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ABSTRACT

Biosyntﬁegis.and compartmentalization of Avena globulin polypeptides
were investigated by in vitro translation, in vivo labelling,.subcellﬁlar
" fractionation, and electron microscopic techniques. The 128 globulin a
and.B polypep;ides were shown to be synthesized as common precursors with

relative Sblqcular weight of 58,000-62,000 both éﬂ.fiﬁiﬂ and in vivo.
These 'pﬁtatits,—p:ccursors were shéyn “to be made primarily on
)poljsomes~ attached to endoplasmic reticuium (rough endoplasmic
féticulum). Upon synthesis, the ‘globulin polypebtides were segregated in
the. endoplasmic reticulum cisternae rendering them - resistant _to
proieolytic'éigesgion,-. The assoclation of these polypeptides with the
endoplasmic reticulum was,‘houever, t?ansient. The globulin‘polypeptides

* disappeared from the endoplasmic reticulum shortly after synthesis and

subsequgntly appeared in protein-bodies. Pulsé-chése labelling studies
sggued that the 58,000-62,000 globulin polypeptides arrived in protein
deies unprocessed. The site of proteolytic cleavage of these large
.polypeptides to globulin z and R subunits was therefofe found'co,be the
protéin bodies. This processing event ﬁas gradual and not immediate.
Sometimes dﬁring or after cleavage, Ehe globulin polypeﬁtides were
assembled ‘}npo 128 oligomers coﬂsistiﬁg of the processed «a and B
subunits. Such a léS oligomerlwas absénﬁ in the endoplasmic reticulum
and seemed to be formed only after deposition of globulin in protein
bodies.

Electron miérographs'obtained from developing oat endosperm active

in protein synthesls (16-20 days after flowering) il1lustrated the

-
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channe;ling _of reserve proteins to iIntracellular vacuoles after their
initia&- syntﬁgsis on the rough endoplasmic reticulum. Protein bodies
which appearedi to be formed at the ;ntetface between the ré&g&
endop}asmic.reticulum and‘tonoplas:, vere subsequently secreted into the
Ivacuoles. The new}y— developed protein bodies fused to form larger
" podies filling the entire vacuole.

Based on the above-mentioned observatiomns, a hypothesis was proposed
statihg that globulin polypeptides are synthesized as larger precursors
on the rough endoplasmic reticulum, sequestered within it, probably with
the aid of a signal peptlde, and‘chanﬁelled into iIntracellular vacuoles.
ﬁeserve globuling are packaged into membrane—bound vesicies or protein
bodies and are secreted into the vacuolg. During, or after, prdtein ﬁody

Y

formation, the globulin precursoré are processed into the o and 3§

subunits which are then assembled into 125 oligomers.

e
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- CHAPTER X

INTRODUGTION—

1. BACEKGROUND
One of the maiq_nutritional deficlencies affecting populations 1in
developing countries 1s 'profein—calorie deficiency' (1). This occurs In
humans be;ause the intake of éﬁergy and protein is lower than minimal
/’*’:equirements (2). Accordingly, protein quantity, and more specifically
protein quality, defined as thé content of essential "amino aclds, play an
important role in human nutrition. Improving protein quality in food,
crops 1s of practical significance in terms of nutrition and health.
Cereals provide more than 50% of world protein consumption. The
successful development of oEague-Z'maize (5) and new high protein oat
cultivars (4) have demonstrated the genetic poteatial for improving the
quaiity of cereal grains.l Opaque-2 maize has a wmuch higher lysine
content than common maize. Also new oat cultivars such as Hinoat
developed by Ottawa Besearch Station txgriculture. Canada) contalin
considerably higher amounts of protein with gopd qualicy, compared to
existing economically beneficial culpivafs, such as Elgin or Harmon.
Such high quality crops were Introduced through tradicrional plant
-breeding techniques, which are paipstakingly long processes. The
nutritional needs of the growing world population clearly demand much
nore efficient and rapid avenues for improving the quality and quantity
of food crops. Modern genetic techniques may provide quicker tools for

1 »
achieving these objectives.  Therefore, to provide the breeder  and

genetlicist with éppropriate molecular informaticn, researchers have been
by



investigating the biology and blochemistry of seed reserve proteins. The

last \decade has been witness to great advances in understanding the
mechanisms. involved ‘inv seed ,reserve’ protein toﬁogenesis (cellular
biosynthesis, cytoplasmic transﬁart, post—translational processing and
organellar storage).

