfbln-) is r%Peat%d
several times ovef in the sequence. The B-hordein sequence
analysis shows the presence of two domains, i.e., a) domain
repetitive, deficient in sulphur, and abundant in proline; -

is homologous to the C-hordein sequence; and b) domain 2 -
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non-repetitive, abundant in sulphur, and deficient in proline

- is homologous to the 25 globulin of Ricinus communis and

the wheat gliadins (30). The simiiarity of hordein
polypeptides to th05ﬁ of zeins is neot known.

New synthesized zein and hordein polypeptides have
an a 20-21 ino 'acid residue extension on the amino-
terminal, the signal peptide. After synthesis of the
prolamins, the signal peptide- is cleaved and the prolamins
are vectorially transported into the lumen of the endoplasmic
reticulum membraﬁe (18, 19).

Despité substantial proéress in our understanding of
the structure and expression of the prolamin genes in the
las; deqfde; more information<is néeded to answer the
following pertinent questions: a) how is a synchronous
transcription of the prolamin genes, which are scatter;6
throughout the genome, achieved?; b} what specific signal(s)
turn on the expression of prolamin genes.during grain

development?

~

3. Proteolytic Systems:

The proteases, i.e. carboxypeptidase A, thermolysin,
elastase, and chymotrypsin, were among the first enzymes
known and purifiea {110, 11l1l). The suscep;ibility of
proteclytic activities to different inhibitors defines their
active sites and mechanism of action. This criterion has

been the basis of the classification of porteases into four



major groups as’ 1isted below:
a) serine proteases have serine at their active sites
and are represented by trypsin and chymotrypsin. They are

inhibited by leupeptin’ and di-isopropylphosphofluoridate;

b) sulfhydryl proteases have (-SH) groups at their
active sites and are represented by papain and cathepsin.
They are inhibited by p-chloromercuribenzoate and N-

ethylmaleimide;

c) metalloproteinases require metals at their active
sites and are représented BY collagenases and thermolysin..

They are- inhibited by EDTA and phosphoramidon; .

d)lacid proteinases are active at highly acidic pH
and are represgﬁted by_pepsin and'chymosin. They are
inhibited by pecstatin (115).

The proteases have also” been broadly classified on
the'basia of the type of substrate théy act upon, €.g., a)
endoproteases, which cleave internal peptide bonds to yield
smaller fragments, are assayed using "substrates such as
casein, azocasein, hemoglobin; and b) exopeptidases, 1i.e.
carc;xypeptidase and amincpeptidase, which cieave the
carboxyl (C-) or amino {N- ) terminal residue, respecﬁively.
:Thesé are generally assayed by using aynthetic dipeptides

blocked at either N- or c-terminal, respectively (97).

A

¢
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The proteolytic enzymes cleave a peptide bond between
two consecutive amino acid residues. Extensive work has béen
done on the specificity and mechanism of actit-m of the serine
proteinases, e.g. trypsin and chymotrypsin. Such studies
were made possible by the availability of a) highly purified
enzyme preparations; and b) synthetic substrates with defined
.amino acid residues and sequences (31, 110). )

In the case of small proteins used as substrate, the
cleavage'sites are specified- by particular amino acid
residues in the protein (sé’quence-specific), which are
recognized by the active sites of a protease enzyme.
Trypsin, for e‘xample, preferéntially catalyzes the hydrolysis
of Lys/Arg-x (x being any amino acia) peptide bonds (60,
110). On the other hand, thermolysinl éné_pepsin catalyze the
hydrolysis. of y-Leu and y-Trp/Tyr/Ph:g {y being any amino
acid) peptide bonds, respect_ively {31). .

It has been known for a lonq time that in the case‘of
large- protein substrat;gs, accessibility of the suscepfible
clga{age sites to active s‘ftes of the enzyme is "an important

factor. In general, denatured proteins are better substrates

for tr_l_;‘proteas'es than the native, proteins (67, 86). The
susceptible am‘ino acid residues, between whi:ch ;he peptide
bond iIs cleaved, are expose{i in the denatured proteins,
Based‘ on this fidea, Binderstrom—.l:.ahg (67) proposed the
~ concept of 'limited hydrolysis', in— which the peptide bonds

are cleaved one-by-oﬁe. The conformation or 'terti_ary
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structure is, therefore, quite impqrtant in detefmining
whether\ﬁhe protein substrate will be attackeé.by a protease,

' 3.1. Animals: Cellular protéins are in a dynamic
state of constant turnover. The steady state concentration -
of an enzyme in the cells is determined by its rateslof
synthesis and degradétion (35). As seen in Table 2, the
half-life Bf different eﬁzymes vary from 1? min for ornithine
decarboxylase to 15 hours for glucose” 6-phosphate
dehydrogenase and 3—phospﬁog1ycerate dehxdrogenase. In
addition to the.degradation of normal proteins, abnormal
proteins synthesized after‘épecific'hutations aré also
selectively recognized and .rapidly degraded (45). In
general, the deg:;@ation of proteihs in animal cells is
mediated by two protgélytic 'systems, lysosomal’and non-

lysosomal, which are desgribed below.

-

3.1.1.. ‘Lxéosggglf*%{The iysoéomes are small
arganelles containing”a seé oé acidic proteases with pH
optima of around 4-5 (4, 26, 111, 112). The cellular
constftuenps are péobably engulfed and degraded by’these
organelles (26). The farticipation of lysosomes 1in protein
turnéver was suggested by the following observations: a) the
_charige in osmotic sensitivity (increased fragility) and
sedimentatiop propertieS':of lysosomes prépared from liver

cells under conditions which promoteﬁ} protein degradation,

e;g., nukrient-depletion (81, 85); b) the .release of TCA-

L
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Table 2. Half-1ife of Various Enzymes in Mammalian and
' Plant Cells. Adapted from Goldberg and John
(357 . . '
' Enzyme Half—iife (hour)
1. ornithine decarboxylase 0.2
| 2., RNA polymerase I 1.3
3. Tyrosine aminotransferase 2.0
4. Ribulose bigphosphate 3.0

carﬁoxylase, large subunit**

5. Alpha-Amylase . 4.3

6. Nitrate reductase* ' | | 4.5

9. Phosphoenolpyruvate carboxykinase 5.0

8. élucokinase -- 7 12.0

9. RNA po}ymerase 11 . ) 12.0

10. Glucose-ﬁ-phqsphate'dehydrogenase 15.0 )
11. 3-Phosphoglycerate denydrogeque 15.0

*

« -~ From corn leaves, Oaks et al. (86b) .
—— From barley leaves, Miller and Huffaker (78). All
other enzymes were from mammalian cells (35). -
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soluble peptldes and amino acigs from isolated lysosomes; and
c) the addition of nutrient%, such as amino acids, to
nutritionally-depleted 1liver t; sues, prevented changes in
osmotic sensitivities and the release of soluble peptides by
isolated lysosomes. The direct e¢vidence was provided when
the proteases were isolated from lysosomes and characterized.
The lysosomés of most tissues ‘contain at least 3

'_endoproteases, Cathepsin Bl, Cathepsin ﬁ, and Cathepsin G,
exopeptidases, Caéhepsin B2, Cathepsin Al, and Cathepsin C,
and peptidase, Cathepsin.AZ (4, 26, il, 112). .

3.1l.2. Non-Lysosomal: Two observations were made

quite early in the 1itera£ure, which suggested the)presencq
of an additional proteoiytic system,'non—lyéosomal.l Firstly,
cellular .en2ymeé have highiy variable half-lives. In
addition, their rates of degradaticn wére'ﬁot altered by.
additionﬁ of inhibjitors of lysosomal '‘proteases (35; 45).
Secondly, an éppérent gependence\ of ‘intraceliular prbéein
- degradation on the présence of ATP was observed (35, 45, 46).
The latter obser&atibnmxgs quite’ unexpected because
hydrdlysis oé'a'peptide bond is an exergonic .reaction.
Furthermore, none of the proteolytic enzymes known so faf
require energy—rich cofaétors..‘hlso,‘in contrast ‘to thg
acidic proteaseé of lysosomes, préteases with a pH optimum

between 8 and 9 were isclated from skeiétal muscles (27:'35,

45)..
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‘More direct évidgnce came from the studies of

De Martino and Goldberg (27), who isolated an ATP-dependent
alkaline protease’' from rat liver -tissue. ATP stimulated
protease activity.by about 3-fold. A cell-free ATP-dependent
proteolytic system was later prepared fram Eeticu}ocyte celis
(45). The characteristic features of this system were: a) it
Jre@uired the presence, but not hydrolysis, of an energy-rich
compound, such as ATP; b) it degraded onlﬂ the'abnormal
proteins; and c) it required the.presence-of a heat-stable
polypeptide of around 9 kba. The latter was termed an APF-1
or ATP-dependent proteclysis factor 1.(27; 45), -This factof.

was found to be similar to another peptiéeh ubiquitiﬁ (12&).

" v Ubiquitin, first discovered during the lymphocyte
differentiation studies, is a‘polypeptide 'of 8.5 kDa (99). it
iinduces the differentiation of precursor B- and T-lymphdcytes
_<5’- into mature cells of the respective types (36). | The
' remarkable features of this peptide are as follows: a)‘it:is

. 'present in all thé life f;rms tested, e.g..miérobgs; animals,
. and plants; b) it exhibits an extrad{diqary evolgtionéry
- conservation in terms of its structural, biochemical and
immunochemical properties; and c)_it is highly re51s§ant‘to'
trypsin digestion, despite the fact that it éont&ins 7 lysine
and 4 arginine residues (99). A detailed characterization of
ubiquitin showed that it exists in two forms, I and II. Form

11, which is 74 amino acid residues long and Inactive in

stimulating the ATP—dependent bﬂpteolysls, is a tryptic



produdt of form I. 'The latter has 2 extra amino acids at the
C-terminal (121). The ahinb acid sequence at thé C-terminal
of form I ié“ —Argngu—Aré—Gly-Gly in contrast to that of
Arg-Leu-Arg of form II. ‘Ubiquitiﬁ is enzymatically 1{gated
~to cytoplasmiq and-chromosomal p;oteins, e.qg. histoneszﬂzA
de). Ligation to ubiquitin, which'is an intermed¥ate step,
has been régarded as' a recognition signal for 'a selective
protein deg?adbtion by the ATP—dependénq system. Since
ubigquitin is also pré?::entially éssociated with actively
transcribing Vge;es, a éite—specif;c gréte91ysis of
chromosomdl proteins by ubiquitiﬁ is regarded as a ﬁossible
« mode of gene actibation. >

Recently, the presence of a ébiquitin—depen&ent
proteolytic pathway has also been reported in higher plants
(62):~‘ Using anti-human-ubiquitin serum in western

immunoblots: the presence of both free and protein-conjugated

ubiquitin was shown in dry kernels and in green and etiolated

leaves of Avena sativa. It is, however, not known whether;
a) the ubiquitin;aependent;proteolytic pathway in plants is
dependent on the presence of. ATP; and b) it is involved in
processes such as the hydrolysis of storage proteins.

Even though the ATP- and ubiquitin-depehdent
proteolytic pathways have been well characterized in animal
cells, the nature of the protease(s) activity mediating this

pathway remains elusive, Also, it is not clear why only
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cellular proteins cénjugated to ubiquitin are preferentially

degrade Extreme structural conservation of ubiquitin
g :

. across the whole range of life forms suggests that it must

have a véry fundamental function in cells. It remains to be

- ¥ | .
seen if selective protein hydrolysis is such a function.

~ .

3.2, Plants: Even though the use of pPlant
proteases, such as fiecin and papain in food préceééing and
meat tenderization have been in practice for a long time, our
knowledge of other plant proteases with regards to their

structure, mechanism of action, and specificity is very

-fragmentary (20, 75) This is g;rtly due to the fact that,

in general, the substrates used to assay the plant proteases
are the Same as those used for animal proteases. The method
of analysis has also beeh similar to that of animal
proteases, e.q., a) increasé; in the ninhydrin;positive
matérial in TCA-soluble fraction; b) increase in the.
absorbance #t 280 nm of the TCA-soluble fraction, which is
due io the presence of aromatic amino acids, and c).changes
in the viscosity of the substrate after incubation with the
enzyme. Active proteolysis has been examined in detail at
two stages, i.e. a) mobilization of the protein reserves
during seed germination;land b) chlorophyll protein
degradation during 1leaf senescence {78). The prcteolysip
during 'seed germination is qsviewed below.
-~ | = . -
3.2.1. Non-Cereals: A great deal of work has been
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donée¢ in a variety of non-cereal systéms, such as pea,
pumpkin, mung bean, and castor bean. The major storage
proteins .in these systems belong to thé qeheral class of
globulins (91). Use of the native protgins as substrate for
the assay of protease activity, in conjunction with the
analysis of breakdown products on SDS-PAGE has proﬁide&
dnéqdivocal evidgnce for the involvement of endoproteases in
the degtadgtion of protein reserves in thése systemsi

In pea, isolation of the storage proteins from
cotyledons ;t different times after imbibitionw and their
analysis on SDS-PAGE showed that large globulln polypept1des
are f1rst cleaved to produce fragments of smaller sizes, with
no quantitative.loss of the total globulins. The 1n1tiaf
changes could be mediated by the activity.of a speéific
endopfotease or a general peptide hydroelase, a_point not
examined ,by these workers. Subsequent mobilization of these.
proteins was, héﬁever, édfrelated‘ with .a concomitant
accumulation of casein- hydroTy;ic activ1ty This proteolytic
activity. also relea!d labelled amino acids when tritiated
pea globulins were used as substrate (5).

I .
In another system, pumpkin, i situ. alteration in

storage proteins during germination was correlated with the
appearance of two proteolytic activities, I and II, in the
cotyledons (38, 39). ﬁctivity I brings about 11mited

proteolysis of the Ob: and B- subunitsiof native g9lobulins,
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resulting in the release oflfragments of smaller size, Fxp
(38, 41). The Fup fragments were readily soluble in the
saline buffers. Activity II, in conjunction with oéther
peptidases, was th&ught to be involved in further breakdown
of the modified globulins intc small peptides and aminq acids
(39). Of the two proteases, i.e. activity I and activity II,
only‘the former wés present in dry &otyledons. -It was not
synthesized de novo, since the cycloheximide additiqns during
imbibition, which prevented the appearance of activity II,
had no effect on activity I (38). The initial hydrolysis of
globulins may occur within protein bodies, since a major
proportion (two-thirds) of activity I was present within the
protein bodies isolated from dry‘cotyfedons {40). CC

.In mung beah; 76 vicilin and 11S legumin comprise the
major storage proteins. 1In this system, a loss of globulins
during geégination was- correlated with the development of an
(—§H) endoprotéase activiiy which hydrolyzed gelatin (23).
The pr&tease, vicilin'peptidohyirolasé, was purifiéd
following affinity column chromgtography (6). This protease
activity mediated the hydrolysis of wvicilin in wvitro into
" peptides of smaller sizes, which weré then resolved on SDS-
PAGE (6). In coﬁjunction with the activity of
carboxypeptidase, vicilin,.peptidohydrolase brinés .about a
COmpieté'hydrolysis'of viciiin into amino acids. The
spec1ficity of vicilin peptidohydrolase activ1ty was not like

that of trypsin, as it readily hydrolyzed the ester linkages

3
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involving glutamine and asparagine instead of lysine/arginine
residues at the C-terminal. Antibodies were ralsed -against
the purified enzyﬁe and used in immuno-electron microscopy
and immunofluorescence studies (7,'22, 120). Results from
the immuno—electron.microécopfq studies showed that the
enzyme was not present .in protein;bodies of dry seeds, and
thft it first appeared in these organelies two days after
imbibition (22). The enzyme was synthesized de novo in the
cytoplasm and later deposited in the protein bodies (7).
Immunofluorescence studies showed that the newly-synthesizea
enzyme‘wa; associated with the vesicles derived from rough-
endoplasmic reticulum, sugges;ing fhat the endcplasmic
reticulum may play a key role in the transfer of this enzyme
into protein bodies (120).°

v Castor bean is another system that has been
studied ‘in detaill The major proteins in this case are
insoluble. Foilowing' imbibition, they are mobilized into
peptides and amino acids (l, 2). Beevers.and co-workers (1,
2, 114) have shown development of the foliqwing proteol}tic
activities: a) endoproteases, which hydrolyze heﬁoglobin; b)
peptidases, which hydrolyze N—bénozyl—DL-arginyl-p-
nitroanilide and - N-benzoyl-DL-arginyl-P- naphthylanilide;
c) aminopeptidases, which hydrolyze leucyl-naphthylamine and
prolyl:B—naphthyiamiae; and lastly d) carquypeﬁtidases,

which hydrolyze carbobenzoxy-phenylalanyl-alanine. Since the
» .
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appearance of aminopeptidases closely paralleléd the
hydrolysis of storage proteins, it was concluded that they
were the key enzymes involyed in the early hydrolysis of
crystalloid stdrage proteins (114). The other proteases were
thought to play a minor role. The basic drawback gf this
study was that the globulins were not used as suSstrate for
assaying proteolytic acfivities”apé that the early hydrolytic
products were not analyzed. Contrary to the above results,
Gifford et al. (34) provided Bvidence for the involvement of
endoproteases in the hydrolysis of crystalloid proteins.

"They analyzed the,early'products released in situ from the

hydrolysis of crystalloid proteins. Anﬁibody was raised:
against -the storage proteins of castor bean. This was used
in western immunoblots to detect the products released at ‘ Y(‘
early times. A set of polypeptide fragments of discrete
sizes were releasea from storage proteins. Rglease of these
‘fragments was mediated by an endoprotease. Since
cyéloheximide'additions'during the imbibitidn_period did not
prevent the appearance of these f}agments, it was concludeé

that an inactive protease precursor was. present in the dry

seeds (34). -



3.5:2. Cereals: Among cereals, barley and corn have
been investigated in detail. As mentioned in preceding
sections, prolamins, the storage proteins in cereals, are
insoluble in aqueous buffers. This proper;y“has precluded
the use of these proteins as substrate in_déﬁventional assays
for protease activity. With th%yuse of animal proteins or
synthetic dipeptides as substrate, a number of proteolytic
activitieé have been described in cereals.

In barley, the induction of a gliadin degrading
protease activity by GA3 in embryoless endosperm pieces was

_reported by Jacobsen and Varner (56). Since an increase in
ninhydrin—poéitive material was used as thé method to
estimate the level of protease activity, it is not known
whether this protease was an éndoprotease(s) or an
exopeptidase(s). In crude extracts p;epared from endosperms,
aleurone layers{ and scutellum of barley seedlings, Mikola
(75, 76, 77), and Schroeder and Burger (102) identified a

‘number of proﬁéase activitiqg._ Aleirone layers from dry
kernels, for example, gonta;ned S aminopeptiéases aﬁd 3
carboxypeptidases., ~Whereas the aminopeptidase activity did
not change during the early seedling growth, the activity of

"carboxypeptidase increased slightly'(76).- The endosperm

rtissue from dry kernels, on the other hand, contained only

‘carboxypeptidases,ﬁwhose levels increased appreciabiy durihg
early seedling growth. The scutellum\tissue from dry kernels

containgd high .activities of both aminopeptidases and
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carboxypeptidases. Levels of ca}boxypeptidase activities
increased following thei}mbibition of the caryopsis. Since,
carboxypeptidases increased both in endosperm and scutellum
tissues during early seedling growth, these proteases we;e,
regarded ;s key enzymes in the mobilization of endosperm
protein feserves}

In corn, Harvqg and Oaks (42, 43, 44) reported an
inc;ease‘in the activity of a (-SH) endoprotease following-
the imbibition of the kernels. This protease activity also
hydfolyzed the denatured zeins (43). The zein degrading
;activity increased between 3 and 8 days after imbibition. A
number of other proteins, e.g9. gliadin, hemoglobin, edestin,
and BSA were also degraded By this protease. The.development
of this protease was correlated with the loss of insoluble
protein reserves %uring germination, The presence and
devélopment ¢f a (-SH) protease activity in corn endosperms
was later also confirmed in other labs (32, 80).