Several unique features have created Interest in studying the
mechanisms of storage protein synthesis in oat endosperm. Developing 6&t
endosperms are very active protéin syntheslzing systems. More than 70

percent of the total protein synthesized is a storage fraction, globulin
(5. Such a high rate of bilosynthesis of a single class of storage
proteins makes developing oat seeds a useful cereal system for studying
éenome expression In higher plants especilally cereals. Such reséa{Fh has

been conducted extensively in other cereals and legumes. Recent studies

on zein in maize (6), phaseolim in french bean (7), hordein in barley

(8), and glycinin in soybean (9} have substantially increased. -our .-+

knowledge of the bilosynthesis and deposition of seed storage proteins as
well as the structure, organization, and expression of their genes.. More
reseérch on the molecular factors regulating storage protein bliosynthesis
may assist in improving the nutritional quality of cereal grains by
manipulating the storage proteln genes t; alter their amino acid content

and/or levels of expression.

’

7

&



2. PROTEIN BIOSYNTHESIS

The blosynthesls and packaging of 'celluiar and tviral proteins
involvé several distiﬁct processes. These procesées have been
extensively gstudied for the last thrge decades. Palade (10) has outlined
the basic steps of ;rotein secretion as 1) synthesis, 2) pegregation,
3) intracellular transport, 4) concentration, 5) intracellular storage;

‘ and in many case; 6) discharge into the outside environment.

The basic mechanis;é underlying these steps are remarkably similar
for organisms as diverse as bacteria, plants and animals. The
rélationships and- interdependence of these various steps are becoming .
increasingly evident. The conceptual framework of these processes is now

‘well established, but the specific details remain to be elucldated.

The pancreatic exocrine cell-has been widely used as a model system

to study the processes of brotein biosynthesis and secretion (10,115.

These cells synthesize and ‘discharge several functionally important
- .
protelins and hormones {e.g. _ insulin). Based on available data, a
protein to be secreted, for example, insulin, is first syathesized ;s a
precurs;; Jggreproinsulin) on polysomes bound to rough endoplasmic
retic%%um (11). This precursof is segregated in the ER cisternaé after
the co-translatiomal cleavage of the leader sequence. Thé prolnsulin is
then transported to the Golgi apparatus where it 1s packaged into zymogen
. granules. Post—translational cleavage of proinsulin occurs at this site
to yield mature ﬁqsulin. The wmature .insulin grénules are Eigally

secreted into the circulation (11). The model of insulin blosynthesis

and secretion has’ been observed for numerous other cellular and viral
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éeqretory proteins (10,11,12). This mechanism s also_ciosely imitated
in the biosynthesis of Integral and #eripheral membrane proteins (12).
In general, polyﬁeptides which are destined for secretion into the
. environment or for. deposition into intracellular organelles are thought
to be synthesized and packaged along remarkably similar pathways and

" mechanisms. ]

Since the late 1950's, morphological and biochemical studles have
strongly suggested that exportable proteins are syn;hgsized on polysomes
attached to the RER, while free polyscmes in the cygésol are respoﬁsiblé
for the synthesis of non-exportable préteinSL The synthesis of secretory
. proteins 1s preceded by the preoliferation of the ER ﬁembranes‘(lB). The
molecular basis for ihi;‘discrimination was inirially explained by Blopel

i
and Dobberstein (14) who proposed‘the signal hypothesis. They postulated

that a specific interaction of the NHz-tgrm;nal portion of the growing
polypeptide chain with the RER membrane results both in the association
of polysomes wifh thelRER and in the creation of a channel through which
the groﬁing polypeptide‘enters the RER cisternae (Ffgure 1). The signal
hypothesis initially covered the secretory proteins, howevér, it is now
known that this model may pertain to several other classes of proteins
* including polypeptides destined for transport to inner éompartments of
other cellular orgayelles, e.g., lysosomes, Golgi complex, peroxisomes,
chloroplasts and mitochondria (12), and those which form the class 6f
integral proteins Eightly bound to membranes (l12). Nevertheless, there
are a few well-'documentedxexceptions (12) where free polysomes appear to

be responsible for the synthesls of secretory proteins and conversely,

membrape-bound polysomes synthesize cytosolic- proteins (e.g., tyrosine
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(A) The specific’.binding of SRP to the signal sequence. This
binding inhibits further translation.’

(B) The inhibited ribosomal complex binds through the SRP to a
membrane receptor, or docking protein. This binding allows
translation to resume.