It is clear from the'brie{)account giden above that
the cereal proteases (76, 77, 80, 92, 93) have pot-been
characterized to the same extent as protéase from mung bean
{6) or f}ypsin from mammalian cellé(SQi. The mechaniSﬁ of
action and specificity of the cereal .proteases are also not

" ‘'understood.
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PART II. RATIONALE AND SPECIFIC QUESTIdNS

Hordeins, the storage proteins in barley, are
water insoluble. Overall mobilization of these insoluble
proteins must involve a mechanism(s), which results in the
release of soluble products during th; initiai stages of
hydrolysis. In order to elugidate tﬁe underlying

_mechanism(é) one needs to characterize either the proteolytic
activity(ies) that develop during germination, or the
products released into the scluble media. Even though
seyerhl érotea;bs.appear during germination, thgir role in
the initial stages of mobilization is not known (56, 76, 76,
77, 102, 124). Alternatively, a detailed characterization of
the hydrolytic products reieased into the soluble media may
provide informationrconcerning the nature of proteolytic
activity(les) involvéd in this process. The soluble products
were, therefore, analyzed in this project, aﬁd the specific
duestions addressed are listed below: .

(é) What is the mode of hyarolysis~of hordeins? .

tb) what is the role o§ GA3 in f;e early and overall
hydrolysis of hordeins? e

(c) 1Is the initial step of hydrolysis of the hbrdein

polypeptides mediated by a specifié protease?

- . . ]

]



MATERIALS AND METHODS

1. Plant Materials: Kerﬁels of hybrid maize (Zea mays cv.

W64A X W182E) were‘obtained from the University of wisconsin,
College of Agriculture, Madison, Wisconsin. Barley {Hordeum
vulgare cvs Bruce, Elrose, Herta, and Perth) kernels were
obtained from Dr. E. Reinbergs, Department of Crop Sciences,
University of Guelph, Guelph, Ontario. One other cv.'af
barley, Bonanza was obtained from Dr. A. W. MacGregor, Grain
Research Laboratory, Winnipeg, Manitoba.

Kernels were planted on moistened cotton layers and
germinated in growth chambers, Maizi seeds were germinatea
at 28 +2°C and barley seeds at 20 +2°C with a light/dark
cycle of 16/8 hours. Planfs were‘grown in mixed 1light
(fluorescent and incandescent bulbs) with a flux denéity of
300 pElm'zs"l. Endosperms were\harvested aﬁ dlfferent times
after 1mBibiti§n. Husks and embryd including scutellum were
excised,'and the'reﬁaining endosperm pieces were quick-ftozgn
in liquid nitrogen and stored at -20°C until use. Routinely,

the endosperms were used witHQn 7 days of harvesting.

2. Half-Kernel Test: The embryonal and the distal parts of

barléy kernels were transversely cut and discarded (116).

‘The embryo-less endosperm pieces were first sterilized with 2%

29
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sodium hypochlorite solution for 30 min, washed with 0.02 N~
HC1l for 30 min, and finally rinsed several times with sterile
distilled water. All subsequent steps were carried out under
aseptic conditions using sterilized glass-ware and media.
Thirty endosperms were incubated in 10 ml of 1 mM acetate
buffer, pH 4.8, containing 0.01 M CaCl, and 20-ul of a
solution of antibiotics, in 125 ml Erlenmeyer flasks. The
antibiotic solution contained 0.5 mg/ml each of stoeptomycin,
penicillin, and chloramphenico;. The endospermsr were
incubated for 24, 48, and 72 hours in the absence (-) and
presénce (+) of GA3. GA3 at a conc;ntration of 5 uM was'used
routinely. The flasks werg'kepé on a shaker at,K6 25 + 2°C.:

The endosperms and media were separately quick-frozen in

liquid nitrogen. They werg stored at -20°C until use.

Bacterial contamination was - checked by streaking the

nutrient-agar plzii} with the samples of medla and’ the

contaminated samples were discarded.

3. Enzyme Assays: For endopeptidase assays, the endosperm

pieces were thPgenized in a mortar and pestle with 0.2 M
sodium acetate buffer,  pH 3:8, containing SmM 2-
mercaptoethanol (122). Two millilitres of buffer were used
fof each g of tissue. The crude homogenate was filtered
through 2 layers of Miracloth and then centrifuged at 20000
xg for 15 min at 4°c. The supernatant solution was used as

the crude enzyme extract. The standard assay contained 1 ml

a
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of a solution-of Beqpqlobin (50 mg/ml); 1 ml of 0.05 M sodium
acetate buffer, pH 3.3; containing 2.5 mM EDTA; -0.3 ml of 0.2
M sodium acetate buffer, pH 3.8. The }eaction mixture was
pre-incubated for 30 min at a temperature of .38°C. The
.teaction was then started by adding 200 pl of extract to 2.3
ml of the substrate solutioh. After 30 min, the reaction was
stopped by'addlng 2.5 ml of 10% cold TCA solution and the
tubes were kept for 30 min in ice. The samples were
afgﬁtrifuged in a clinical centrifuge at top speed for 30 m;n.
The supernatant solutions were decanted and the abso?bance
was read at 280 nm. |
C. For aminopeptidase and carboxypeptidase, endosperns
were homogenized as above but in sodium phospate buffer (0.05
M; pH 6.7). The crude homogenate was centrifuged at 20,000
'xg:for 15 min at 20°C. The supernatant solution could be
used directly for aminopeptidase activity. '

For the carboxypeptidase activity, the supernatant
solution was dialyzed overnight aqainst several changes of_
'0.1 M sodium acetate buffer, pH 5.2. The substrate solution
was prepared Dby dissolving 5 mg of carbobenzoxy- L—
phénylalsnyl ~L-alanine 1nib 1 ml %f DMSO and'then diluting to
5 ml with 0.1 M sodium acetate, pH 5. 2. The reaction was
started by adding 50 pl of extract to 0.5 ml of the above
solution. After 15 qin of incubation at 37°c, the reaction
was stopped by adding i‘ﬁl of 0.83% v/v ninhydrin (prepéred 

in methyl cellgsolve). The tubes, covered with.-marbles, were
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transferred to a boiling water bath. Aftsr_lS min, they were
taken out, cocoled, and the sclution diluted to 5 ml yith.GO%
ethanol. The absorbance was read at 570 nm.

The substrate for aminopeptidase was prepared by
dissolving 5 mg of~L-leuch—p—nitroanilide in 0.2 ml of DMSO
and then adding it to 9.8 ml of 0.05 M sodium phosphate
buffer, pH 6.7. The reactipn was started by adding 50 pl of
extract to 1 ml of the substrate solution at 37°C. The
reaction was stopped after 60 min ny adding 1 ml of 1 N
acetic acid.  The absorbance was read at 410 nm.

For «-amylase, the-endosperms were homogenized to a
thick paste with 0.8 ml of 0.2 M sodium chloride and then
diluted to 4 ml with the same solution (25). Tn; homogenate
was centrifuged at 5, 000 xg for 15 min at 4°C and the
supernatant solution was used as enzyme extract. Each assay
'used 1 ml of substrate containing 1.5 mg of potate starch, 6
mg of potassium dlhydrogen phosphate and 2 pmoles of calcium
chlotride. The reaction was started by adding 1 ml of enzyme
extract after appropriate dilution (a éilution that gives a
decrease in absorbance of about 0.4-0.8 is satisfactory}.
The reaction was terminated by adding 1 ml of iodine reagent.
The iodine stock was preparad by dissolving 6 g of potassium
iodide and 600 mg iodine in 100 ml ‘of water, and before
assay, diluting.l ml of stock to 100 ml with 0.05 N HCl. .The_

assay + lodine mixture was diluted to 5 ml by adding

,/‘
-

-
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distilled water. The activity:was measured in terms of the

decrease in absorbance at 620 nm.

4. Gel Filtration of Peptide Hydrolases: Ammonium sulphate

was added slowly to the crude enzyme extract at 4°¢, with
constant stirring at low speed. The final concentration of
ammonium sulphate was 60% (1276 g/35 ml}). After 60 min oﬁ
iqe, the suspension-was centrifuged at 20,000 xg for .15 min.
The protein pellet was dissolved in 3.5 ml of 0.1 M sodium
acetate buffer, pH 5.2. The protein was loaded by slowly
layering it on top of a Sephadex G-50 column (2.8 x‘40 cm}
equilibrated with 0.1 M sodium acetate buffer, pH 5.2.
ﬁroteiné ‘were eluted using the same buffer. Five ml
fractions were collected and each fraction was assayed for

the activity of peptide hyrolase (122).

5. Fractionation,of Storage Proteins: Albumins, globulins,

prolamins, and glutelins were fractionated according to the
method of Sﬂewry and Eo-WOrkers.(104, 105) . The husks and
eqbryonal halves of Béfley kernels were removea. The
remaining endosp;rms were powdered in a 'Maulimax' coffee
grinder for 15-30 min. Lipids were extracted for 24 hours Sy
stitring the powder with l-butanol in the cold room. A r&tiol
of 1:5 (w/v) was -maintained and the fesidue~qas washed.3
times. The defattea meal was lyophilized and the albumins

were extracted for 24 hours by stirring the meal with cold

water at 4°C (5 x 3 ml/g meal). . Globulins were extracted
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from the remaining residue with 0.5 M sodium chlnride (5 x 3
ml/g residue). Finally, the prolamins were extracted with
558 propanol-l containing 2% 2-mercaptoethanol with viqorous;
shaking at'60°p (5 x 3 ml/g residue). Albumins were frozen
and "then lyophilized. Globulins and prolamins were dialyzed
against several changes of distilled water. The insoluble
protein fraction§ were then centr1fuged at top speed in a
clinical centrifuge and the resultant pellets frozen and
lyophilized. The different fractions, i.e., albumins,
globulins, prolamins, and glutelins in the remaininé residue,

were analyzed for total nitrogen and polypeptlde compositlon.

v

6. Fractionation of Extracts: ¢ Endosperins were extracted at

- 4°C with the media in the:presence of 0.5 M sodium chloride
using a glass homogenizer. The crude ‘honogenate was
centrifuged at'20;000 g for 30 min in a Sorvall rotor S5 34.
The supernatant solution thus recove}ed was termed the
soluble fraction. The prolamins were extracted overnight by
vigorously shaking the insoluble pellet residue with 55%
propanol-1l containing 2% 2-mercaptoethanol at 60°C.

In the initial experiments, large polypepti&es in the
soluble fraction'were pqecipitated overnight with 10% cold
TCA at 4°Cc. However, when HPLC analyses were performed,
polypeptides were ptecipitated overnight with 50% methanol,
instead of 10% TCA. The-suspension was then centrifuged at.

AT}
10,000 xg for 30 ml in a S5 34 rotor. Total nitrogen was

-
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determined in’ the following fractions: TCA—pfeclpitable, TCA-
soluble, prolamin, and the remaining residue. Polypeptides
in-the prolamin fraction and the TCA® or methanol-

4

precipitaﬁfe material were analyzed by SDS-PAGE.

7. Separation of Peptides and Amino Acids in the Methanol- .

Soluble Fraction: The methanol-soluble fraction was passed

through a Sephadex G-10 cq}umn (1.3 x 90 cm). The_column was
equilibrated with distilled water at r;;m temperature.-”}he
void volume Eontaining large peptides was collected, quick-
frozen in liquid nitrogen, and fhen lyophi\llized. Free amino -
acids and oligopeptides (less than 9 ami apid 2esi&ues in
length) were eluted together énd‘%hus were analyzed_as one

. group.
' Peptides in the void volume were concentrated “and
passed through a Sephadex G-25 ;olumn (1.3 x 90 ;m). A"
Giléoq‘ﬁodel 201 fraction collect was uged to cblch; the{
_fraqtions‘iﬂfghe drop mode (90 drops, approx. 2.8 ml). ¢
feétides and amino acids were detected by measuring thq
absorbance at 210 nm and 280 nm, respectively. .The fractions®

. containing larger pebtidqs'(between 50-70 residues in length)
were.;ooled'and termed 'peak¥i'. The fractions containing
:'sma}ler peptides (between 15-35 residues in length) were also
'poo}ed and teryeﬂ 'peak II'®R’ The group containing amino'
_acids + oligopeptides ‘'peak I',sand 'peaﬁ'II* were analyzéd

for total nitrogen content. -

o

Av .
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N

8. Tot;1 Nitrogen Determination: The samples were digested

overnight with: concentrated sulphuric acid. ‘Complete
digestion was achieved by addiﬁg a few drops of hydrogen
" peroxide and boiling the samples for.z-g hours. The samples
‘:ere theﬁ cooleb and after appropriate dilution, a; aliqu?g
of digested samgle was mixed with 1.5 ml of 5 N sodium
hydroxide in a Conway diffusion dish. The resultant ammonia
was trapped into 2 ml of 0.1 N HCI1. The ammonia was then
meas¥red using Berthalot solutions acco.rding to a modified
method of Kaplan (58)." Solutioﬁ A contalned 10 g of phenol
and 50 mg of sodium nitroprusside in a total volume df.l‘
litre of distilled water; and solution B contained 5 g of
sodium hydroxide, 10 ml of 5% sodium hypochldrfte, and 40.2 g
of di-sodium hydrogen phquhate Septahydrafe in a total
volume of 1 litre. ancg assay contained 0.2 ml of thé
aliquot from thé center well‘of'the Conwax dish and 1 ml each
of solutions A and B. Ammonium chloride in the range of 50

- to 1000 nmoles/0.5 ml was used aglthe standard. The

aqsorbaﬁce was read at 625 nm,

-~

[

9. &-Amino Nitrogen Estimation: A ninhydrin method modified

from Moore (79) was used to meéasure the X-amino nitrogen
levels. The ninhydrin reagent was prepared.by dissolving 2 g
o& ninhydrin in 75 ml of methyl cellosolve, 25 ml of 4 N

sodium acetate buffer< and 0,56 ml of 20% titanium chloride.
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The acetate buffer was prepared by dissolving 544 g of sodium
acetate trihydrate in 100 ml of acetic acid at 30-40°C and
_then diluting to L iitre. The ninhydrin reagent was made
f;esh‘each time. Each assay. contained 0.5 ml aliquot of the
samsle and 2.5 ml of the ninhydrin reagent; The tubes were
covered with marbles ‘and then held in a boiling water bath
for 15 min.’ The tubes were then taken out, cooled, and the

purple colour was read at 570 nm, Alanine in the range of 0

to 0.4 ﬁmoles/ml was used as a standard.

106. Proline Estimation: Free proline was estimated by the

ninhydrin method under highly acidic conditions (2la). The
reagent was prepared by difsqlving ninhydrin at 60°C in a
mixture of of 6 M phogphofic and concentrated acetic acid
with constant stirring. The ninhydrin was used at a
concentration of 25 mg/ml. The acid.mixtﬁre was prepared- by
mixing'32.7 ml of concentrated .phosphoric acid (14.7 M) to
120 ml of acgtic acid and diluting to 200 ml. dne ml Qf
sample was added to 1 ml of acetic acid aﬁd mixed. .One ml of
ninhydrin reagent was also'added.and the tubes covered with
marbles. The tubes were then held in a boiling water bath
for 60 min. After 60 min the ﬁubes were taken out, cooled,

and the colour was read at 515 nm. Proline in the range of O

to 100 nmoles/ml w;s used as a standard.

11. HPLC Separation of Amino Acids: The amino acids were

: Ifirst derivatized with OPA (o-éhfhaldiaidehyde) before
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injection. The latter was prepared by dissolving 50 mg of
_OPA in 1 ml of methanol, diluting to 10 mlAwith 9 ml of 400
mM sodium borate buffer of pH 9.4, and finally adding 0.2 ml
2-mer6§ptoethanol. 1t was stored in the dark at room
ﬁemperature and made fresh each week. Twenty microlitres of
2ime;captoethanol was added every 24 hours.

The OPA-derivatized amino acids were passed through
an Altex 5p Ultrasphere ODS column (4.6 X 250 mm) attached
with a 10p Uitrapore pre—-column (4.6.xb45 mm) to a Beckman
HPLC. A twenty pl sample loop wag used. The separation of
amino acids was achieved infreverse phase mode,(using buffer
A, 50 mM' acetate buffer of bH 5.8§/methanol/THF (84:15:1) and
buffer B, buffer/methancl (20:80) gradient according to
Winspear and Oaks (123). The loop was washed\sevéral times
with 33% methanol between two consecutive ;smples. The
gfadient used is as follows: at 0 min the integrator was
turned on; at ;.2 min the sample was inﬁected and the fldw_
raée increased from 0 to 0.8 ml/min, at the same t1me buffer
B, increased from 0 to 12% over 8 min and remained constant
for the next 14 min; at 25 min buffer B increased t8r40% over
30 min; at-55 min buffer B increased to 80% over 15 min and’
remained constant for next 10 mihtfat 80 min buffer B
increased to 100% over 5 ﬁin and remained constant for the

"next 15 min, at 100 min buffer decreased to 0% over 1 min and

remained constant for 9 min, at 105 min the integrator

L
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stopped, and the run was completed at 110 min. Amino acids
were detected by Gilson Spectra-Glo fluorometer equipped with
OPA filters.

Each amino acid was maée up in 30% methanol at 1 mM
concentration and stored at -20°C. The concentfation of
amino acids In the final mix was 50 MM, except for that of,
ahmonium chloride, whose concentration was 500 MM. B -alanine
was used as an internal standard. All the reagents were HPLC
grade. Nanopure water was used to prepare the buffers.

Buffers, water, and methanol were filtered through a 0.45 A

Millipore filter and thoroughly degassed.

12. Protein Estimation: Biorad reagent was used to estimate

the content of ‘protein (10). The stock reagent was diluted'
with distilled water in a ratio of 1:4 and filtered through
Whatman #1 filter. The diluted reagent was made fresh each
week and stored in a brown bottle. Five millilitf?s of
diluted reagent Qas added to 0.1 ml of the sample ;nd shaken
gently. The colour was read at 595 nﬁ and between two
consecutive readings, the cuvette was rinsed with 1 N HC1.

BSA in the range of 0 to 140 »9/0.1 ml was used as the

standarad.

13, SDS=-PAGE: A discontinuous slab gel system of Laemmli
(6l) with 12,5% or 15% running and 4% stacking gél was used
for separation of polypeptides in the presence of SDS. The

running gel buffer was prepared by adding 18.3 g of Tris to
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45 ml of 1 N HCl, adjusting the pH to 8.8, and diluting to

100 ml. The thbkiﬂq’EZbeuffer was prepared by adding 6.057
g of Tris to 48 ml of 1 N HCl, adjusting the pH to 6.8; and
diluting it te 100 ml. The acrylamide monomer was prepafed
by aissolving&39 g of acrylamide and l‘g of bisacrylamide in
a final volume of 100 ml distilled water. l

For a running gel of 12.5% concentration, a total
volume of 60 ml gel solution contained 25.7 ml of distilled
water, 15 ml of the running gel buffer, gnd i8.75 ml of the
monomer. The mixture was degassed for 10 min with slow
stirring, after which 0.3 ml of 20% -SDS, 190 ul of 10%
ammoniuﬁ:;é:sulfate and 35 pl of TEMED were added. After
gently mixing, Sn appropriate volume (jyst enough to fill 4/5
of the space) was carefully poured between the two glass
plates. A few drops of distilled water were then carefully
layered on top of the gel. After the polyacrylamide d%l was
set, the water was plpettéd out, and the remalining space
rinsed a few times with staéking gel bﬁffef.

For a stacking §e1 of 4% concentrétion, a total
volume of 30 ml gel solution contained 19.2 ml of distilled
water, 7.5 ml of stacking gel buffér, and 3 ol of monomer.
The mixture was degasséd for 10 min with slow stirring, after
which 0.15 ml Af 20% SDS, 0.12 ml of 10% ammontumlpersulfatet
and 35 pl of TEMED wefe added., After egkly mixing, it was

poured on tob of the running gel, and the comb was inserted
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before the gel had.set. The water was layered on top, and
after the.gel was set, the comb was pﬁlled out carefully to
avold shearing the stacking gel and'the slot margfns., The
slo;s were rinsed a few timeé with distilled water and
emptied before the samples were loaded.