(C) The signal peptidase cleaves the signal sequence.

(D) After complete peptide transfer, the SRP and ribosomal
subunits dissociate. The protein has been tramslocated 1nto
the lumen of the endoplasmic reticulum.

k Mapted from Blobel and covorkers (17,18,19).
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aminotransferase and serine dehydratase respectively). In some other
cases, the npnf?6§ersy about the site of VSyEEhgsis may be due to
inadequate techniques presently available for the fractionation of
membrane~bound and free polysomes.

The mechanisms involved in seiecting specific wRNAs for translation
by membrane-bound ribosomes have been studled extensively (12,15). Three
alternative mechanisms have been’ described (12) suggesting how
polyribosomes may interact with the ER meeprane: 1) interactions between
sites in the membrane and 605 ribosomal subunits, 2) interactions between
nascent polypeptides and membrane receptors, and 3) binding of a region
at the 3' end of the mRNA to a specific membrane site. The function of

" the N-terminal end of the nascent chain has been described ia a

well-known hypothesis called the signal hypothesis.

Signal Hypothesis

In accordance with the signal hypothesis, the primary translation
products of most mRNAs coding for secretory proteins are usually larger
than the final product secreted in vivo due to an extra N-terminal amino
acid sequence. This éignél peptide has geen sequenced from several
secretory protein precursors (16) and shown to have a high hydrophobic
amino acid content. Recent studies by Blobel and coworkers (17,18,19)
h;ve resu}ted in a more detailed explanation of the mechanisms underlying
the signal hypothesis.

Translation of the @WRNA for a secretory protein begins on free



ribosomes in the cytosol. Amino,terminal amino acids are polymerized
until the signal sequence has ;f:?ged from the large subunit of the
ribosome. This is beMeved to occur -after 60-70 amino acids have been
polymerized (20). Arouhd 49 of these amino acids, although polymerized,
would reside in the large subunit of the ribosome and only 20-30 would be
extruded out of the ribosomes (21).
" The signal sequence tﬂen binds specifically to a signal recognizing
particlé (SRP) (19). The SRP is present as a solubl? hexamer 1in the
rcytoélasm, but wmay alsg be bound ro the large subunit of the ribosome
(19). The binding of the SRP to the signal sequence inhibits the chain
eloggation process preventing further translation of the proteln. This
mechanism ensures that ;yanslation of secretory protelns is not completed
in the cytoplagm, preventing their release 1into the cytoplasm.
Translation can only. reSumé when 'che inhibited ‘Eomplex binds to the
appropriate receptor on the RER (20,21). This lafper step brqvides the

-
membrane specificity, ensuring that the protelns are translocated across

the correct membrane.

With continueé translation, the peptide is translocated acrossathe
membrane. The ac;?al mechanism for this translocatlon event 1is not
-understood due to the ;ack of any experimental evidence. Blobel (l4)
suggested that the binding of the ribosome to the RER-could cause a pore
to 'appear, allowing the fofming amino acid c¢hain to pass through the
menbrane, ' however: ig the absence of any evidence this remains

speculative. .

»

In order for the forming polypeptide chain to be vectorially

discharged across the membrane, a driving force must be present. Several



I"
mechani;ms for this process have been envisaged, including: (A) the
energy of chain elongation pushes the peptide through the membrane t22),
(B) the folding peptide on the luminal. side of “the RER membrane pulls‘the
chain through (23), or (C) a specialized trﬁnsport mechanism exists to
tfansport the protein across the membrane (23,24).

Mechanism A would require that the bindiné'bf the zibosome to the
membrane Iis fairlj étrong. The growing polypeptide chain can thus be
pushed through the membrane without the ribosome being forced off tﬁe
ﬁembrane. Situa-Mangano and -Llane (25) attempted to demonstrate
exberimentally that mechanism A was nof involved in the transl;cationhof
the secretoryﬁ proteins. They fj}nd that puromycin, a translation
terminator, did not interfere with' the translocaticn of the incdmpléte
secretory peptides. They concluded that once translation was teqminéte&,
the elongation force was removed. Since translocation of the.peptides
did occur, then the translocation process was not due to a chain
elongation force, but to some other force.  This conclusion is apparent
in vivo when chain termination occurs naturally ét-the conpletion of the
protein, and yet complete translocation still occurs. This experiment
did not rule out the chain elongation force as a possible mechanism, but
'simply showed that it 1is not the only mechanism involved. Perhaps a
better model f;r this translocation force, would_ be the combination of
the elongétion force and the force due to polypeptide folding on the
luminal side of the RER membrane (mechanism B). In this model, the
initial force would consist solely of the elongation force, but the final

force required to complete the translocation would be'entirely the force

conveyed by the folding polypeptide chain (a pulling force).