-~~~ The protein samples were dissolved in B850 Ml of
0.0625 M Tri;lHCl buffer, pH 6.8, containing 10% glycerol and
0.001% bromophenol blue tracking dye. 100 pl of 20% SDS and
50 pl of 2-mercaptoethanol were added to it. The suspension
was then boiled for 5-10 min. Approximately 50-100 ug of
protein was loaded inleach slot. The electrophoresis was
pérfqrmed at room temperature. A current of 1.5 mA/slot was
used until the samples migra®ed through the stacking gel. It
was then increased to 3 mA/slot, The protein bands were
stained overnight with slow shakifg in a solution of 0.125%
Coomassie Brilliant Blue R (prepared in. 50% methanol and 10%
acetic acid); Destaining was done by slowly shaking the gel
overnight in a solution of 7.5% acetic acid containing 5%
methanol. One or two sponges were also placed in thé glass

tray to hgstgn.the destaininé process. The gels were stored
| in Ziplock. bags with few mls of 7.5% of acetic acid until
they were the photograpﬁgd. |

14. Preparation of Hordein Antigens: Hordeins were

extracted from dry kernels with 55% propanol-1 containing 2%

. 2-mercaptoethanol as described above in section 5. . The
|
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lyophilized protein\ was dissolved in the sample buffer as
described above in section 13. PolypeptidesHWﬁre
electrophoresed through a 12.5% polyacrylamide gel. The
major B and C bands (43-67 kDa) were then cut out. The gel
was chopped into small pleces, quick-frozen, in 1liquid
nitrogen, and then grqhnd into a fine poner. The hordein
polypeptides were eluted from .the powdered gel usiﬁg 50 mM

sodium acetate buffer, pH 4.8, containing 3-4 M urea, by

.vigorously shaking the suspension overnight at 37°c.

15, Immunization and Serum Preparation: A modified

immunization protocol of Lauriere.(66) was followed. Hordein
antigens (eluted polypeptidés); at a concenération of 4-5
mg/ml, were emulsified Qith an equal volume of Freuné's
1ncopb1ete adjuvant. The emulsion wés injected
subcutaneously int& 2 New Zealand White rabpits at 4-5 sites.

Subsequent injections were made with antigén emulsion
prépared with Freund's complete adjuvant. Booster injections
were given with 1.25 mg of antigen 21 and 31 days after the
first injection. The rabbits were canulated 7 days after the
final injection, and Blodd was collected. For pre-immune
serum, 10 ml of blood was collecéed inor to the first
" injection. fThe blood samples werejzllowed to stand.at a°c
for 4-5 hours. Then using an applicator stick, The clot was

slowly swirled'along the periphery. Finally. the clot was

pelleted by centrifuging the samples at 10,000 xg for 10 min.
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The serum, i.e., clear supernatant solution, was carefully
pipetted out, and spun once again for 10 min. The sSerum was

stored at -60°C antil use.

-~

16, Double Immunodiffusion Assay: Hordein antigens were

dissolved in 50 mM sodium acetate buffer, pR 4.8, containipg
3-4 M urea. The Iimmunodiffusion was carried out according to
the method of Ouchterlony (89), in 1% (w/Q) agarose gel
dissolved in veronal buffer of pH 8.6. The diffusion was
allowed at room temperature fo; 24-36 hours, after which the
gel was extensively washed wlfh several changes of 0.9%
saline solution for 36-48 hours. The gel was then dried
completely, Immunoprecipitates were stained for 5 .min with
1% amido black solution, after which they were destained in

7.5% acetic acid.

-

//lV. Enrichment of Crude Serum for Hordein-igG's: Precipitin

lines were notgd when the crude éerum was challenged agafnst
boeth types of proteins, i.e. hordeins and hon-hordgins
(soluble), extracted from ungerminated kernels. This result
suggeséed the presence ;f non-hordein related IgG's in the
crud; serum. Removal of contiﬁinating IgG's was achieved by
pre-treating the crude serum with soluble proteins. One.
millilitre of a solution containing 125, 250, 500, 1000,
2000, and 4000 png of . soluble proteins was added to 1 ml of
the crude serum and incubated at 4°C. After 48 hours, the
~ samples ‘were cenrifuged, resulting in remov#l of the

7 5

1
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: ¢
complexes between soluble proteins and non-specific IgG's.
The resultant serum from each treatment was challenged again
with both types of proteins. As seen in Figure 27, no
pPrecipitin line was noted"against soluble proteins when the
antisera pre~-treated with 1000 Hg or more of the soluble
proteins ;ere used. A precipitin line was, however, noted
yhen the same antisera were challenged with hordeins. This
result suggest;h that the hordein-unrelated IgG's had been

removed from the crude serum.

v

18. Western Immunoblotting: Pdlypeptide§ were

electrophoresed through a 15% polyacrylamide gel as described
above in section 13, They were E en electroblotted onto a
nitrocellulose membrane using a Bi:gﬁﬁwmrans—blot cell. The
gtock solution of electroblotting buffer was Prepared by
dissolving 15.15 g Tris and'?Z.Og glycine in 250 ml of
distilled water, adjusting the PH to 8.3 with acetic acid,
and then diluting to 1 litre. Before electroblotting, 660 ml
of stock buffer Qas added to 600'm1 of méthanol andhthen
diluted to 3 litres. Four sheets of 3MM filters, 2 sponges,
and nitrocellulose membrane were submexged in the buffer and
cooled. The blotting was done for 4 hours at 4°C using 60 v
and 0.25 amp (113). ' The buffer was stirred during
eiectroblotting. All subsequent operations were performed at

room temperature with slow shaking.

[
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The nitrocellulose membrane, Iafte‘r electroblotfing,

was incubated over?ight_(l hour is sufficient) in a blocking
solution, which cébntained 3% gelatin (ékA'aﬁd Carnation milk
were also tried; but results were not as gobd as wlth
gelatin) prepared in 50 mM Tris-HCl containing 150 mM so;:le
chloride, pH 7.5 (Tris-saline buffer). Next, the
nitrdcelluiose membrane was incubated for 3 hours .in a
solution of primary antibody (hordein" igG enrjiched serum)
diluted 1/1000 with the blocking solution. hfter the
membrane was washed twice for 10 min each with Tris-saline
buffer, pH 7.5, it was incubated For~l hour in a solution of
Goat Anti-Rabbit IgG (H+L) Horseradish Peroxidase conjugate
(GAR-HRP, diluted 1/1000 with the blocking solution). It was
again washed twice for 10 min each with Tris-saline buffer.
Immunoreactive bands were visible after treatin; the
nitrocellulose membrane with fﬁgncolour reagent. The reagent
was prepared by dissolving 60 mg of 4-chloro-l-naphthol in 20
ml of methanol, .and then adding it to 100 ml of Tris-saline

buffer containing 30 pl of hydrogen peroxide. The membrane

was incubated in this reagent and the colour development was

///‘stopped by replacing the reagent with cold distilled water.

19. Immuncaffinity Column Chromatcgraphy: An immunocaffinity

column was prepared according— to the method of Livingston
{68). Proteiné-in the crude serum were precipitated with

ammonium sulphate at 4°C with slow shaking (final saturation
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33%,'2 g/10 ml serum). Aft;r 60 min, the suspensiocn was
centrifuged at 4°C, and the pellet was dissolved in 0.1 M
sodium bicarbonate buffer, pH 8.3, containing 0.5 M sod.ium
chlorlde. The protein solution was then dlalyzed at 4°C
against 1 litre of the same buffer. The IgG's were enriched.
and partiaily purified by passing the protein sample‘thrdugh
a DEAE-cellulose (DE-23, whatﬁan) column. The column was
prepared in a 10 ml ;yringe, and equilibrated with 10 mﬁ
potassium phosphate buffer, pH 6.8. About 150 ml of the
buffer was passed over the column at 52 ml/70 min, After
loading protein samples, the buffer was passed through the
column{ and 80 fractions each of‘ approx. 2.1 ml were
collected. Absorbance was read at 280 nm, and the IgG
containing fractions were pooledﬁ//Prbteins were again
precipitated with ammonium sulphate (50% final saturation,
31.3 g/100 ml). The pellet containiﬁé the IgG's was
dissolved and dialyzed overnight at 4°¢C againsehséQeralv
changes of 10 mM potassium phosphaté‘buffer, pH 6.8. The
IgG's were then dialyzed against couplipg.buffer, 0.1 M
sodium bicarbonate buffer, pH 8.3, containing 0.5 M sodium -

chloride. . ‘ ’ Te—

—

The IgG's (hordgin IgG enriched serum) were then
coupled to cyanogeh bromide-activated Sepharose 4?? beads.
Two g-of dry cyanogen bromide powder (after swelling, each g‘
gives approx. 3.5 ml gel) was first addeé to lo‘mi of 1 mM

HCl. The gel was washed for 15 min with about 150 ml of 1 mM
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HCl on a sintered glass filter% After washing, the IgG

solution dissoIved in the coupling buffef was added to-
‘cyanogen bromide gel suspension (approx. 5-10 mg "of IgG's/ml
of the gel were qsed){ Coupling was allowed for 4-5 hours at
4°C with gentle shaking on a rotary shaker. The I1gG-coupled
cyanogen bromide gel was then packed in a 10 ml syringe, and
then washed with 3 cyq}es of alternating solutions (100 ml)
‘of coupling buffe; and 0.1 M sodium acetate buffer of pH 4
containing 0.5 M sodium chloride. ‘Finally it was washed with
10 mM sodium bicarbonate buffer of pH 8.0.
The protein sample from incubated hal¥-kernels was.

loaded by cycling the solution through the gel for 5-6 hours
e

‘hs{;? a peristaltic pump.‘ About 150 ml of 10 mM sodium

bicdarbonate buffer; pH 8, ;as then passed through the column
to wash off tﬁe ﬁnligated antigens. Finally, the pound
antigens were eluted with 0.1 M glycine-HCl buffer; pH. 2.8,
containing 8 M urea. Thereafter, about 150 ml of 10 mM
sodium bicarbonate buffér; pH 8, was passed through the
column to wash off urea and other ions. Frgctions containing
the eluted proteins were identified by measuring the
absorbance at 280 nm, and pooled. The pooled fractions were
dialyzed extensively against several éhanges of distilled
water'tb rid the.samples of urea and other salts. The

samples were then lyophilized.

20, High Per formance-Size Exclusion Chromatography: The
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.eluted proteins were dissolved in 10 mM sodium phosphate
buffer, pH 6.8, and then passed through a SpherogelTM—TSK
G2000 SW column (7.5 ﬁm X 30 cm) attached to a Beéiman HPLC
{33). A one hundred pl sample loop was used, and between two
consecutive samples, the loop was washed with distilled
water. Proteins were eluted with 10 mM sodium phosphate
buffer, pH 6.8, céntaining 15b mM sodium chloride, anq
detected ap? 215 nm using a Beckman Model 160 UV deiector.. A
flow rate of 0.5 ml/min was used. Sixty fractions were
collected. The fractions were also read manually at 21@ nm
and pooled in ‘five groups as shown in Fidure 33. The pooled.
fractions were dialyzed against several changes ofvd;stilled

water at 4°C to rid -the samples of salts, @nd then

lyophilized.
L

21. Determination of the N-Terminal Residues: The samples

were dansylated according to the method of Oray (87). The
dansyl reagent was prepared by dissolving 2 5 mg dansyl
chloride in 1 ml of acetonitrile. It was made fresh each
we€k--and stored in the dark at -\2o° 100 Pl of 50 mM
potassium borate buffer, pH 9.5, was added to the dried
samples and mixed. Fifty microlitres of the dansyl chloride
reagent was added and mixed again. The tuges were
immediately sealed with parafilm, covered with aluminum foil,
incubated for 60 min. at 42°C, and transferred to small glass

£y

tubes. The samples were then lyophilized.
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After dansylation, 100 ul of 6 N HCl was added to .the
lfthilized samples. The tubes were flame-sealed under -
vacuum, and kept in the oven for 8 hours at 110°C.n" After
=c0011ng=the seais were broken and the sample; dried. To wash
off the excess acid, sampleé were taken up‘in 100 ﬁl of 33%
acetonitrile and dried again. This cycle was repeated 4-5
times. The dansylated residues were passed through an Aitex
Sp Ultrasphere ODS column (4.6 x 250 mm) attached-with.a 1op
Ultrapore pre-column (4.6 x 45 mm) to a Beckman ﬁ?LC. A
twenty pl sample loép was used. The separatioh ws achievgd
by passing a gradient of buffer A (30 mM sgdfﬁﬁfghOSphate, pH

6.5, containing 2% THF) and buffer B (acetopiprile). Between

- .

consecukive samples, the loop was washed with 33%
acetonitrile. The gradient used is as follows: at 0 min,
the 1&tegrator is started and sémple loaded; at 1 min, the
concgntration of buffer B is 12%,and the flow rate increhééd

-

to 1 ml/min over a 1 min period; at 2 min the concen:?aﬁaon
of B increased from 12% to 20% over the next ;é min period;
at 40 min buffer B increased from 20% to 35% :over the neft 40
“min; at 80 min, buffer B increased from 35% to 60% over the
neit iO min period; at 90 min; buffer 84:§creased from BO%ato
12% over the next 2 min period to restore the cqiumn to the
starting'coﬁditionsf at 95 min,  the integrator stopped  and
the data was printed; and finally, at 100 min, the flow rate
X .

» .
stopped. Dansyl-derivatized amfno aei were detected using

a Gilson fluorometer equipped wit mine’ filters.
L )
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For standards, a 1 mM solution of each of the common
dansylateé-amino acids (éigma) was made up In 30% methanol. '
The concentration of each amino acid "in the mix was 50 pM.
All the reagsnté were HPLC grade. Nﬁnopure water was used
for preparing the buffers. water, acetonitrile, and buffers

were flitered through a 0.45p Millipore filter, and then

thoroughly degassed.



RESULTS
~/

1. 1Initial Standardization:

-Cereal endoéperm reserves are degraded to sugars and
amino aclds during the early seedling growth. «-amylase,
P-amylase, and debranching enzyme activities are responsible
for the breakdown of starch. Activities of various proteases
»(gndoprotéase, carboxypeptidase, and aminopeptidase) are

| considered to be involved in the overall hydrolyéis of the

storage proteins.

1.1, Peptide hydrolase activities in barley and corn

. endosEermsz The initial measurement of eﬁéopeptidase,
carboxypeptidase, and aqinopeptidase activitigé\was done
- using model substrates, i.e. hemoglobin, carbésénioxy-
phenylaLanyl-aiahine, and‘ t—leﬁcyi—p—nikroanilide,
respectively. The activities of endopeptidase,
carboxypeptidase, and aminoﬁeptidase were measureéAwiph
extracts prepared ffom the engospefms of Eorn and barley (cv.
'ananza;); six days after 1mbibition. Since the activity of .
aminopeptidase was barely detectable in thesevextrACts, the
extracts prepared froﬁ dry kernels were used for measuring
the enzyme activity. Dialyzed and undialyzed hemoglobin
solutions were uéed.as the substrate for measuring the

activity of endopeptidase. The dialysis was done to rid the

substrate of small molecular weight. Uv-absorbing material.

51 « , - h
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The activity of\endopeptidase in both corn and barley is
linear for the initial 30-45 mih. (Fig. 1A and 1B).
Overnight dialysis’of the substrate had no effect on its
susceptibility to hydrolysis. _

For measuring the ;ctivity of carboxypéphidase, both
dialyzed and undialyzed crude extracts‘were used.- Dlalysis
was performed to ~rid the extracts of amino 3cids and smail
peptides, which results in low background colour. Whereas in
corn, the activity df c;rboxypeptidase i$ linear up to 50-60
min, ft starts to plateau within 15 min when barley extracts
were used (Fig: 1C and 1D}. Dlalysis of the extracts had #o
effect on their activities.

The activity o§ aminopeptidase is constant up_ to 120
miﬁ, in both corn and barley (lE and 1F). The activities oé
eﬁdopeptidase and carboxypept?dase in extracts of endosperms
from corn and barley, six days after imbibition, are
summarizéd in Table" 3. The-exiracts from barley compared to
those from .corn, have a much higher proport}bn of
carboxypeptidase, since the ratlo bgtweén the activities of
carboxypepfidase and endopeptidase is respectively 41.5 and
5.5 in the two systems. Corn was used as a control system in
the initial activity measurement experiments only.

Subsequent work was restricted to barley. . -,

1.2. Gel filtration of crude:extract through-

Séphadex G-50 colqpn: The activities of "endopeptidase and

carboxybept!dase eluted in 'two separate peaks, when the
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Figure 1, Initial standardization of the peptide
hydrolase activities in extracts of corn (W64A x W1B2E) and
barley (cv. Bonanz;) endosperﬁs. The endosperms‘ were
harvested six days after imbibition. The extraction and

measurement of the enzyme activity were performed as

‘described «in the Materials ani/Methods. Saturating levels of

substrates were used to assay the 3 enzyme activities. The

rate of reaction was also linear with the increase in enzyme

. concentration. o o and x . x in A and B refer

to undialyzed and dialyzed hemoglobin, respectively. In C

rand D, these symbols refer to undialyzed and dialyzed enzyme
-

extracts, respectively. end. = endosp;rm.

The experiment was performed once with corn extracts
and twice with barley extracts. Enzyme assays were performed
iﬁ triplicate. Each point represents the mean of three

readings. The mean variation was less ‘than 5%.
\, .
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i extfacts from corn endosperms, harvested six days afte;
imbibition, gere passed through a column of Sephadex G-50
(Fig. 28}‘122). A barley eﬁdosperm extract was also passed
through a similar column of Sephadex G-50. Co-elution of
both the activities occurred showing that the elution
pehaviour of peptide hydrolases is different in barley and
corn (Figs. 2A and 28).

' «
1.3. Pime-course of the appearance of peptide

hydrolase and w-amylase activity: The appearance of peptide

hydrolase and X-amylase activity in barley (cv. Bonanza)
endospe:ﬁs, following imbibition, is shown in Figure 3.
Levels of ‘both K~amylase and carboxypeptidqéé activities‘are
low in the extracts from dry kernels. After a lag of 1-2
days, their levels increase sharply and reach a peak between
4 and 6 days. Endopeptidase activity, on the other hand, is
barely detectable in the dry kernels., It starts to increase
after a lad of 3 days and peaks between 7 and 8 days.

The appearance of carboxypeptidase and endopeptidase
activity following imbibition in another cv. of barley,
Perth, is shown 'in Figure 4. Reasons for selecting this -
cultivar will be evident in the following sectiop. The level
of carboxypeptidase activity is low in the extracts from dry
kernels. After a lag of 1-2 days, its activify starts to
increase sharply and peaks between 4 and 5 days. The

activity of endopeptidase is barely detectable in the

extracts from dry kernels. It starts&to increase sharply
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Table 3: Comparison of Peptide Hydrolase Activjties in
Extracts of Corn and Barley Endosperms Germinated
for Six Days.

System Enzyme Units®™ endosperm Enzyme Units/g fresh

oystem /

, ) , .weIght
EP cp Ratio - EP

—_—

|t
CP ~Ratio

7

/

Corn 0.6 + 0.1 3.3+ 0.4 5.5 4.2 + 0.4 23.1 +2 5.5

Barley 0.2 + 0.1 8.3 + 0.8 41.5 6.0 + 0.9 249.0 * 34 4L.5

e e e - i k] T P T — = A - > o e e e S8 LS

The extracts were prepared from endosperms of seedlings grown

. for six days after imbibition. Extractions and-the enzyme

Y

aésays were perfprmed as described in the Materials and
Methods. WFatJrating levels of the substrates were used for
assaying enzyme ‘activities. The experiment was performed
once with corn extracts and two Eimes with barley extracts.
Mean values + 1/5 range between minimum and maximum is given.
EP.- endopeptidase, CP = cagboxypeptidase.