The involvement of this latter source of‘ energy was proposed by
Smith et al. (23) as an alternative to' the elongation force. This
hypothesls was based on their finding that in E. cold, the bulk of
ribosomes could be released from the wmembrane bg?‘t:eatment with
puromycin. These results jndicated that nascent peptide was the sole
attachment of ribosomes to the membrane in bacterid and therefore_the

chain elongation energy on the ribosome could not be Envolved in forcing
the growing chain through tﬂe membrane. However, they conceded that this
might be the case -“only for prokar§otes (23). Finally, "mechanism C
envisages that certain protein translocators exist which could effect the
unidirectional translocation of proteins across cellular membranes (24).
Another 1mpoetant feature of the signal h}foﬁhesis_ is the co-
translational cleavage of the_signal sequence {l4) by a signal pepridase.
The cleavage is théught to occur after the‘signal sequence has emerged

from the luminal side of the RER membrane as the result of the action of

a membrane-associated protease (26). Evidence for a signal peptidase

. gene on a bacterial chromosome has now been reported (27). Perhaps

further research will uncover the existence of the §5ﬁbs coding for these

important traqspoft—related enzymes in higher organisms as well.

Segregation 4

X
The newly synthesized secretory proteins are segregated 1n the

cisternal space of the RER after thg vectorial tramsport of the nascent
polypeptide from th; large ribosomal subunit. Segregation appears to be
an i;reversible step; the nascent polypeptide 1s extruded 1in the
cisternal spacé and once Inside, can no longer get out (10). It 1is
believed that upon such an entrapment, the polypeptides are converted

into globular proteins too large ( 20 A diameter) to permeate the pores

- ot
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of the ER membrané (10 A diameter) (10). The mbdification of the
protein's tertiary structure may Include disulfiﬁe formation,

hydszylation of 1lysine and proline residues, glycosyiation of

v

polypeptide chains, and partial proteolytic cleavage (28), all of which

. can modify the -seeretory proteins so that they are unable to penetrate

the ER wmembrane (10,29). The enzymes responsible for these reactions
have been found to be associated with the ER" vesiéles (12,30). For

example, glycotransferases were reported to be assoclated with the ER in

réé liver (30).
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3. BIOSYNTHESLS OF SEED RESERVE PROTEINS

All plant cells are secretofy cells, since they synthesize and
'd;scharge tﬁé proteins of their ceil wall (10). However, a variety of
plant cells produce highly specialized secretory and reserve proteins.
Much attention has been focused on the developing storage tissues of
1egumé.and cereal sééds which synthesize and store considerable amounts
of proteins during embryogenesis (31,32). This has been-largely due to
.the fundamental role of cereals and legumes as important sources of human
dietary protein (2). " The plant seed; are also suitable eukaryotic model
systems for studying the regulation of seed protein gene expression
- (33,34). Electron microscopic investigations as well as in vitro

synthesis agd in vivo labelling studies have been employed to examine the

depository' ocesses in legume seeds (7,9,32,35,36,37,38). Theg results

? B
have revealed considerable homology with the processes 1involved in

protein secretion in mammalian systems; although many specific detalls

-

still remain to be explained.

'

Plant seed reserve proteiﬁs exhibit no enzymatic activity and have
thus been classified‘on the basis of their physical'properties into four
.solubility classes (Globulins; salt-soluble; albumins, water—soluble;
glutelins, acid or base soluble; prolamins, alcohol—soluble) (39). The
major ‘storage protéin fractions are globulins I{n legume seeds and

prolamins in most cereals.

The biosynthesis of several well-studied weserve proteins 1s pow

discussed in same detail for the two major classes of legume globulins

and cereal prolamins.
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A. SYNTHESIS OF LEGUME RESERVE GLOBULINS

Among legumes, the reserve globulins of Pisum sativum (pea) and

Glycine max (soybean)'have been gtudied extemsively.

Legume globulins are classified into two fractions: legumin-like qu
vicilin-1like proteiés, based on: their solubility at various salt
concentrations (40). To date, no evidence is available for the presence

of alcohol-soluble prolamins in legumes.