* { uni; of EP = A A280 nm/l15 min. ~

1 unit of CP = A A570 nm/15 min.
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Figure 2a. Elution profile of barley (cv. Bonanza) crude
extract through Sephaaex G-50 column (2.8 x 40 cm). The
extract was prepared from 250 endosperms of seedlings grown
for 6 days. The extraction, protein concentration, and gel
filtration were performed as described In the Materials and
Methods. Flow rate was 0.7 ml/min. Each fraction was
approximately 4.2 ml. Void volume (Vo) was approximately 66
ml. One relative unit for endopeptidase, carboxypeptidase
and protein 1§; 6 A 280'nm/fract?on/hour, AA 570
nm/fraction/hour, and A 280 nm/fraction, respectively.

The experiment was performed once. 'Enzyme assays were
performed in duplicate. Each point represents the mean of

two readings. The mean variatian was less than 5%.

Figure 2b. Elutfon ptofile of corn (W64A X W182E) crude
extract through Sephadex G-50 column (3 X 40 cm). {(Courtesy
Winspear, 122). The extract was prepared from 30

endosperms. Other details are same as in ‘Pigure 2a.

.
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Figure 3. Time-course of tpe 6ppearance of alpha-amylase,
endop;ptidase, and carboxgpeptidase activities In barley (cv.
Bonanza) endosperms.  The endosperms-ﬁere harvested at
different times after Ambibition. The extractions and enzyme
assays were performed as described }n the Materials and
Methods. One enzyme unit of alpha-amylase, endopeptidase,
and d$1boxypeptidase is: A A 620 nm/endosperm/hour, A A280
nm/endosperm/hour, A A 570 nm/endosperm/@ouf} respectively.
The wholé experiment was performed once: But for early
period, i.e. up to 72 hours after 1mbiﬂition, it was repeaged
one more time and.a similar trend was d%%erved. ﬁnzyme
assays were performed in duplicate. Each peint represents

tQixmean of two readings. Bars represent the range between
i

minimum and maximum values,
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Figure 4. Time-course of the #ppearance of endopeptidase and
carboxypeptidase activities in barley (cv. Perth) endosperms.
The extractions and enzyme assays were performed as described
in the Materials and Methods. One enzyme unit of
endopeptidase‘ and carbéxypeptidase is: H A 580
nm/endosperm/hour and A A 57b nm/endosperm/hour,

respectively;

The whole experiment was pérformed once. But for early

period, i.e. up to 72 hours after imbibition,\it was repeated
one more time and a similar trend was observed. Enzyme
assays were performbi in duplicate. Each point represents
the mean of t&? Eegdtngs. Bars.represent the range between

minimum and q:ximum values.
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after a lag of 3 days and peaks between 6 and 7 days.

1.4. Screening of barley cultivars: The induction

of hydrolases, such as m—amyaase ang protease by GAq in
barley (cv. 'Himalaya') is well documented (24, 72§;F)116).
The GA3—indchd proteases have been implidated in .the
fobilization of stored carbohydrates and proteins in bariey
ipdosperms (8, 56, 102). A dependence of the inigial steps
of protein hyd;oysis on qtj//gas, however, never been
examined.. A GA3—responsive cv. pf barley.waé therefore
sought to examine this point in detail. Five'cvs of barley,
i.e., Bonanzé, Bruce, Eirose, Herta, and Perth, wére screened

to test whether the induction of o—amylase was depenhent on

..’—'_/"

phe presence.of GA5. Of these, cv. ‘perth' showed a, good
resﬁonse in the presence of dA3; with low backgrpunh activity
in the control samples (Table 4). This cultivar was'ghosen
for aetailed work.

[y

1.5. Time-course of the appeérance of uramylasé and

protégse activities tin ‘embryo—less\ efdosperm pieces: - The
hydrolysis of storage proteins can be initiated under td@
conditions: a) following imbibition and normal,gerﬁinaéiong
and b) ‘incubation. of the embTyoless endospe€Tfs in an
apprqﬁ:igte buffer containing GA,. The technique of half- -
kernel incubation has b;en'used extensively in the induction .
studigs of draﬁylase by GAj. The Sjgséquent serieé of

experiments. designed to.-inyestigate pro ein hydrolase were:

"also performed Esiﬁg the saffe technique. /)
-
N
- 3
™ »”
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Table 4. TInduction of X-amylase Activity in Five Cultivars
of Barley Half-Kernels by Gibberellic Acid.
-

s

L
amylase Activity e
: Medium Half-kemels Total
Quitivars <A, 1Ay GAy Ay @y Gy
Braza 0.9+0.2  7.9+03  1L2+0.5  2.2+0.1 21 © 9.1
Boce  0.1+0.1  0.4+0.1 - - - 0.4
Elrose - L5+0.2° €9 +0.1. l4+0.2 0.9. 2.9
Herta - 20401 - 2.7+0.1 - 4.7
Ferth 0.5+0.3 14.3+0.9 03 +0l1 11,6+08 0.8 2.0

Half-kernels werg incubated for 48 hours in the ﬁresence (+)

and- absence {-) of GA (5 uM) as described in the Materials
3 ¢ - _

qnd Methods, awahylase'aﬁxiufty was determined using.thel
starch hydrolysis test. The actiyity is represg&ted as
change in absorbance ( A620 nm)/min. ;OIendosperms or media).
The experiment with Perth has been repeated many times, and a
similar trend noted. Values are represented as means + range

1

bétweeq minimum and maximum of three determinations of one
- F] . .

experiment., Dashes (-) denqte barely. detectable activity.

a... '

W
!
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" Table 5. Effect of Gibberellic Acid on m—Amylase and
Protease Activity in Barley (cv. Perth) Half-

Kernels.
ey ' :
Treatment : o -amylase - Protease
(days) ' J;g starch/min. endosperm g tryptophan/mlne endosperm
- Ay | 4GAy ~GAy +Ghy
0 . 27%0.1 -
:2.. 3.4+ 0.1 140 + 6 0.1 + 0.1 0.3 + 0.1
4. 2.5+ 0.1 240 + 14 0.1 + 0.0 0.6 + 0.1
6 , 3.7 + 0.3 3M + 18 0.1 + 0.0 0.6 + 0.1

Half-kernels were incubated for-2, 4, and 6 days in the
presence (+} and absence (-) of GA3 (5 uM). c-amylase

activity was determined using the starch hydrolysis test and

protease activity was measured using hemoglobin as described

in the Materials and Methods. The experiment htas been
repeated several times and a similar trend observed. Values
“are représented as means # standard deviation of‘khree

experiments.

1
i

LY.
(-) dash denotes barely detectable activity

\

pseemT T



67
Embryo-less endosperm pleces were incubated in the.
presence qu absence of GA3 for difﬁefent timés, and the
activities of ®~amylase and protease were measured. In the
absence of GA4, levels of both the Aitivities rem§1qed low up‘
to 2,‘4, and 6 days after incubation (Table S). In its
presence, however, the X-amylase activity increased about 45-
fold within 2 days of Incubation. A 200—fo}d increase in its
activity was noted with a prolonged incubation period. The
protease activity shows a 2-fold increase within 2 days of
incubétion. Maximum act&vity was noted aftef 4 days of
incubation. A 5-fold increase in the activity of
carboxypeptidase was rfoted after a 6 day incubatton period.

l.6. 0pt1mization of embryo less endosperm

.dncubation test for protein hydrolysis: Changes in the

concentratign of ®-amino nitrogen in’fﬁ§7ﬁedia was chosen as
a criterion to estimate the, extent of protein hydrolysis.
The ninhydrin method was used to measure its amounts. A
jfandard curve of alanine between 0 to 0.200 umoles/0.5 ml

concentration showed a linear relationship with the

absorbance (Fig. %).

1.6.1., PH optima: 1In order to determine the optimum
PH of the incubation medium, endosperm incubations were set

up at gdifferent ﬁH's, 4.1, 4.8, 5.2,+«6.0, and 6.5, in the

- I

-absiggg and '‘presence of GA3. The levels of ®k-amino nitrogen

_were measured both in the7media and soluble extract of

endosperms. In the absence of GA3, similar levels of K-aminq

S

.

-
N

N
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nitrogen were observed at different pH's (Fig. 6).
Approximately the same levels of %-amino nitrogen were

present in the Iincubation media and endosperm extracts. In

the presence of_GA3 and at pH 4.1, however, a 2.5—fold‘

increase in the levels of %-amino nitrogen was noted (F{g.
6). At pH 4.8 and 5.2, the levels iﬁcreased by 4.5-fecld. Up
to 75% of the X-amino nitrogen was released into the medialin
GAj-treated samples. At higher pH's, i.e. 5.9 and 6.5,
however, GAj3 additions did not result in increased rates of
protein hydrolysis, since a similar level of ®-amino nitrogen
was noted in the contro! and GA3—treated samples, An
fncubation medium of pH 4.8 was used in subsequent
experiments. ' .

1.6.2. Optimum GA, concentration: Endosperms were

incubated in the presence of 1, 5, 10, 50, and 100 pM
éoncentration of GA,, to determine the optimum dose of thié
growth regulator. - A control set was incubated in its
absence. A 3.5-fold increase in the levels of X-amino
nitrogen was noted when half-kernels were incubated in the
presence of 1 and 5 uM concentration of GhA, (Flg. 7).
Reduced levels were noted at higher conéentratdons of GA;. A
five M concentration of GA3 was used in the subsequent
‘experiments.

1.6.3. Time-course: Endosperms were incubated in

the presence and absence of GAj for different times. The

release of -amino ritrogen Aﬁto the ihcubatidn media is

/- - -

w7

e
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Figure 5. ‘Linear }elationship between different
concentrations of alanine and absorbance. The alpha-amino
nitrogen was estimated using ninhwdrip"rgageng. The
preparation of ninhydrin reagent and the asgay was pérformed

as described in the Materials and Methods,

-

The standard curve was performed with each experiment. The
.
variation between different experiments was less than 10%.

The test samples were performed in tripljicate. Each point

represents the mean of three readings. Bars represent the
r

.

range between minimum and maximum values within one

experiment. (

\
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Figure 6. Effect of different pH's on the release of alpha-*
amin;) nitrogen in barley (cv. Perth) endosperms. Embryo-less
enﬂosperm pieces were incubat;ed For 48 hours in the buffer
media of different pH's (shown in the figure) as described in
the Materials and Methods. The levels of alpha-amino
nitrogen were measured using ninhydrin reagent. The
stippled and clear accar of‘hi's‘togram represent the levels of
alpha-amino nitrogen estimated in the incubation media and
the extracts of 'endosperm pieces, respectively. - = absence /
of GA,; + = presence of GAy (5 pM}. The experiment w;s/
performed once and all measurements were. performed in

triplicate. Bars represent the range between minimum and’

maximum values.
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Figure 7. Effect of different cdoncentrations of gibberellic
acid on the release of alpha-amino nitrogen in barley (cv.
Perth) endosperms. Embryo-less endosperms were incubated for
72 hours in the buffer media (pH 4.8) éontaining differént
concentrations of gibberellic aclid. The estimation of alpha-
amino nitrogen with ninhydrin reagent was performed as
described in the Materials and Methods. The levels of alpha-
amino n{trogen‘were measured in the media (stippled area) and
the éxtracts of endosperms (clear area). The experiment“bés
performed once, and ‘all measurements were performed in

triplicate. Bars represent the .range between minimum and

maximum values.

1
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Figure 8.  Time-course of the release of alpha-amino nitrogen
in barley (cv. Perth) endosperms. Embryo-less endosperms
were incubated in the buffer media (pH 4.8) for different

times in the presence (+GA3) and absence (-GA3) of

~gibBerellic acid. The levels of alpha-amino acid nitrogen

were éstimated using ninhydrin reagent in the soluble
fgaction (media + soluble extracts of endosperms), as
aes?ribed in the Matgrials and Methodqd The experiment was
performed twice and all measurements were berformed in
tripliqafe. The mean variation between two experiments was +
5%. Eéch‘point represents the mean of three readings. Bars

. . A
represent the range between minimum and maximum values.
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shown in Figure 8. In the absence of GA3,‘the levels of X-
amino nitrogén remained low up to 2 days, after which ; slow
increase was.néted. The levels imcreésed about 2-fold by 4-5
days of incubation p;riod. In the presénce of GAg, the
levels of «-amino nitrogen remained (low up lo 1 day, after
whi'ch a sharp increaSe was notéd up to 4 days. Compared¢ to

the cént}ols, about 4-fold higher‘levels Qere noted by 5 déys

f -~ . . ( .

of incubatio in the presence of GA,. Since levels of

ot-amino nitrogen show a ainear increase up to 4 days, the
-

hydrolytic prodficts in subseguent experiments were analyzed

in samples incubated up to 72 hours. “

2. GA5 and Overall Protein Hydrolysié: . ) .

Gibberellic acid induces a number of broteolytic'
activities in the embryoless endosperms of barley (56, 75,
102), Such activities have been measured usdng model
proteiﬁs, e.g. hemoglobin, casein, and synthetic dipeptides,
as Substrates..‘ The implication that the hydrolysis of
‘storage proteiné is depeﬁdent :on these proteases has,
however,; not been‘experimentally substantiated. lIn the
Eollowiné set of experiments, I wanted to examine: as whether
the ;verall protein hyérolysis was dependent on the presence
of GA3; and b) the nature of hydrolytic products.

e
2.1, Redistribution of total nitrogen into soluble

~

and insoluble fractions: .ﬁizgfgtal nitrogen stored in mature

barley kernels is 'distributed in the soluble (buffer
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extractable} and insoluble (propanol extractable prolamins
and the alkali sbluble‘glutelins) fract&ons. The hydrolysis
of insoluble protein reserves should result in an increase in

total nitrogen in the soluble fraction. Redistribution of

-totai nitrogen from the insoluble to the soluble fraction is

shown in Figure 9. AWhen embryoless endosperms were used as
experimental material, GA; was required §:ikhe media for
appreciable protein hydrolysis, Approximately 12% of the
total nitrogen in dry kernels was recovéred in the soluble
fractién. TCA-soluble and TCA-breciﬁitable material were
present in about equal proportion in this fraction. There
was no significant change in the distribution oﬁ@tgtai
nitrogen in the absence of GA3 up to 60 hours, fg the GA,-
treated samples, however, 35% of the total nitrogen was
recovered in the soluble fraction after a 24 hour incubation
period. The increase was observed‘ih both TCA-soluble and
TCA—prgcipitaﬁle'material. A concomitant decrease 'in total
nitrogen of the insoluble fraction (prolamins + glutelins)
was also apparent. The proportion of nitrogen in the soluble
fraction increased to about 70% dur1ng the next 36 hdurs. In
the samples treated with GAq for 60 hours, about 60-70% of
the total increase was observed in the TCA-soluble f}aétiqn,
suggesting that peptideé and amino acids were the predominant

components in the soluble fraction. In the presence of GA3,

an increase in total nitrogen was, therefore, noted in both

e

TCA-soluble and TCA-precipitable material, This result

.
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Figure 9. Distribution of the total nitrogen in different
prote{n fractions prepared from barley (cv. Perth)

endosperms. Embryo-less endosperms, were incubated in the

‘.
_presenée (+)’and absence (=) of gibberellic acid’ (5 pM) for

times shown in the figure. _Diff&rent“fractidns, i.e.,
albumins, globulins{ and prolamins, were extracted as
described in the Materials and Methods. Total nitrogen was
measured'-in the three fractions and the remaining" residue
containing glutelt{s, a; descrfpeﬁ'{n_thé Materials and .
Methods. SUPERNATANT = soluble fractionj- PELLET = insoluble:
proteins (prolamins + glutelins). |

The whole experiment was repeated two timés and a similar
trend was observed. All measurements were performed in

triplicate. The means are indicated and bars  represent the

range hetween minimum and maximum values.
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suggests that the overall hydrolysis of proteins i% dependent
- -

I

on the presence of GAj. 4

2.2. Quaglitative changes in the spectrum of

éolypeptides: In response to GAg, a2 loss in total nitrogen
from the insoluble fraction and an increase 4n total nitrogen
) 3

- in the soluble fraction were noted. It is possible that the

release of one or more of the large poiypeptide fragments

from the hydrolysis of hordein account for the observed

changes in total nitrogen in the soluble fraction. This

possibility was tested by comparing the electrophoretic
v

. profile of polypeptides on polyacrylamide gels in the

presence of SDS.

2.2.1. . TCA-precipitable material in the soluble
fraction: SDS-PAGE profile of large' polypeptides

i e i e e i

precipitated from the soluble fraction is shown in Figure 10.
In the samples incubated in the absence of GAg, compared to
controls (0 time, solqble_prdteins from unincubated kernels),

-

‘ )
.no major change in the profile of polypeptides is seen up to

36 hours.” In the presence of GA3, the banding pattern

remains largely unchanged at 12 hours, after which an
Y- -4 » X "

increase In intensity of the band around 42 kDa (Fig. 10) was

noted. On the basis of the electrophoretic mobility, this

band was tentatively identified as X-amylase polypeptide.

2.2.2. Hordein polypeptides in the insoluble
fraction: SDS;PAQﬁ “profile of hordeins from the residual

: 4 . . -
pellet is shown in Figure 11. In the absence of GA,,

9
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Figure 10. SDS—PAGE‘gnalﬁsis of polypeptides in the soluble
fraction (media' + soluble extracts) .of barley (ch“Peth)\\
endosperms:\\Thirty embryo-less endosperms’ were incubated for
different times in the‘pr?sence.(+) and absence (;) PE
gibberellic acid (5 pM). éolypept;des in the soluble
fracticns were pnecipitated'ﬁsing 108 TCA. Electrophoresis
was pefformed using 12.5% gel in presence of §SDS5, as
described in Materials and Methods. Approximately 75 pl of
samples (50—70'yg‘of proteins) were loaded in different
wells. H = hours. Protein‘mole mass (MW) standards ‘'were BSA
(68 kDa ), ovalbumin (45 kDa ), trypsinogen (23 kDa ), and
cytcochrome C (12 kDa ). ArrOﬂ indicates the position of

alpha-amylase polypeptide. ' The experiment has been repeated-

several times and essentially similar results were obtained.

{



" 0 121248 18 2424 36-36M O

Y

TIME OF INCUBATION (hours)

- Mw



84

figure 11. SDS-PAGE analysis of hordefh polypeptides in the
prolamin fraction of Sarley {(cv. Perth) endosperms. Thirty
embryo-less endosperms were incubated for different tlmes in
the presence (+) and absence (-) of gibberellic acid (5 uM).
The pro{amins were extractedlas described in the ﬁateiials
and Methods. The hordein.polypéptides were electrophoresed
through 12.5% gel in presence of SDS and ;téined with
Coomassie Br;liiant Blue R, Equal wvolumes were loaded in
each well, Protein.éonéent varied bethen 10-50 ug ;.=
hours; 0 = prolamins from dry kernels; ;32, —lé, -24," and -60
= prolamins extracted from endosperms incubated for 12, 18,
24, and 60 hours in the absence of glbberellic acid; +12,
+18, +24, and +60 = prolamins extracted from endosperms
incubated\for 12, 18, 24, ‘and 60 hours in -the preseﬁce of
.gibberellic acid. Protein mole mass {MW) standards were BSA
(67 kDa) and cytochrome C (12 kDa).

The experiment was repeated two times, and similar re;pits'

]

were obtained. - .
/

-
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compared to controls (0, unincubated kernels), no major
)

change:is detected-during the initial 60 hours of incubation.
In the GA3— treated samples, however, a gradual loss of
staining intensity of the major bands w{th long incubation
periods was noFed. This result §ngests that an observable
loss o? the hordein polypeptides requires the presence of
GAjy, and that this loss is of a general nature, i.e,;no one
single pélypeptide is preferentially degraded.

2.3. Anélysis of the methanol-soluble fraction:

Following the addition of GA3,‘an incredgﬁ‘in total nitrogen

‘was noted in the methanol-soluble fraction. This increase

may be due to either solublg'peptides of uniform or-

. - : . . s : ’
.heterogenecus sizes, and/or amino acids. Analysis of
methanol-soluble fraction is summarized below.

- 2.3.1. Amino acid estimation: The_aﬁpearance of o(-

qmino nitrogen in the methanol-soluble fraction of the media
is shown in Figure 15. In the .absénce of GA,, the level of
®-amino nitrogen remained low for the entire incubation
period. In'the ﬁresenoe of GAj howeve;, about 2.8-fold and

*

8-fold higher levels were noted after = 24 hour and 72 hour
incubation‘peribd, respeqtivelyi This result suggests that
the major release of amino acids and peptides occur between
‘54 aﬁd 72:hours of incubation period. .

< 2.3.2. Proline estimation: Proline is one of the

predominant amino aciﬂ;’in the hordein proteins. The time-

T —

L

¥
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Figure 12, Time-course of the release of alpha-amino

Anitrogen in the methanol-soluble fraction (media + soluble

extractgj of barley {cv. Pgrph) endosperms. Thirty embryo-
less endosperms were incubated gor differént times in. thé
presence (+) and absence-(—J of” gibberellic acid (5 pM). The
alpharamino niﬁroéen was estimated using the ninhydrin
feagent“a; described in' the Materials and Methods. The
experiment was performed once and all measurements were

performed in triplicate. PRach point represents the mean and

bars represent the range between minimum and maximum values.”
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course of -its appearance in the methanol-soluble fraction of
‘the media was followed. A standage curve of proline beeween
0-75 pmoles/ml shows a 1linear }elatienship between the '
concentration and absorbance- (Fig. 13).. in the absence of-
GAy, the levels of proline remained low up to a 72_hodr_o§
incubation ‘period (Fig. 14). In the GA3—treated samples,
however, the levels of prollne 1ncreased slowly up to a 24
hour period; after which a.sharp increase in its level was
noted up to 72 hours. This result shows that the ma3or
release of proline occurs between 24 apq 72 hours after the
initiation of the experiment.

' 2.3.3. Presence of peptides:s Release of peptides
may aleo.account for an increase in tetel'niprogen in the
megbanol—soluble fraction. If peptides were -the initiad

products, a higher proportion of eh}no acids shodlé be

recovered in the peptiée—bound form at early times. The

.

concentrat1on of different amino acids was estimated after

thexr separation. Amino ac1d separation was achleved using
an HPLC. A mixture of 20 standard am1no\ac1ds and an
internal standard,.X-alanine were passed through an-HPLC to
determine their elution time. The elutlon profile is shown
in Figure 15, Proline is not detected because of an absence
of a primary amino group. .Amino acld concentrations were
estimated in the.metﬁanol-soluble fraction before (BH) and

after (AH) hydrolysis in the presence of 6 N HCl. The data

are summarized in Table 6. The ratio of amino acid



90

Figure 13. Linear relafionship between different
concentrations of proline and absorbance. Proline was
measured under highly acidic conditions using ninhydrin

reagent according to the method of Chinard (2la) as described
N ‘ . "
in the Materials and Methods. This method is specific for

e

proline and presence of other amino acids does not interfere

with proline measurement. The standard curve was performed

with each experiment, and all measurements were performed in
duplicate. Variation in different experiments was less than

5%, ’

Each point represents the mean, and bars represent the range

between minimum and maximum values.

#
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Figure 14. Time-course of thé release of proliné in the
methanol-soluble fraction (media + soluble extracts) og
_ barley (cv. Perth) endosperms; Thirty embryo-less endosperms
were incubated for different times inAthé presence (+GA3) and
absence (-GA,;) of gibberellic acid (5 pM). Proline was
measured by ninhydrin reagent according to the method of
éhinard (2la) as described in the Materials and Methodsf

The whole expgriment was performed once, and all measuréments
were performed in triplicate. Each point represents ;he
.mean, and bars re%resent the range betweén minimum and

maximum values.
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.Figure 15. Elution profile of OPA-derivatized amino acids.
lA mixture of amfno acids was passed through an Altex 5p
Ultfaspgére ODS column {4.6 x 250 mm) using a Beckman HPLC.
.Before samples were .injected, the aminolacids were
derivatized wfth DPK. The -gradient and detailed methodélogy
are describéé’iﬁ the Materials and Methods. Standards were

run after 4-5 test sambles.
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Table 6. Concentration of the Different Amino Acids in the
Soluble Fractions of Barley (cv. Perth) Half-=’
kernels

w . 3

Concentration of Amino Acids (pM/Assay).

amino Acid =24 H + 24 H -48 H +48H -T2 H +72 H
cys 0.00 0.00 0.00 0.00 0.00 0.00
Asp 122.60 111.28 126.16 209.55 97,56 279,23
Glu 138.38 139.40 114,95 357.43 93,25 512.96
Asn 109,35 89.88 102.41 132.89 74.39 163.88
Ser 8.77 116.68 18.50 521.83 17.03 853.79
His 7.27 13.69 8.76 52.77 -+, 9.81 89.26
Gln 42,85 924,11 49.10 3324.41 ™ 52,42 4014.69
Gly 3,64 22,50 4.66 127.98 0.00 229,41
Thr 6.00 40.77 7.25 202.50 .76 315.39
Arg -’ . 15.34 133.77 19.AR2 545.06 18.01 763.82
BAla 800.00 800.00  800.00 . 800.00 800.00 800,00
Ala 73.02 263.19 $5.07 879.53 38.05 1196.16
Tyr 17.04 165, 36 19.37 741.78 20.04 1147.79
Gaba 0.00 0.00 0.00 0.00 0.00 0.00
NH4 0.00 79.74 _ 45.68 155.73 45.57 220.17
Trp 37.88 81.68 34.77 229,30 29,65 281.08
Met 2.93 52.80 6.54 205.14 8.03 278.45
val 31.19 243.43 19,17  804.35 38.85 1153.32
Phe 20.28 182.27 27.57 801.30 27,07 1158.26
Ile 13.13 139.25 14.23 502.71 17.08 710,77
Leu 42,51 531.43 53,45 1648.76 59,08 2218.98
Lys . 21.42 63.31 7.40 247.13 16.26 355.94

.

Thirty half-kernels were incubated for 24.48 and 72 hours in
10 ml media in presence {+) or absence (-) of GA, {5 pM).
Soluble Fractions were prepared as described 4n the "Materials
and Methods.  The amino acid concentration was determined
after separation through an HPLC according to the method of
Winspear and Oaks (123).

[
Al

"
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concentration in both the conditions, 1.e. AH/BH, was
determined, This ratio reflécted the relative proportion of
amino aciés in the peptide-bound fraction. It was greater
than one Ffor most of the amino acids, whén samples were
incdbated for 24 hours in phe presence of GA3 (Table 7{. A
time-course experiment sh;wed that arginine, isoleucine,
leucine) and valine are the four amino acids whose ratio
(AH/BH) approaches unity within next 24 hour‘incubation
perhqd. This experiment suggests that amino acids are not
the‘initial products of hydrolysis of the hordeins.

The presence 5f peptides was also confirmed
spectroph;tpmetrically. Peptide bonds have high absorbaﬁce
. between 205 ana\230 nm, the UV range in which amino acigs
- have very low absorbahce (Fig. 16). .UV absorption spectra of
the methanol-soluble fraction are shown in Figure 17, 1In the
absence of GAj3, the concentration of peptides remained low up
to a 72 hoyr 1ncubakion period. 1In the GAj-treated samples,
howﬁ‘ér, the conqgntration of peptides inc}easéd by 2.5-fold
and '5.5-fold after a 24 and 72 hour incubation period,

respectively.

2.3.4. Separation into acidic (I), neutral + basic

-{II), and amide (III) fractions: The most abundant amino

acid residues in hordein proteins and the methanol-scluble

fractions are glutamate + glutamine, aspartate + spéraginé,
' ¢

and proline. Whereas the glutamic acid and aspartic acid

(and the peptides with these residues- at the C-terminal) are,
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Table 7. Changes in the Relative Proportion of Amino Acids

in the Peptide-Bound For@/jn_the Soluble Fraction
from Barley Half-kernelst

Ratio (After Hydrolysis/Before Hydrolysis)
: »

L}
%mino Acid 24 H 48 H 72 H
Ser 13.9 4.7 4.5
Hise , 54.2 14.3 '14.3
Gly . 92.1 18.2 12.7
Thr 21.3 6.6 6.4
Arg . 24.4 1,4 1.2
Ala T 4.7 1.9. 1.9 °
Tyr 3.4 , ™ 1.3 1.1
val 3.5 * 1.3 1.0
Phe 4.8 . 1.9 1.5
Ile 3.7 1.7 1.6
Leu o 2.7 1.1 1.0
Lys 9.1 2.1 2.0
Pro 14.1 4.2 2.9

Thirty half-kerﬁels were incubated for 24, 48, 72 hours (H)
in 10 ml media in the presence (+) or absence (-) of
gibberellic acid (S HM)  (see Materials and Methods). The
supernatant from crude homogenate was precipitated with 50%
methanol. An aliquot from methanol-soluble fraction was
subjected to hydrolysis with 6 N HCl for B hours at 110°cC.
Separation of amino acids after OPA-dérivatization\yas

: 5
achieved using HPLC, according to the method of Winspear and

Oaks {123). AH = after hydrolysis; BH = before hydrolysis.

- ~

. : >
Peptide-proportion of amino acid (aa) was estimated as

féllows: 5
(conc. of aa AH (+GA3) - conc. of aa AH (—GA3)

—— T —— — o —————————— - —

(conc. of aa BH {(+GA4) - conc. of aa BH 0LGA3
@

SEN

[ Y
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Figure 16. UV absorption spectra of cligopeptides,
Polyproline (50-80 proline rgesidues) was used at a
concentration of 0.1 mM. Other peptides and glycine were
used at a conceng?ﬁtion of 1 mM. :
The measurements were performed in duplicate. Each point

¢ .
~ represents the means, and bars represent the range between,

minimum and maximum values. .

»
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. Figure 17 UV absorptvon spectra, of peptides in the
methanol-soluble fraction (media + séluble extracts) of
barley (cv. Perth) endosperms. 30 embryo-less endosperhs
were incubated for 24, 48, and 72 hours in 10 m1 media in the
presénce (+GA3) and absenée (-GA3) off gibberellic acgid (5
M) | '

The whole experiment was perforﬂf?‘once and all measurements
were performed in duplicate. Meahs are indicated by each

point and bars represent the range between minimum and

maximum values.
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expected éo elute in the acidic fraction, the glutamine and
asparagine (and the peptides with these residues at the C-
Eerminal) should elute in the acidic fraction after
hydrolysis of the amide groups. proline and other amino
acids (and peptides with these residues at the c-terminal)
however, are expected to elute in the neutral + basic
fraction. Since, amino acids are not the initiai producté of
hydrolysis, it was of interest to.;ee: a) the fractions in
which peptides elute;'and bf the fréctions in which peptides
comprisi;g the three predominant residues élu;e. Peptides
and amino acids in the methanol-soluble fractions were
separated into the acidic, amide énd neutral + basic
fractions by ion-exchange chromatography using DoweXx columns
(86a) . The concentration of amino acids in each fraction was
estimated after {AH) and before (BH) hydrolysis with 6 N HCI.
in the acidic fraction, the fact Ehatlamino acids other than
glutamate and aspartate appear, indicates that peptides are
the, major components in this.fraction (Table 8). In the
neutral + basic fraction the ratio for most of the amino
-—acids was around one at 24, 48, and 72 hours of incubgtion
period. This 9?servation suégested the- presence of either
sméll peptides and/or predoﬁinantly free amino acids. In

generaihe levels of amino ah'as*were low in.this fraction.

In the de ~fraction, the presence of peptides was indicated
by the fact that alanine, tyrosfﬁe, valine, phenylalanine,

isoleucine, and leucine, were present in the hydrolyzed

-~

i
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.Table B. Changes in pPeptide-Proportion of Amino Acids in
Acidic (I), Neutral '+ Basic {II), and Amide (III)
Fractions Separated from Methanol-Soluble
Fraction. >

. 1f
Ratio (After Hydrolysis/Before Hydrolysis)

Acidic (I) Neutral +Basic (IT) Amide (ITI)

24 H 48H 72H 24H 48H T72H 24H 48 H 72H

hmnm Acid 7 .

asx  4.10 8.52 9.73 n.d. n.d. n.d. 0.88 0.81 0.82

Glx 9.71 13.10 7.67 n.d. nd. 1.1 1.04 0.98 x|
Ser  102.67 n.d. n.d.  0.97 "1.98 n.d. nd.  n.d.

His n.d. n.d.  n.d.  nd. 3,72 0.40  1.13 “aalw09

Gly 37.89 163.00 81.70 1.0l 1.08 ‘1.83 n.d.. n.d. nud.

e ' n.ds199.00 125.00 0.95 1.62 1.95 ‘n.d. n.d. n.d.

Arg °  n.d., n.d. 43,00 2.76 2.4l 3.25 n.d. nd. nads
Ala '12.00 31.50 33.25 - 1,03 1.05 1.51 3.75 2.85 5.50
Tyr i 'zloh 2,73 0.49 0.47 0.54 0.77 1.66 1.73 1.67
val _17;44 30,92 44.83 0.78 1.32 _1.21 5.76 16.57 n.d.
Phe .- 4.18 7.76 9.9l 0.84 1. L24 1.54° 2.36  3.15
Ile:  9.50 20,80 59.00 0.88 1.?§éﬁﬁ;gso 3.13  7.87 ' n.d.
Leu '5.45 12.35 . 32.62. 0.70 0.97 ;.1& 1.89 5.33 20.24

v

Thirty half-kernels -were incubated for 24, .48, and 72 hours

() in 10 ml media in €he presence or absence of gibberellic

acid (see Materiafsxand Methods). The supernatant from crude

 homogenateQwas precipitated with 50% methanol. An aliquot .
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from methanol-soluble fraction was separated into acidic (I),

‘heutral - + basic (II), and Jamide (III) fractions using ion-

exchange. chromatography (86a) The fgactions were hydrolyzed
for 8 hours with 6 N HCl at 119°C. Amfno acids were ana&gzed
in these fractions before ‘and after hydrolysis. Amino acids
were deribatized with:OPA and separated on a reverse phase

column using HPLC (123) - peptide proportion of 'the amino

acids was est1mated ‘by. computlng the ratLo oE amino acid

cqncentrat1on (after hydrolysis/before hydrolysis). n.d.

non-detectable. - Asx = aspartate + asparaqine, Glx
- . . .

glutamate + glutamine.

¢ Co . .
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samples obtained after 24, 48, and 72 hours of incubatjon
pe;iod. For estimating the proline concentration, a
coiorimetric test was used. Figure 18 summarizes its
concentration in the tprée fractions. Proling: as expected,
was recovered mainly in the neutral + basic fraction. It was
released mainly as a free amino acid during an initial 48
hour incubation period, after which ‘pPeptides containing
prbline were also releaseé. Such pebtides were . also
recovered in the acidic and amide fractions. The probortion.
of proline containing peptides was more in the amide

fraction.

2,3.5. Separation of .peptides using Sephadex size

exclusion columns: Peptides in the methanol-soluble fraction

may be of either uniform or heterogeneous. sizes. To assess

_the complexity of peptides appearing in the media, a gel

filtration technique was adopted. Peptides were first

separated .from the amino acids. It was achieved by passing
the samples through a column of Sephadex G-10.

~ The eiution profile of marker peptides through’ this
colquﬁis.sbown-in Figure i9. Cytochroﬁe C (11,7 kDa) eluted
with the void.volume. Whereas the elution of poly-proline.
(50-80 proline fesidues),'insulin chain A (21 amino acid
residues) and chain B (30 amino acid resjdues) was only
slighily retarded, peptideé.with less than 9 amino acid
residues, e.g. leupeptin 13) qnd\Pradykinin (9); and aminon

acids co-eluted later (160 ml :B the elution volume).



107

Figure 18. Estimation of proline in the acidic, neutral +
basic, and amide fractions. The fracticns were separated
after ion—;xéﬁange .chrématography of the methanol-soluble
fraction (media + solﬁble extracts) of barley (cv. Perth)
endosperms. Thirty‘embryo—less endosperms were incubated for
24, 48, and 72 hours in 10 ml media in the presgnce and
. absence of gibberéllic acid (5 pM). Values in the absapce of
gibberellic acid were very low’and therefore not shown.
Dotted lines indicate estimations after hydfolyéis in the

presence of 6 N HCl, and solid lines indicate estimations
: ]

before hydrolysis.

, : C i
The whole experiment was performed once, and all measurements

te performed in triplicate. Each peint represents .the
means,\and bars represent "the rangé between minimun and:

maximum values.

R
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Elution profile of standard peptides and

tryptophan through a column (1.3 x 90 cm) of Sephadex G-10.

1 =

and

and
210
and

The

cytochrome C, 2 = peolyproline, 3 = insulin chain A and B,'

4 = bradykinin + prolyl-glycine + leupeptin.

(e]

‘nm, respectively.

X L X

o, show absorbance at 280 nm (tryptophan) a&and

aromatic amino acids at 280 nm.

calibration was performed once.

e

Peptide bonds were measured at 210 nm

-
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Peptides of about 9 amino acid residues or less + amino acids
were thus separated from larger peptides.
Sephadex G- 25 column was then employed to separate
peptides of different sizes. The elutlon profile of marker
'peptides through th1s column is shown in Figure 20,
Cytochrome C eluted with the void volume. Elution of poly-
Proline and insulin chain A and B is retarded by 15 and 30 ml
of the elution vofume. The elution profile of the samples
showed two broad peaks (Fig. 21 and 22). Whereas peptldes
eluting in the first peak range in size from 50-70 amino. acid
residues in length, those eluting in the second peak range
are between 15 and 35 amino acid residues. Pept1des of'each
class size were pooled and termed 'peak I]_and 'peak‘IIJ;
1respectively, 1In the absence of GA4, no change in the elution
profile and/or relative pProportion of peptides in ‘Peak I' and
'peak II' was noted up to 72 hours of 1ncubation (Fig. 21). An
‘overall decrease in the concentration of peptides in both the
peaks'was, however, apparent. In the pPresence of. GAj3, the
-proportron of peptides in peak I'. decreased with longer
periods of 1ncubation (Flg. 22). . A corresponding increase in
the proportion of peptides An 'peak 1II' was also noted.
Peptldes in peak ;' accounted for about 43% of total nitrogen
in the methanol-soluble fraction at 24 hours, and about 11% by
72 hours (Table 9). During the»samé period, the proportion of

.total nitrogen inp'peak,II' peptides_increased,from_dzi to 50%.

<
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Figure 20. Elution profile of 'standard peptides and
tryptophan through a column (1.3 x 90 cm) of Sephadex G-25.
1 = cytochrome C, 2 = polyproline, 3 = insulin chain A and B,
and 4 = bradykinin + prolyl=glycine + leupebtin. X %
and o o, show abhsorbance at 280 nm (tryptophan),' and
210 nm, respectively. Peptige bonds were meaéured at-210 nm -
and aromatic amino acids e‘lt 280 nm. ‘
/ 'I'h_e calibration was per’formed once. -

-~

»
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f
‘kF19ure 21. Elution proffle of peptides in the methanol-
“soluble fraction (media + soluble extracts) of barley (cv.
N 1
Perth) endosperms through Sephadex G-10 and G-25 columns (1.8

/
X 90 cm). Thirty embryo-less endoéperms were incubated for
24, 48, and 72 hours in 10 mllmedia in the absence (J) oﬁr
- gibberellic a;id.' The peptide bonds were measured at 210 nm.
A = absorbance. -

The whole experiment was performed two times and a similar

trend was observed. ' w}

Venr o
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Figure 22. Elution profile of peptides in the methanol-

_.éoluble'fraction\(media + soluble extracts) of -barley (cv.
¢ Perth) endosperms through Sephadex G-10 and G-25 columns (1.8
X 90 cm) . Thlrty embryo -less endosperms were‘incubated,fo{
24, 48, and 72 hours in 10 ml media in the presence +) of

glbberelllc acid (5 pM) .. 1 i with numbers I and 1II

’

indicate the fractions ppoled in: peak'If'and 'peak I1?,
respectively. . The peptide bonds were measured at 210 nm. A
= absorbance.
The whole experimqn}.was,pexf;rmed-two‘times and a similar

"

trend was observed.
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Table 9. Balance Sheet of Total Nitrogen'in Pellet (Prolamin
’ and Glutelin)}) and Soluble Fraction (Methanol-
Soluble Fraction, 'peak I', 'peak II', and the
Fraction Containing Cligopeptides plus Amino Acids)

Prepared from Barley (cv. Perth) Endosperms.

+72 H -

* Total Nitrogen (mg/30 endosperms)

Sample ‘ Pellet SF MSF ‘peak I’ 'peak II' OAA
Initial 10.5 1.4 - - - -

: A ‘
-24 H »11.4 1.6 0.7 0.2 , 0.4 0.03
424 H 8.1 3.7 2.1 0.9 0.8 0.04
-72 H 10.5 1.6 0.1 0.1 . 0.4 0.05

0
v« f
2.

3 10.9 7.2 0.8 3.5 1.90,.

Extracts were prepared Eroﬁ/30 half-kernels incubated for ‘24
and 72 hours in 10-ml of media in the presence (+) and
absence (). of GAg. Large polypeptides were precipitated
usiﬁg 50% methanol.. The methanol-soiubie fraction was
succeséively paééed through Sephadéx G-10 and G-25, and '}eak
I', 'peak II'; and oligopeptides plus amino acids (OAA) were

collected‘as-deséribed ih the Materials and Methodé. Tq

nitrogen content was fMeasured in fhgse fractions accordj to

the method ¢f Kaplan (58). The experimehﬁ was repeated once
more and a similar trend was noted. Variation be en thex
two experiments was less than 10%. SF = soluble fractioﬁ;
MSF = lnethanol—soluble' fraction; OAA = oligopeptidéé plus

amino acids. Dashe® (-) = sample not done. -
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The proportion of total nitrogenrin the fraction containing
oligopeptides and amino acids increased from 2% to 26%. This
result clearly éstablishes that:'a)_peptides of heterogeneous
sizes are present in the; methanol-scluble fraction of the
media; b) the elutioﬁ profile and thq'relatibé proportion of
peptides in 'peak I' and *peak II' do-not exhibit significant
changé, when endosperms are incubated for 24, 48, agd 72
hours in the ébéence'of GAg; ;) in, the presence of GA4
peptides of large sizes‘appeéred in the media at early times,
i.e. 24 hours; and d) with lonqer perjods bf incubation, i.é.
72 hours, in the presence of QA3; the proporﬁion of‘small

<
size peptides and.amino acids increased.

2.3.6. 'N-terminal residues of peptides in 'peak I' and
lEEEEIEEL‘ The N-terminél residueé were‘determined to: ‘
a)'fu;ther assess the c¢omplexity of peptides in the two

| peaks, and b) see.if the, peptides have few or many typés of
aﬁino acids as N-termini. The determination was done after
dansyl derivatizat%Pq‘and separation of the.derivatﬁves'was
.'achieved ?n the*peverse phase mode usiné an HPLC (87). ‘The
' separation of a standard mixture of 18 dansylated amino acids
s shown 1ﬁ.Figure 23; The N-terminal fesidues of peptides
Jin.'ﬁeak I’ and"péak I1' are’ summarized in Table 10.
Valine, ,glptama;e- plus glutamine, alanine, and
glycine/thteoniné.areutﬂe major N-terminal residues
(comprising about‘GB% of the estimated N—tefminal residues)

of peptides in ‘'‘peak I' after a 24 hour incubation period.
. » : . M B

* L
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Figure 23.» Elution profile of a mixture of standard
dansylated amino acids. A mixture of amino acids was passed
Fhourgh an Altex 5# U1trasphere-0D§ column (4.6 x 250 mm)
using a Beckman HPLC. £ The standards were run(gfter 4-5 test

samples.
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Table 10, Estimation of N-Terminal Residues of Peptides in
'peak I' and 'peak II' Fractions.

P moles per endosperm

Amino Acid  -24 (I) +24 (11) =72 (1) H72 (11)
Asx -\ “ ©922 + 23 ©T722 + 19 : -
Glx 533 + 17 4082 + 118 - 60866 + 2078
Ser . 1135 + 85 - - 8053 + 450'
Gly/Thr - . 1598 + 85 2578 + 310 15360 + 750
Arg - 1288+ 70 - 4660 + 190
Ala | - 3293 + 110 = 8823 + 300
Pro- . . 126 + 15 - - 10293 + 453
Val 120 + 10 5835li 195 1995+ 58 7786 + 352
Met - 692 + 35 .- -
‘Ile - S TS+ 3 546 + 24 -

Leu . - 1420 + S8 - -

Phe 93 + 8 478 + 21 - -

'
"

Thirt.:y half-kernels were incubatéd EOF 24 and 72 hours in a buffered

media in the presence (+24 ahd +72) and absence '(~24 and -72) of GAy (5

}.Jl;‘l);. Polypeptides, in the soluble fractions were precipitated with- 508

methandl. Peptides in the methanol-soluble fraction were separated

using Sephadex G-10 and G~25. colums asndest:l:‘l'bed in the Materials and
. < \

Methods., ‘peak I' (I) and ‘peak II! {I1) peptides were dansylated and

© e
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hydrolyzed using 6 N HCl for 8 hours. N-terminal residues
were separated using an HPLC. The experiment was" perfor.med
two times and the values are represented 'by the means + range Y-
between minimum and maximum. Dashes (-} represent the values

below 25 p moles Ez,er endosperm. ' “w\\

i ' ‘
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i
Varying levels of other amino .acids, e.g., aspartate plus
. asparagine, ;erine, arginine, _methionine, isoleucine,
leugine, apd phenylalanine, as N-termini were also detected.
A similar, but somewhat less heterogenecus thtern of the N-
terminal residues of peptides was noted in ‘peak II' after a
72 hour incubation period. For exaﬁple, glutamine and
‘glutamate represeﬁted more than 50% of the estimated N—‘
Earminal residues. And proline, which was barely deteétable
as an N-terminal residue.of peptides in tpeak 1' at 24 hours,
- was -detected in very high levels wﬁen‘incubations were
performed in the presence of GA3 for 72 hours. The lgvels of.
other y—terminal residug?, e.q., seréne, glycine/threoniné,
arginiﬁe, alanine,‘vaiihe, were also hiéh compa:ed.to those

recorded after a 24 hour incubation period.’

.

3. Initial Hydrolysis of Hordeins: :

The initial hydrolysis of. insoluble hordeins must '
involve.steps, wﬁich }ésult ih'soluble products. These
initiaf producté Qre_yhen further hydrolyzed to small
peptides and>amino acids. A clear-cut distinbtioq has never
been made between the two, épd it has been éenerally'assumed-
-thét both :ea?tioné involve a siﬁgle eniyme and that this‘
enzyme is'Lpduced by GAgj. The results summarized above show
unambiguoUsl& that later stages in the ovefali'hydrolysis are
.dependent on the presence of GA,. However, it remains to be

seen whether the initial. steps of the hordein-solubilization
: ‘ N

T A\

—
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are also under the same control mechanism. This point was

examined in the following set of experiments.

- 3.1. Preparation of the antibodies against hordeins

PednT
N

aﬁd enrichment of crude serum for hordein IgG's: Subsequent
to the incubation‘of endospérms in the presence of GA4, an
increasé in tgpal nitrogen was noted in the TCA—precipitab}e
material. The electrophoretic'éeparation of the la;tqr
showed no significant change, except for an %ncnease in the

-amylase polypeptide; To further- investigate the
possibility that the hordein-derived polypeptidés may also
account for an increasg in total nitrogen in the soluble
fraétion,,an immunolegical approacﬁ was adépted.

Hordeins are immuncgenic proteins (28, 66) . If.the
early polypeptide fragments released from the hydrolysis of
hordeins rgtaih‘antigeniciﬁy, then the antibodies raised
aéainsg hordeiﬁ proteins could be used in the identification
of the hordeianérivedAﬁroducts. As a first step, therefore,
antibodies were prepafed against ho;deing. " The presence of
hordein IgG's in the crude sérﬁm was tested following lhe
" Quchterlony's *double immunddiffusion assay.'.Thé crude serum
wés tested with.vthe' hordein " and 'nonfhordein proteins \
(albumins + globulins). -A péeéipitin line was observed \\
against both the types of ;roteins (Fig. 242 and 24B),
suggesting that 1gG's against both the types of proteins were

preéént in the crude serum. After pre-incuba%idn'of the
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Figure 24. Double immunodﬁffusion assay, using crude serum
and hordein -IgG enriched sera against hordeins and soluble
proteins {albumins + globutins). A, B, and C represent three
immﬁnodiffusion sets. A. Center Qell - hordeins; Outer well
- crude serum (1-6). B. Cente; well - soluble proté}ns;
Outer well ; serum pré—treated witﬂ 125 (1), 250 (2), 500
(3), 1000 (4), 2000 (5), and 4000 (6} ug of soluble pro%eins.
C. Center well - pre-treated serum ¢with 4000 pg of soluble
proteins)} Quter well - soluble proteins fl,'3, 5), hordeins
(2, 4,‘6J. Proteins were measured-by Biorad.reagent as
described in the Materials and Methods.

The assay was performed several t%mes and simil'ar résults.

were obtained.
ol

o
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crude.séfum with soluble proteins; the resultant serum was
agaih tested with ‘both the types of proteins.- As seen in
Fiquré 24C, a precipitin line was noted against hordeins
only, showing that fhe contaminating IgG's had been remdved
from_the crude serum., The resﬁltant serum, enriched for
hordein\IgG's, was used as the source of primary antipody'in
the follgwing experiments. »

3.2, Western immunoblotting{ The serum enriched for
' i N .

hordein—IgG's was used- to detect the polypeptide fragménts

released from the hydrolysxs of hordeins. Solﬁble fractions
were prepared from dry endosperms and half-kernels 1ncubated
for'B, 24,  and 72 hours in the presence and absence of GA3.
A number of immunoreactive bands were seen in the control
éamples {lane 0; Figure éS). The presence of.hordein—related
polypeptides }n this sample could be dué to: a) sharing of

common epitopes by soluble propéins and -hordeins;- b) pre—

'.maturelf‘ aborted hordejn polypepfides during seed

development, which are extractable with the aqueous buffer;
and finally c) partial hydrolysié of hordeins, which may have
begun durfng the later stages of seed development itself.
, No significant change compared to the controls (0)
1

was noted in the samples incubated for 8 hours in the

presence and absence of GAj. In the samples incubated for 24

- hours in the absenée of GA3, however, a major band at 40 k&i '

was more prominent.. Also, additional bands in the size range
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Fighré'zs. Western .immunoblot analysis of hordein-derived
polypeptides in the'soluble_protein fractions of barley (cv.

Perth) endospermS. Thirty embyro-less endosperms.were

incubated for 8, 24, and 72 hours in 10 ml media in the

presence (+) and absence (—)'of gibberellic acid (5 pM) .
Solﬁble proteins from dry kernels (D) were run as controls.
Approximately 75-100 ul samples containing ~ 10-20 pg
proteins were loaded in each well. The polypeptides were
elecétophorésedv through 15% gel. Electréphoresig and
eiectroblotting were performed -as described in the Materials
and Methods. Protein mole mass (MW) standards were BSA (67
kDa), ovalbumln (45 kDa), and cytochrome C (12 kDa).

The western immunoblot was performed several tlmes and

”

similar ﬂ}gﬁfzg\were obtained. .
. : . p

\
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of 25-30 kDa appeared. On the other hand, in the.sémples
incubated for 24 hours in the presence éf GA3,;éome.of the
bands around 45-60 kbDa disappearéd. In addition, _low
molecular weight’ bands of less than 15 1Da were apparent. In
the samples incubated for 72 hours in the absence of'GA3,
there was no sign%ficant diffegence in the banding pﬁttern of
immunoreactive pslypeptides compared to thosg‘incubated for
24 hours. Most of the bands were.lost whehn éhg sampleé were.
incubated in the presence of GAq for 72 houfs. This' result.
showed that the appearance oé some larger hydrolytié produéts
is independent of GA,. Complete- hydrolysisf however, was
dependent on theup;esence of this growth‘Yegulator; v.
Tvo cbntrols.ware performed to confirm that: a) tHer
immunoreactive bandf are ;pecific.to hordein IgG's, and.b)'
the antibodies a?é specifié to hordeins. In the éirst
control, the membrang was reacted with different_solutions in
normal manner (seelMaterials and Methods) with the excgeption
that instead of hordein IgG's, a pre~immune serum was used ag‘
a source of primary antibody. In the other controel, soluble
proteins from barley roots and shoots were transferred on the
nitrocellulose membrane'and\then reacted with d@fféfent
solqtions in a normal manner. \No discrete bands were seen in
either of the cont}ols (Fig. 26 and 27}, confirming: a) that
thérantibodies are specific to hordeins; and b) that the
immdn?reactive bands on the western blots are specific to

[
hordein IgG's.

—_—— .



[

132

Figqure 26. A western'immunoblot'control. An absence of any
.band shows the specificity of immunpreactive polypeptides to
hordein IgG's. fhe eoluble protein fractions were exirac;ed
from 30 endosperms incubated in 10 ml media.-in the presence
'(+) and absenee {-) ef gibberellic aci;P (5 pM)
Approximately 90- - 100 pl samples containing 10 - 20 ug
proteins were loaded in .each well. Electrophoresis and
electroblottlng were performed as descr1bed in the Materlals
and Methods.' The n1troce11ulose membrane was first reacted
with the pre-immune serum (primary antibody). - The other
treatments were sa e as inQFidure 25. Po and SPo = prolamins
and soldble prot ns “from dry kernels; SPo (IS) = ;oiuble
proteins from dry kernels, which after electrophoresis and
transblotting were reacted yith'the immune serum (positive.
test);” Eii and +24 = scluble proteHns from endosperms. .
~incubated for 24 hours in the abs‘Lce and gfesenee of
gibberellic acid} ﬁ?s = pre;immune segim; GAR—ﬁRP fgoat anti
rabbit IgG horseradish peroxidase conjugate; 1% and 2° =
primary and secondary antiboéy, respectively.

The experiment was perfdrmed once.

—
N .
-
. * . A,
X -~
' N
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Figure 27. A western immunoblot control. An absence of
bands shows the specificity of hordein IgG's to hordeins and
hordein-derived polypeptides. Left half (LH) Qas ‘treated
with the pre-immune serum as primary (l°)-antibody. Po and
SPo = hordeins and.soluble proteins from dry kernels;gs and R
= éxtracfs from shoots and roots of barley seedlings;-SPp
(HIS) = soluble protein from dry kernels, which after
electrophorésis and frénsblotting Wefe reacted with the serum
containing antibodies. against hordeins (positive test).
Right half (RH) was treated as ‘in Figure 25, with<hordein
IgG's as primary antibody. Protein mole mass (MW) standards
were BSA (68 kDa) and cyﬁbchrome C (Lz‘kDa). .Arrow iﬁdicétes
unidentified band in shoot and root extract.

‘The experiment was performed once.
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3.3. Preliminary characterization of early

hydrolytic products: Since.the early hydrolysis products do
not accumulate in substantial quantities, and since enzymes
such as &—amylase‘and other hydrolases are the major proteins
“in the soluble fraction, it was necess;ry to separaté the
hordein-derived iﬁmunoreactive polypeptides from rest of the
soluble proteins. ;To achieve this, ;he sampfgs were passed
{hrough aﬁ immunoaffinity column to . isolate the
immunoreactive polypeptides. fhe eluted polypeptides g?ré
then péssed through a size-exclusion SpherogelTM-TSK GZDOéSSw
column. 'The elution profile of the standard proteins and
‘peptides, e.g. prolyl-glycyl-glyciﬁe, cytochrome C, BSA,
ferritin, is shown in Figure 28. A linear separation of
marker proteins 'in the size range of about 70-12 kDa is seen
in Figure 29. The elution profile oé samples prepared from

uninchbated kernels and eﬁdospefms incubated in the presence
and absence ;f GA3 for 24_hours is shown in Figure 30. A
general heterqgeneity in the size of immunoteéctivé
" polypeptides is clearly visible because of the absence of
sharp discrete peaks., Compared to controls (0), in samples
incubated in the absence'of GA3, one major broad peak fn‘the
§1ze range of about 50 ~ 70 kDa appeared. The bolypeptides
in the size range'of 15 kD& or less were preéent in 16w
aﬁounts, In samples incubated in the presence of the GA3J

however, the levels of small polypeptides (15 kDa or lgss)\
i H \ N

~
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' \\_,szqﬁ?é 28. Elution profile of marker proteins through a

SpherogelTM—TSK G2000 SW column (7.5 mm % 30 cm) using an

uprc. The concentration of proteins was 1.25 mg/ml and 100

———

pl was injected each time. Proteins were detected at 214 nm

using a Beckman - Model 160 yv detector. petails of the

methodology are described .in the Materials and Methods. The

‘standard run was perEormed several times and a similar

elution pattern was observed.
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Figure 29. Calibration curve for the SpherogelTM—TSK G2000
SW column (7.5 mm x 30 cm). 1 = blue dextran; 2 = ferritin;
3 = BSA; 4 = cytochrome C; 5 = prolyl-glycyl-glycine. ' The

running conditions were same as in Figure 29.

B

——
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Fiqure 3o0. Elution'brofile of soluble proteins through a
SpherogelTM-TSK G2000 SW column (7.5 mm x 30 cm) using an
HPLC. Water-soluble propeins were extracted from dry kernels
(0) and embryo-less endosperm pieces incubated in the
presence (+24) and absence (-24) of gibberellic acid (S-pM).
One hundred u1~contaiﬁinq 50 - 100 pg proteins_were injected
(25 - 30 injections). A flow rate of.; ml/min was used.
‘Fractions were pobled in five groups as shown in the figure. <
Solfd line, broken liné, and dotted line represent
respectively the profiles of soluble proteins extracted from
dry kernels,.‘endospéxms incubated in the pr;sence of
éibberellic acid, and endosperms incubated in the absence of
gibberellic a i@. 80, 66, and 12 kDa with arrow sign
indicéte the pi??tion where marker proteips, i.e. ferritin,
.BSA, and cytochrome C, elute. Dashes with 1, 2, 3, 4, 5
numbers {ndicate the fractions pooled in respective groups..
Min. = minutes. A = absorbance. Fract. No. = fraction

number.
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showed a dramatic increase compared tp those observed in
samples incubated in its absence. Minor changes were also
noted for the larger polypeptides. the fractions containing
eluted polypeptides were pocled into five groups (1-5; Fig.
30). ” B

The N-terminal residues ofrpolypeptides in different
groups were determined and are summarized in Table 1ll. A
number of‘N-terminal residues were recorded for. group 1
(around 70 kDa)' polypeptides in the control sample from dry
kernels (0), i.e. ésparta}e plus asparagine, glutamate plqs'
glutamine, serine, glycine, arginine, valine, isoleucine,
leucine, and pheﬁy}alanine. Concentrations of these-residuesl
were dramati%ally reduced, whep hglf-kernels_were incubated
in the presence or absence of GAj. No additional N-terminal
residue (s) was detected.

Additional N—terminqi ,;esidpes pf pqlYpeptides
appearinglin group 2 (40-70 kbDa) in the absence of GA, were
aspartate plus asparagine, glyciné, arginine, isoleucine, and
léupine. There wés also a marked incfease in the level of
valine as an N-terminal residue. In the'preseﬁce of GA3,
'however, glufgﬁEFE\plus glutamine and serine appeared as
additional N- termlnal residues and levels of aspartate/
asparagine increased up to 3-&;1d. Concentrat1ons of other
N-terminal residdesvﬂecreased,

’ in tpé absence of GAj, glycine appeared as an

addit;onal N-terminal residue for polypeptides in group 3
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. Table 11, Estimation of N-Terminal Residues of Hordein-
Related Polypeptides in Soluble Fractions of
Bdley Half-kernels

MILES PER ENDCEPERM |

GOP 1 GOF 2 GoP 3 P 4 GOP 5 .
(70-80 KI=) (40-70 kDa) (20~40 kD) (12-20 kDs) (12 kDa)

2ol 0 24 424 0 20 424 0 24 428 O 24 +24 0 24 +24
i

r

Ap A2 10 0 0 175 42 233 637 192 255 200 472 0 440 348

Qu’ 18 €@ 0 0 0 8 0 0 144 0 2 % 0 24 28

g
[=]
o
(=]
o
o
o

0 0 o 0 0 0o 0 0 0

@an o0 0 ©O0 0 0O © 0 0O O 0 0 0 0 O O
r SA°0 565 0 0 S 0 0 0 0 51 0 0 0 0
Qy 61 %8 0 0 W 0 0 %3 0 24 43 01060 0 O
™ ©0 0 ©0 © 0 ©0 0o 0O 0 0 0 0 0 0 O
Mg SD.14 0 0 X4 0 33X 0 B O O ¥ 0O O
AMa O 0 ©0 0 0O O 0 0 O 0O O © 0 0 O
Bo ©0 0O 0 O O O o'_o 0 0 0 _o‘o_ o 0
vl ¥ & 8616 197 0 28 A @ % % 2 2 0 19
‘Mt 0 0 ©0 0.0 ©0 0 0 0 0 O 0O 0O 0 O
e 23 13 Mom 5217 85 7118 B 18 18 & 62
Eu 296 19 S 0 152 5524335-11127345'342423339
me i 0 0 0 O 0 0 O 0 0M0 0 O O O
™ ©0 0 0 0 0.0 0 0-0 0 0 0 0 0 0

-

J
-

20 5% 957 S50 378 781 672 685 B98 243 216 718 541 K4

dyr 1™ 23 M 62168 48 205 191 1B B 8 45 P W B

. Thirty half-kernels were incubated for 24 hours in I_GA3 as
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described in the Materials and Methods. Soiuble proteins
were extracted from incubated and dry (o} endosperms.
Hordein-related polfbeptides were .pr;;;red after
immunoaffinity column chromatography. They were separated
into different siie groups after high p;rformance—size
_exc1u51on chromatography. N-terminal residues were
determlned by dansylating the polypeptxdes.' The separation

of dansylated products was achleved as described in the

Materials and Methods.

4

ol
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- (20-40) . Levels of aspartate plus asparaglne as N-terminal
residues increased by about 3-fold. Concent;ations of other
N-terminal residues, i.e. ardinine, valine, leucine, and
isoleucine, decreaséd by as much as two-thirds. In the
presence of Ghq, qlutamaté plus glutamine appeareé as
additional ﬂ—té}minal residues. Levels of other N-termimal
residues, 1l.e., aspartate plﬁs aéparagine, valine,
isoleucine, and leuciney showed minor changes. Glycinflaﬁd~ ~

arginine were not detectable as-N-terminal residues.

e and serine appeared as

Glutamate plus'glpu
additiondl N-terminal ress of group 4 (12520 kDa)
VN .
polypé;%Taes in the absence of GAj. A 2-fold 1ncrease indgm#
level of glycine as N- term1na1 residue was noted. The level

of aspartate plus asparagine as N-terminal residues showed a,

minor reduction. Concentrations of other N-terminal
N L

-~ -
residues, i.e., glutamate plus glutamine, valine, isoleuc1ﬁh,

" and leucine, decreased drasticallys In the presence OQ,Q?3,
concéntrations .of boéh aspartate  plus asparagine ‘and ::ﬁ/f\f
glutamate plus glutamine showed appreciable 1ncrea§gs as N-
termini. Glycine and arglnine were not detectable as N-
terminal residuégs Levels of other N- terminal residues, e.9.
valine, isoleucine; and leucine, showed only minor changes.,

7 Both aspartate prs -asparagine and glutamate plus;:/

+ X

glutamlne appeared as additional N- terminal residues for

group 5‘11ess than 12 kDa) polypeptides released ﬁn the

presence of.GA@ while glycine and arginine were
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not detectable as N-terminal residues, concentrations of
other N-terminal residues, e,g., valine, isoleucine, and

leucine, showed' only minor changes.

4. Control of Initial Hydrolysis: - (uttll i
' The starch and protefn reserves stored in the barley
endosperms are hydrolyzed following imbibition of the
caryopsié (whole Kérnel) or incqbation of the hglf—kernels in
the presence of GAj. Thfg growth regulator indutes synthesis
of a number of hydrolases, for éexample :amylaseifjand
f’b proteaseF (24, 25, 56, }02). The appearance of -aﬁ?&ase is
dependent on the new synthesis of both proteins and mRNAS
{49, éOT’;Y?)BZT. In this set of experiments, a dependence
\\ of the appearance of proteases and release of early
hydrolytic products from brotefk reserves on prokein and mRNA

synthesis was tested.

4.1. Development of hydroldses: In the presence of

. GA;, a 54-fold and 7-fold increase in the levels of -amylase
and protease activities, respectively, was- obsarqsg {Table

12). Additions of cYclohex¥mide and éordycepin prevented the
g » GAj-dependent increase in the levels of both activities
(Table 12). This result suggested that the appearance of -

amylase and the dajor protease is depe ent on synthesis of

both proteins and mRNAs.

4.2, Release of polypeptide fragments: Results

summarized in the earli%r sections indicated that in the
Y

-, -— —_~
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Table 12. Effect of Cycloheximide and Cordycepin on A-

Amylase and Protease Activities in Barley (cv.
Perth) Half-kernels.

’

- ' *K-Amylase Protease
Treatment {pg starch/min. endosperm) (i tryptophan/min. endosperm)

Control 6.1 + 0.2 . ' 0.1 + 0.0
. GAg . 329.0 + 22 0.6 + 0.1

GA, + CHX 5.0 0.4 0.1+ 0.0

GA; + COR 6.9 + 0.3 : . 0.1+0.0

Barley half-kernels were incubated for 4 days in a buffered
media containing GA; (5 pM}, CHX (Cycloheximide, 20 pM) , and
COR (Cordycepin, 250 pM), as 1nd1cated. Standard starch and
~hemoglobin_ hydrolysis assays were used to test the enzyme
activities as descrlbed 1n the Materials and Methods. . The
experlment was performed in trlpllcate and the mean. values +

standard deviation are represented. R 4
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Absence of GAq, fragments in the size range of 40 kﬁa and 25-
30 kDba are releaséd within a 24 hour incubation period. In
the presence of GAg, however, fragments in the size range of
15 kDa or less were more dominant. A GA3-ingependent
protease(s) 1is thus vépb;rently active‘ in the initial
hydrolysis. The appearance of a GA3-inéependent protease
activity may be due to: a) activation of an ‘inactive zymogen}
or b) synthesis'of the enzyme from a stored mRNA. The
‘Eollgwing experiment was performed to distinguish between the
two possibilities.‘ | -

The endoséerm.pieces were incubated in the presence
and absence of GAj and cycloheximide. In the presenée of
cycloheximide and the presence JoT absence of GAj, fragments
.in the sizg range of 40 kDa do not appear to accumulate to

- the same dégreé as in the control (Figure 31). The fragments
in the size range of 25-30 kba were not visible. The
fraéments in the size range of less than 15 kDa were also not
prominént. This result indicated that the appearance of the
initial prptedse(s), whicﬁ mediated the release of large
fragments (40 énd“}5—3q kDa){ is dependent on new protein
synthesis. '

The f}agments in the size range o£‘40, 25-30, and
less than 15 kDa,v were  more prominent in the samples
.i?cubated in the presence of ‘both GAj and cordycepin. This
result 1ndicated'tha; when new mRNA synthesis is blocked, the

appeérance of proteases mediating the_further hydrolysis qf
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Figure 31. Western immunoblet analysis of solubie proteins.
Soluble proteins were extracted from dry kernels (TO) and
embryo+les; endosperm pieces incubated for 24 hours {n the
prehence (+GA5 , 5 pM)vand absence (-GAj) of gibberellic
acid, cycloheximide (iGA3+CHX), and -cordycepin (+GA3+C0R).
Cycloheximide and E;;dycepin were used at 20 uM and 250 uM
concentrations, respectively. Arrows 1 ;nd 2 indicate
. approximate positions of BSA (67 kDa) and cypochrome c (12
kDa) . . -
‘Phe whole experiment was performed once.
1 % controls (dry kernels)
27+GA3+C0R’ '
3 - - GA;y + CHX
4 - + GA5 + CHX
5 - + GA,
6 - - GAq
7 - controls (dry kernels)
,Apprpxiﬁately 50-75 ul samples containing 15-25 ug proteins

were loaded in each well. y

\-\’ . _/ ) “ | c

[ TR
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~large size fragments (40, 25-30, 1less than 15 kDa) into
peptides of smaller sizes is iphibited.

It appears,_therhfore, that the appearance of

protease(s) mediating the release of fragments in thé'size‘”

range of 40, 25-30, and less than 15 kba, is dependeﬁt on
n

protein synthesis. However, when mRNA synthesis was blocked,

the appearancg of proteases mediating the furthet breakdown

of large fragments was also inhibited.
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DISCUSSION

Prolamins, the storage Rfdf&fns in barley endospernms,
are insocluble in/‘iqueous buffers,- ‘a result, these
proteins can not be used as substrate for assayinyg - the
peptide hydrolase activities, Using synthetic dipeptides
{blocked at N-terminal) as sugstrates, Mikola (75, 76,.77)
reported presence of five carboxypeptidases iﬁ the extracts
of barley endosperms germinated for six days. These
proteases were purified to homogeneity. Presence of
hemoglobin and gelatin-degrading endoproteases in  the.crude
extracts of barley endosperms has also been demonstrated (8,
56). Whether these protease activities ;re really involved
in the ingtiél hydrolysis of hordeins, is not known.
6lobu11ns, the major storage proteins inr pea, pumpkin, and
mung bean, have been used as sﬁbstra;es, and unegquivocal
evidence in #upport for the involvement of endoproteases has
been provided (5, 6, 38). Since, it is not possible to use
the storége proteins of barley as substrates, I decidbd to
analyze the prodﬁcts réie&sed from the hydrolysis oé_-
hordeiqst~ ‘The' results from this analysis permit an:

174 : : .
interpretation on the mode of hydrolysis of hordeins. . v
P ' -
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l. GA5 and Protein Hydrolysis:~

) - The overall hydrolysis of hordein proteiqs appears to
bg'accomplished in two general steps: a) an initial step,.in
which the soluble products are released; and b) fufther
breakdown of the soluble products into amino acids and émall
peptides. in the literature, this distinction has not been
made, and in fact it is generally assumed_that the protease
activities that are induced in fhe presence of GA, mediate
both the ‘initial and overall mobilization of the storagg
proteins (14, 56, 75, 76, 102). The present results, which
showed: a) no change in the redistribution of total nitroéen
in the soluble and .insoluble fractions in the Qbsengé of GAg
(Fig. 9); b) no change in the banding pattern of ho;deins in’
the absence of the groth regulator (Fig. 1I); and finally-c)
no ‘change in the proportion and profile of peptides inK"";;’e‘;;T
I' and 'peak II' in the absence of GA5 (Fig. 215, are
consistent with the notion that the overall hydrolysis of
hordeih proteins is dependent'on the presénce of this growth
regulator.

A dependence of the inftial step oﬁ the presenée o¥‘

GA3 has however, never been looked for,‘leﬁ.alone
established. An identificatio£ of the immunoreactive
products related to the hordein7polypep£ides in the soluble
fraction qade it:posslble to eiamine‘whethér the finiti

steps of hydrolysis of hordeins are also dependent on the

presence of gibberellic acid. In the initial exberiments,

-

BN
¢

<A
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usiﬁg SDS-PAGE, 5 analyzed large polypepti&g; released into
the solhble fraction. The different coméonenés appearing in
the soluble fractioh of incubated endosperms are as follows:
a) stored amino dcids and peptides; b} hydrolytic en;ymeé
induced in the presence of GA3, éuch as ®k-amylase, which
comprise up ta.Sd% of the total+ proteins synthesized (82);
land finallf c) polypeptides released.from the hydrolysis of
hordeins. In samples incubated in the presence of GA3; the
appaaraéce'of'Mramylase pclypeptide was noted (Fig. 10). No
other significant difference was noted in controls (0) and
samples'incubated in the presence and absence of GAj. The
inability to detecﬁ any change other than the appearance of
#ramylase may be due to two reasons: a) no large polypeptide

4 -

fragments were released from hordeins, and/or b) the

electrophoresis- technique does not have the fine resolution

‘needed to'ﬁetgct the initial products which may not
accumulate in significant amounts, To distinguish between
the two possibjlities, a'ﬁighly sensitive probe was needed to
detect and identify the products of hordein hydrolysis.

‘ The immunological approach adopted in this project
permitted the detection of hordeln-relﬁted products in the
soluble fraction (Fig.h27). .Experiments following the same
apppoach ﬁave alsc been performed to detect the products of
hydrolysis of castor bean storage proteins (34), and the

turnover of ribulose bisphosphate carboxylase enzyné in the

-
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leaves of ‘barley (78).
Some interesting peints emerge from my results.
Firstly,  the antibody sample which was raised against

hordeins also contagged the hordein unrelated IgG's. A pre-

incubgkion of the crude serum with soluble proteine resulted

in tne removal of IgG's ageinst soluble protein determinants
(Fig. 24). "The resnltant serum was, therefore, enriqhed-for
hordein IgG's. A number of immunoreactive polypeptides were,
however, detected in the soluble protein fraction prepared
from dry kernels, when such an enciched serum wes used in the
western blotting. experiments (Figune 259 . The three
interpretations of this Eult are: a) that soluble proteins
{albumins + glopelins) and proiamins may be pattialiy similar
in their-Etructuré‘ i e., share common epitopes; b} that
incompletely synthesized hordein polypeptides .are extractable

with aqueous buffers; and/or c) that partial hydrolysis of

. the ‘hordein polypeptides may have begun during development of

‘the caryopsis itself.

Secondly and perhaps the most interesting point of
this result is the increased or neevappearance of polypeptide'
fragments, in the size range of about 40 kDa and between 25- -30
kDa,‘in the soluble protein Eraction of endospern pieces
incubated in the absence of GA, (Fig. 25). This impl ed that

. the initial steps of solubilization'Pre not dependent on the

* presence of this growth regulator. Since, cleavage(s) within

the hordein polypeptides resulte(in the appearance of large



-absence. A different set of proteases, induced in the

fragments, an endoprotease(s) activity must be mediating the

injtial hydrolytic steps.

Thirdly, since the fragmedts released in the presence
of.bA3 were in tté-size range of less than 15 kDa, it appears
that the proteaee activities induced in the preseﬁce of this
growth reguletor are different from those ﬁresent in its
\

presence of GA3, may mediate reciprocal changes in the
o ‘\ * . .

"proportion of peptLdes'in 'peak I' and ;peak I1',

2. sSpecificity of the Initial Step: @ ' ‘

The early'ﬁ@ep(s) resulting in the appearance of
polypeptide fragments may be specific. Three poseibilities
exist. Firstly, thée activity of early protease(s) mediating
this step may possess some deqree of specificity with regards
to the amino acid residue(s) around the 5usceptible'peptide
and(s).‘ Secondly, the specificity 'may reside 1d tﬁe

-
structure and conformation of the hordein proteins packaged

-in the prote1n bodies. And, finally, it is possible that the.

initial protease(s) lacks'specificity.'and may cleave peptide

\
bonds at random. Whereas only one or few types of amino

" acids may preferentially appear as a terminal residue of the

products released\in the case of sequence- or. structure-

related speciﬁicity, products with a random amino acid as

terminal residue are expected if the initfel protease(s) is

non—speetfic,
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In mammalian and microbial systems, sequence-specific

protease activities, which cleave either before or after a

.definéd residue are well documented (31, 59). Trypsin, for
example, hydrolyzes the lysine/arginine - f (Y being any
- amino acid e{gdﬁt proline) bonds and results in products, one
of which has lysine/arginine at the C-terminal. On the.other

hand, the neutral protease from Bagillus subtilis cleaves X -

A .
leucine (X being any amino acid) bonds’ and gesults in

.products, ohe of.which has leucine at the N-terminal. The N-

-

terminal ‘reéidups of the hordein-related polypeptides were
therefote.determined to see whether the initial protease (s}
cleaves before ﬁ specific residue(s).'

’ Iﬁ the case of large protein substrate, an additional
'requiremént qusf be met, namely, the susceptible peptide
bonds be accessible to tﬁe attacking protease. 1In other
words, the topography of its environment must fit the acfive
‘sites of the' proteolytic enzyme, Coﬁformation_ or the
structure of proteins therefore determines the specificity,

: \
Based on this concept, Linderstrom-Lang (67) propbsed the

idea of limited hydroleis, or *one-by-one process in which '

the peptide.bonds'wére cleaved sequentially depending on the
step-wise unfolding of.the polypeptide. This 'topographical
specificity' Is in fact responsible for the  fact that; in
general, the'gompact pative proteins are more resistant to

proteolytic degradation than the denatured ones. The

observation of Harvey and Oaks (43), that the denatured zeins

2
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{corn storage proteins) rather than the native ones were

degraded by ; sulfhydryl endoprotease, is consistent with
this idea. ‘ -

‘LA my experiments, the poiypeptides that either
increased in concentration or appeared new in the absence of
GA, were recovered in the sgcond and third groups {Fig. 30).
It‘shoqu be noted here that more than Pne polypeptide &s
present in each group. \ The precise number’of polypeptides
was not g;;g{mined.' &hg N-terminal data show that
\gspaftate/gsparaéine, arginine, ané glycine arefthe major N-
. terminal residues of group 2 polypept;des reléﬁsed in the
absence of GAj,. Glycine is alsoc a major N-termtnal residue
of group_3 polypeptides. In additfon,~va@ine and
aspartat;/pspéragine show a dramatic increase in their
doncentration as.N-terminal residues of polypeptides in group
? and 3, respectively. A cggparison between the.relaéive
abundanée of different amino acids in hordein proteins and
the proportion_of each type of amino acid as N-terminal
residuel of the héfdein-derivéd fragments . may- show ‘wﬁether

: g 5\

Lan cleavages result in the appearance of these fragments.

The relative proportion of each amino acid in B and C

hordeins is shown in Table 13.  The fact that .

i

aspartate/ésparagine, glycine, and argiping aré represented
1n'lowvamount5, e.g., Y.0, '1-1.5, and 2-3.0,, % mole,

respectively, in the B ,and C hordein pdlypeptides, suggests

. . . N i N
r
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Table 13, Amino Acid -Composition of B- and C- Hordein
Polypeptides Derived from the cDNA Sequence of
. B- and C- Hordein Genes.

A .'AQappéd'from Forde (30). e
» s . o , _
f : . mofe (per 100 residﬂeg

Amino Acid /j/ B-hordein C-hordeirmn
Glutamine . 31.8 36:2
Proline, 15.1 . 28,6

‘,Valine 7.9 2.8
Leucine 1.9 - 5.7
Serine : . 6.8 3.8
Isoleucine 4.9-l 4.8
Phenylalahine 3.8 : 4.8
Alanine 7 3.0 | ' 1.9

- Arginine . 3.b . ' 1.97
Cysteine 3.0 »5. i 0
Tﬁreonine 2.6 . l;é

= . Glutamic acid 1.5 i.9
-~ 'Glycine “ 1.5 ' 0.9

Ristidine s ‘ . 0.9

¢Methionine R 1.5 i "

." Aspartic acid - 1.1 ]
Tyrosine i. 1.1 i ' -
Asparagine ® _- 0.7 -t ..,
v . - -
Lygine . ‘.' .. 0.4 -7
' ’ 'Trypgdphan_ o 0.4
, B - v )
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that a GAB—independent pPretease(s) cleaves péqgerentially.

before these residues. Such a preferential cleavage may be

" either because of the specificity of the enzyme énd/or due to

-
/

the,specific codTormation.of ‘the protein subefrate: Since
other amino acids are represented.in signlficant;emounté in
the hordeins, their recovery as N terminal res:dues of
hordein- -derived polypeptides may be due 'to random cleavages.
An alternat1ve interpretation may also explaln this last
observaE}en’///lhe c- termlnal residues were not determined

As a result,.I can not exclude the pPossibility that an
initial protease(s), with trypsin-like specificity, released
early polypeptlde fragments, some of which have one or a few
types of C- term1nal residues.

Partial Sequence derived from the cDNA clones

suggests that 4 consensus sequence of an octapeptlde, X~Pro-

Gln-Gln- Pro—Phe~Pro -Gln-Gln-Y (X and Y being any amino acid),
is repeated several times (30). The abeence of prollne‘as an
N-terminal residde of polypeptides released at‘earfy times
(Table 10) sugges®s that the protease(s) active at these
t1mes do not cleave the x-prollne peptidlfbond. The protease
activities induced at later times and in the presencefof GA4,
however, appedr to cleave thig’égptide bond, since proline is
one of the major N-temminal residues of the peptides

appeéring 72 hours after incubation in_'peak II' (Table 10).

A

>
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3. Mode of Hydrolysis: -

The major proteases' in barley extracts are
carboxypeptidases (75;'76, 1% 102, 124),1which suggest that
amino acids could be the products, of iniuialrhydrolysis of
hordeins. In contrast to thls, my resulls show that amino
acids are not tue-initial products. ’The p:eliminaTy analysis -’
of the soluble fraction, for example, indieated‘that: a)
amino acids were recovered in the peptide-bound_fprm at early
_times, i.e. 24 hours (Table 7; Flgs. 17, ‘and 22); and b)
peptides‘with amides (plutamine and asparegine}, acidic
(glutamic and aspartic acid), and neutral + basi;/amino acid
residues at the C‘termxnal were recovered particularly in the
amide and acidic fractions {Table 8; Fig. 18). The
conclusive evldenpe in support ‘of the facf theg polypeptides
?EF the initial products came from the immunobloeting
expeﬁﬁmeots. For example, at eefly ;imes, i.e, 24 hours,
release of layge  fragments in the size range of 40 kDa and-
between-25-3otha was obse;:Ed (Fig. 35). The Eeet that
. polypeptides of several class sizes appear: indicatis that an
endoprotease(s) activity is involved in the early stages of
hydrolysis of hordeins.‘ This protease may cleave around
the -gpecific amino acid residues or the spec1fic regions of
the proteins that are locally. denatured (see Section- 2 of
discussion). e .
In the presence of GAq, small polypeptides (methanol-

soluble) of heterogeneous sizes, less than 15 kDa on the gels,

.
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and in the two broads peéks, labelled 'peak I' and ‘'peak II',

appeared in the media (Fig. 22). With longer periods of

incubation in the presence of GA4, the proportion of peptides

in *'peak I' decreased and those in 'peak II' increased. This

reciprocal relationship between the propertion of peptides in

the'ﬁwo peaks seem to suggest that peptides in 'peak II' may

be derived from those in ‘peak I', The'pegtides in 'peak II'
may, alternétively, be derived from large fragménts‘observéd
oﬁ thé immunoblots.

After 72 hours of incubation, a larde proportion of
nitrogen was recovered in the form of peptides in 'peak II'K
and in the fraction containing peptides + amino acids. Since
small peptides are present in.high leﬁéls at iz hours, it
appears that the majér proteases, e.g.‘garboxypeptidases and
othér peptidases, described by Mikola (75) are of less
1;poftance even in the later stages of mobilization of
hordeins.

Based on these results, a possible mode of the
hydrolysis of hofdeing is>showiiin F}gure 32. According to
this model, the initial protease (GAa-independent),
'Endoprotease I' cleaves the hordein polypeptides. These
initial_ cleavages result in the release of 1large
polypeptides, which are soluble in the aqueous media. The
possibility that the small polypeptides recovered in ‘peak I'

may also be released by this protease has not been ruled out
. v . -y

>

G .
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. by results of my experiments: The llérqe polypeptide
J fragments may bg subétrates fgr GA3-dependent 'Endoprotease
II', and this step may result in release of the two types of
¢« products, a) pof;peptides of less than 15 kDa in size, and b)
small polypeptides in 'peéé\fI'. The peptides in 'peak'II'
| could, alternatively, be derived from those in 'peak I'. The
| peptides in 'peak iI' could be hydrolyzed to free amino acids
and oligopeptides of less than 9 residues, by gxopeptidases
(carboxypeptidases and aminopeptidases) aﬁd dipeptidases.
The steps shown.in the model and discussed above are
. . ‘
by- no means definitive, however the results suﬁmarized in
fﬁis thesis do lehd some support. The value*of-thié\%odel is
that it indicates appfopriate’next experiments. These are
— "

. a) Even thoughy the large polypeptide fragments released in

listed below:

the absence of GA3 ‘are immunologically similar to hordeins,
the former need to be characterized further. . For egample,
the amino acid qomposition of tﬁese fragments and the, peptide
‘maps could be analyzed. Tﬁgﬂdata obtained Erom such an
analyéis should be compatible to that from hordeins, if
hordeins ;re the true precursqfs. The p;éclsé number of the
fragments re;eased by the activity of .'Endoprotease I' is not
known. A 2-D analysis should|indicat§ the precise number of
‘Fhordein-derided polypeptides. furthermore, the' C—termiﬁal

residues of these fragments should be determined. This

analysis would predict whethet or not 'Endoprotease I'

-
4 ' LA
- »

‘ L , '

e
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possesses a trypsin—likebspecificity.
b) The action of the initial protease (GAjy-independent,
'Endoprotease I1') needs to be clarified. This can be
accompfished by purifying the proteases from barley kernels
incubated for 24 hours in the absence of GA,y, and using
animal proteins, such as hemoglobin, or small polypeptides of
known sequence as substrates, and ‘analyzing the products
released. The identification of C- and N-terminal amino acid
residues would be of prime importance. Partially denatured
hordeins could also be used as substrate to see how similar
(or different) the products released from these proteins are
to those released from the barley half-kernels,

¢} The precise nature of product; released by 'Endoprotease

II' activity needs to be esﬁablished. This can be achieved

by analyzing the producis released when large‘ polypeptidg”—ﬂ\

fragments (hordein-derived) are .used as substrates for
;ssaying the activity of GAS-induced protease. A
characterization of the products, for example N- and C-
terminal residues, should show whether"EndBprotease II' also
~posses%;s some degree of specificity wiéh éggards to the

{
residues between which it cleaves the peptide bond(s@.
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Figure 32. Proposed model for hydrolysis of hordeins. Solid
arrows indicate steps for which initial evidence has been
presented and dotted arrows indicate steps for which no
evidence has been:“ﬁrésentea.. AA = amino acids.
"Endoprotease 1" and "Endoprotease 2" are the GA3—indepenHent
and GAq-dependent profeolytic actiQities. The small arrows
on the prolamin‘polypeétide within the protéin body indicate
the possible cleavage éites,'if the amino acid rgsidue at the

ends of all repeatinmg units were being attacked by the

initisl protease.
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4. In Vivo Significance:
. For my experiments, I adopted half—kernel incubation
techriique, in which the embryonal and the terminal parts were
excised and the reﬁainihg pottion was incubaLed under sterile
conditions in a buffered medium in'the presence and abeende
of GA3; . The products released from the hydrolysis of‘storage
pfotéins in the soluble media were analyzed. Now, a question

L

may be raised about the relevadnce of results obtained- using
this technique with regards to the mod of hydrolys1s of
hordeins 'in the normal germination/f;:;;;:i In other words,
whether - a sidilar pictdre would emerge if one analyzed the
products released during the normal IQermination -0of. barley
grains. The fact that an overall change in total.ni?;oden in

the insoluble and the soluble fraction is observed only in

the preseﬁce of GA3, suggests that GA; can ‘'replace the

physiological need® fdr embtyo, and as a consequence the

-~

changes seen in ha\f -kernel incubations may reflect an in

vivo phenomenon. At least one aspect of my results has been.

examined, and is described delow.
grains, Higgins and Payne (47, 48) reported the presence of a
large peptide pool. An increase in the peptide pool was
observed up to 3. days after i-Eibition, after which it
started to decline. M; results. showing _an increase ih‘total
Eitrogon-in the 'peak II' peptidesland fraction containing

free amino- acids .and oligopeptldes (Fig. 22, Table 9) up to
. L] »

Ve TP

-~

In the embryo and endosperm of germina;lng barley

-
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\ v

72 hours, indicates a similar phenomenon. This, therefore,

Supports the idea that peptides may play an important role in

the transfer of stored nitrogen from the endosperm to the ~

growing seedling during germination. Recently, the presence

of an active peptide uptake system in the scutellum (the
absorptive tissue gf barley grain) has been reported (117).
It was proposed that thé peptdde Pools appearing in the
&ndosper are transported across the scutellum to the

embryénic axis.




SUMMARY AND CONCLUSIONS

The - storage proteins in barley (Hordeum vylgare)

endosperms, hordeins, are insoluble in aqueous buffers.

Following imbibition, these proteins may be first solubilized

and then hydrolyzed into peptides and amino acxds during the
early seedling growth. A variety of proteolytic eetiv1t1es
belonging to the general class. of Aendoproteises,
exopeptidases, and Qipeptidases, are known to be present {n
the crude extracts of endosperns colleeted.after getmination
“or after incubation of_the.embryoeless endosperm pieces

(half~kernels) in the presence of gibberellic acid. Since
proteins other than. Hordeins bave'beeﬁ used as snbstrates to
assay different‘proteases, it 'is not known which enzymes are
actively involved in the hydrolysis of the: hordein proteins.

'Hydre}ytic products reteased into the media of incubated

half-kernels wete analyzed to determine:‘a) the hode of

‘hydrolysis of hordein p S; b) the role of gibberellic

. -y L
acid in the hy is; and c)\whether the initiat steps of

hydrolysi

are mediated by a \specific protease(E); A

g berellic acid-responsive cultivar barley, Perth, was

chosen to examine the role of this growth regulator in the
hydrolysis of hordein proteins. The major findingg of the
present study are summarized below. .
o170,
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1. Appearance of hydrolases during germination: The
endospérm reserves, for example sta_rch‘and protei‘ns: are
mobilized during the eazly seedling "growth to proviée sugars
and amino acids. Alpha- and 5eta-aﬁy1ases and a major
protease, carboxypeptidase/ are thought to be requnsiblé for
the breakdown of starch a;d proteins, respectiQely. The
appearance of alpha-amylase and barbbxypeptidase agtivities
akter imbibition was followed. .Levels of both the’h drolase
activities were low for the initial 1-2 days, after which
therejyés a sharp, increase. - )
| v\ 2.  Control of ovérall protein hydrolysis by

gibberellic acid: Total hitfogen in ‘the ungerminated barley
endqsperms (cantrolg) is distributedlin the soluble (buffer
extractable) and -the insoluble  (propanol -eftraéghble)
ffactiqns. Initiation of the hydrﬁl?sis.of the hordein
p&oteins'should.result_in a:'transfer' of totai nitrogen'from'
: " _ the insoluble to the -soluble fraction. 1In the absence of
/\“‘“"“”;:Zbé:ellic acid,_the proportion of total nitrogen in thé two
fractions remaired unchanged dhring a 60 hour jncubaiion
péridd. In the.presenqe of this growth régu}atorf howeVﬁ:,

changes in total nitrogen were recorded in both the

fractions. r'exepﬁle, in the sbfuble'fraction, the

broportion of;foial nitrogen increased from 12% to 35% and
. - o ' ‘ ) L) ey
70% after a 24 and 60 hour incuBation peridd, respectively,
\ And, in the insoluble %raction, a concomiiéﬁt decréase‘in the

,‘-\‘ ‘. ) .
, amount of total nitrogen was noted. Increase in the levels
. - ' A -

o ™\ '| . | _ . o . . . B ..
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of both TCA or methanol—precipitgHTgﬁ material (large

polypeptides) and TCA or methanol-soluble (peptides and free
amino acids) accounted for an increased total nitrogen in the
soluble fraction. The result of this experiment, Ehere{pre,
established a dependence of overall protein hydrolysis on the
presence of gibberellic acid.

3. Analysi;‘ of the methanol-soluble fraction: The
methanol-soldble fragzioﬁ-was analyzed to determine whether
amino acids and/of'peptides accounted for an increase in the
total nitrogen. In the presence of gibberellic acid, at
early times; i.e. fd'hours, the Erincipal components in the
methanol-splubla fractioh were peptides. At later times,
i.e. 72 hours, however, the proportion of.free‘amino acids
.filtratiJR:jgperjmenté using Sephadex G-10

oh . . .

and G-25 indicated that peptidés of heterogehg&us sizes

increased. Ge

appeared in the media.. On the basis of size, peptides were

pooled in three broaa groups, namely: a) opeptides of

less than 9-10 amino acid residues and ee aﬁ;;34peig§i~9l
'‘peak I' containing large peptides qf'50—7 amino. acid

residues in length; and ¢) tpeak II'/

15-35 amino acid residués in*length.

peptides and total nitrogen in ‘peak I decteased wig? longer

[presence of gibberellic acid,

those in 'peak II* showéd.a concomitant incregdse.

periods of incubation . in the

proportion of total nitrogen in the grou

htaining peptides of

eréas,.tbe levels of -

v/
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oligopeptides and, free amino acids also incteased

dramatically with longer period of incubation. Many types of

» .
amino acid residues were recorded as the amino-terminal of

peptides in 'peak I' ahd ‘'peak II'. The\result of this”’

series of experiment established the following points: a)
- . .

free amino acids are not the principal’ components evern after

a 72 hour incubation period b) peptides of various sizes are-

present in the media, and ¢) the proportion of large peptides

{"peak I") relative to small peptides (' peak 11! ) showed

reciprocal changes der the incubation period. 4

4.‘ Analysis of the methanol-insoluble fraction:’ The

methanol-insoluble fraction cont?iaing large polypeptides wae

analyzed to determine whether hordein derivedtkpolypeptide

fragments appeared_following incubation in, the presence ‘and

. - F

absence of gibberellic acid+” Eléctrophoretic’ separation on
»

polyacrylamide gels in the presence of a denaturing agent,
1

SDS, showed the appearance of a polypeptide of 42 kDa in the

presence of gibberellic acid. Using .the western s

immunoblotting technique, the/identity of the polypeptide was
confirmed to be alpha amylase. .
=

Antiserum against hordein polypeptides was also used

-
to. identify those fragments in the media, which year the -

epitopes similar to those on hordein proteiny In the

control samples,. a number of hordein IgG- reacting'

polypeptides were detected. At early times, i.e. 24 houts,

S ,
in the absence of gibberellic acid, additional fragments in

'7_. | | ‘-\J

o

g
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the size range of 40 kDa and 25-30 kDa appeared. Fragments in
the- size range of less than 15 kDa appeared in the presence of
the growth regulator In addition; fragments of around 60 kDa |
disappeared: ﬁest of thg hordein 1g9G- react1ng polypeptldes

© were lost when the samplesaqere incubated for 72 hours in .the
presence of gibBerellic acid, This result established the
following points: a) the  ihitial hydrolysis. of hordeins is

not depquent on gibbérellic acid; and b) protease(s) induced -

in the presence of gzbbere} ic id are important for further
hydrolysis.’ 3
5. Preliminary characterization of hordein-related

polypeptides: Immuncaffinity column chromatography of the
soluble fraclion facilitated separation of hordein-related
rpolypeptides from other water soluble proteins. fhese
pPolypeptides were ¥ractionated in five.groups on the‘basis of
siée using size—exclueion column chromatoéraphy. The amino-
terminal reeidues of polypeptides in each group were
determined. ;hese resﬁlts showed: a) more than one
pdlypeptide was present in each group. The precise number of
pblypeptides in each group rehains to be determined; b) in
\the\absence of gibberellic acid, new polypeptide fragments
appeared in the second .and third groups; and c¢) there was no

clear-cut pattern of the amino-terminal rs;idues.
In conclusion, therefore, tae present study

established following points:
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a) the overall hydrolysis of hordeins is dependent on
the proteases indgced in the presence of gibperellic aciqg;
b) initial events in the hydrol&sis arejnbt dependent--
on’ the presence of this growth regulator;-
c) large pqglideé predominate at early times of the
hydrolysis, and at later times small peptides are the

Principal components appearing in the media, suggesting that

the action of several endoproteases is involved.
]
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Appendix I. “Amino Acid Concentration in Acidic, Neutral+Basic,

and Amide Fractions Before Hydrolysis

mM/30 endosperms

~

Acidic (I) Neutral+Basic (II) Amide (III)
AR 24 48 72 24 48 72 24 48 72
Asx 0.9 1.3 c.8 - - - 3.9 1¢.0 8.8
Glx 1.3 3.2 5.1 - - - 26.4 72.2 70.7
Ser - - Z 4.1 15.9 “14.3 - - -
His - - - - 1.1 1.5 - - -
Gly 0.1 0.1 0.1 5.2 20.6 23.7 .- - -
Thr - - - 2.0 8.7 10.3 - - -
Arg - j - - 0.2 " 2.4 2.6 - - -
Ala 0.2 .0.1 0.1 4.8 16.4 19.1 0.2 0.5 0.2
Tyr 0.7 1.5 1.3 1.1 8.1 9.7 o.a_' 1.3 1.1
val 0.1 0.1 0.1 4.3 16.0 "18.4 - 0.3 0.2 -
Phe 0.4 0.7 - 0.5 1.8 11.3 14.7 0.8 0.9 0.6
Ile 0.1 0.2 - 2.1 9.1 10.7 0.3 0.2 -
Leu 0.5 0.5 0.1 6.5 261 29.7 '1.2 0.8 0.2

Thirty half-kernels were fhcubated for 24, 48, and 72 h in 10 ml

media in the presence of GA The supernatant from crude homo-

3° i
genate was precipitated with 50% methancl. An aligquot from the
methanol-soluble fraction was separated into acidic, neutra}+basic

and amide fractions using\ion-exchange chromatograpﬂy {87).

(-) = less than 25 pmoles levels.

+



Appendix II. Amino Acid Concentration in Acidic, Neutral+

Basic, and Amide Fractions After Hydrolysis

o

mM/30 endoséerms

Acidic (1) Neutral+Basic (II) Amide (III)
AR 24 48 72 24 48 72 24 48 72
Asx 3.8 10.9 7.6 0.2° 0.7 0.5 3.4 8.2 7.3
Glx 12.9 41.8 39.4 0.6 3.7 5.0 29.3 75.3 69.5
Ser 3.1 6.3 5.7 4.0 19.3 . 28,1 1.3 3.2 2.9
His 0.3 0.8 0.6 0.3 3.4 5.5 5.8 16.2 14.2
Gly 3.4 8.2 8.2 5.3 22.3 43.3 1.3 2.4 2.4
Thr 0.9 3.2 2.5 1.9 14.0 - 20.1 0.6 1.4 - 1.6
Arg 0.2 0.7 0.4 0.5 5.7 8.5 - 0.2 0.2
Ala 2.0 4.4 4.0 4.9 17.3 28.9 0.8 1.3 1.0
Tyr 1.4 4.1 0.7 0.5 4.6 7.4 1.3 2.2. 1.8
val 1.6 4.0 2.7 3.4 21.2 22.2 1.7 3.5 3.0
Phe 1.6 5.1 4.7 1.6 11.9 18.3 1.2 2.2 1.7
Ile 1.1 3.1 2.4 1.8 12.6 17.1 1.0 1.8 1.7
Leu 2.6 6.1 '4.2 4.5 25.4 34.5 2.3 4.1 3.4

Thirty half-kerne}s were incubated for 24, 48,'and 72-h in 10
ml media in the presence of GA3. The supernatant from crude
homogenate was precipitated with 50% methanol. An aliquot

from the methanol-solu?le fraction was seéarated into acidic,
neutral+basic fractions using ion-exchange chromatography (87).
The fractionsg were hydrolyzed in presence of 6 N HCl at 110°C

for 8 hours under vacuum. The hydrolyzed samples were washed

several times to get rid of excess acid_ (see Materials and

Methods) . Finally, amino acids were sepaxated using HPLC
'after‘OPA-dériVatization after Winspear and Oaks (1983).

{-) = less than 25 pmoles levels.