Class a. LEGUMIN-LIKE PROTEINS: ©Pea legumin and soybean glycinin are

well-studied examples of legumin-like proteins.

PEA LEGUMIN is a 12S oligomer consisting of two groups of acidic and
- basic subunits. The « and § subunits are }inked together through
disulfide bonds fofming 58-60 kDa dimers (40). The in vitro and in vivo
synthesis of pea legumin” has been studied extensively (35,540,41,42,43).
Legumin mRNA is translated In vigro inta 2 60 kDa precursor comprising of
the’ ¢ and B subunits in tarndem (35). In vivo labelling experim;;ts have
demonstrated a érecursor—product relationship (41). Legumin precursors
are primarily synthesized on membrane-bound polysomes and ségregated in
the " RER cisternae (35). Recent investiga;}ons by Chrispeels and
coworkers have iIindicated that the newly—synthesi;ed legumin polypeptides
are transported into- protein bodies after their synthesis on the RER
(41). 1In prote;h bodies, the legumin precursors are cleaved into the «
and 8 subunits (still di;ulfide—liﬁked) which are then ass;mbled into a

125 oligomer (41).

SOYBEAN GLYCININ: This glg%ulin fraction is homologous- in several

physicochemical properties to pea legumin (42,44). It is found in
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soybean protein bodies as a 125 oligomer consisting of 40 kDa (acidic)
and 20 kﬁa (basie) subunits (45).  Interestingly, the mode of
bi;synthesis of soybean glycinin also resembles that discussed for péa
legumin. Glycinin polypeptides are made primarily on membrane-bodnd
polysomes as larger precursors (44). It has been shown that giycinin
precursors carry a N-terﬁiﬁéiwliéédér sequencé which 1is removed ‘co-
translatcionally (;6). The 60 kDa glycinin preéursor_ is also post-
‘translationally cleaved into the mature acidic and basic subunits (44).
However, a detailed in vivo labelling study has not been performed ;n
soybean glycinin to clarify the mechanisms of its transport from_the RER
to protein bodies.

Class b. VICILIN-LIXE PROTEINS: " Another group of globulins found -in

e

leghmes have a smaller holoprotein size of 7S. These are referred to as

vici%ins.

PEA VICILIN: It is a 75 globulin complex found in mature pea sceds
consisting of a heterogeneous group of polypeptides. The major vicilin
species 1s a 50 kDa polypeptide (47) which is synthesized on the RER as a
larger precursor (48). Recent cDNA sequencing studies by Lycett et al.
(34) 1indicated its synthesis as a preprovicilin. The comparison.of the
vicilin ¢DNA sequence with its amino acid sequence data, suggested the
removal of a N-terminal signal peptide and a C-terminal sequence (32).
Partial post=translational proteolytic cleavage also occurs, . yielding
three @, B, and y subunits (48). 1Ia vive pulse-cha%e labelling studles
have shown that pea vicilin is transported from the RER to protein bodies
in a similar fashion as is legumin (41). The vicilin polypeptides are

assembled iIn protein bodies into a 7S5 ocligomer. Certafn newly-



sfhthesized vicilin polypeptides undergo- glycosylation in the RER and

\\\\ _l possibly in the Golgl apparatus (49).

fﬁ) SOYBEAN CONGLYCININ: This fractiom is found as a 75 oligomer consist%ng
) of a2 major 50 kDa polypepgide homologods to pea vicilin (44,47). The
A anuclectide sgquencés of the conglycinin and pea vicilin genes are
homologous and only differ at the' regioﬁs of internal proteolytic
cleévage sites (34). Conglycinin 1is made on the RER as a larger
precursor with a N-terminal signai peptide (44). Co-translational
removal of the _signal peptide -and glycosylatioﬁ of the conglyeinin
precursors have been demonstrated (44). The newly-synthesized
conglycinin polypeptides are transported to protein bodies by yet unknown
processes. Sengupta et al. (44) have outlined a detalled sequence of

-, .
events that appear to be involved in the blosynthesis of the vicilin ¢

subunit (Filgure 2).
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Fig. 2. Blosynthetic pathway of soybean 7S « subunit, a vicilia-like
reserve protein. This process involves five consecutive steps.
1. Translation of 7S « subunit =RNA on the RER.
2. Co-tramslational cleavage of a signal sequence.
3. Core~glycosylation of the newly—s?uthesized polypeptide.
4. Further post—-translational glycosylationm.
5.

Post—translational cleavage of the polypeptide in protein
bodies.

Reproduced x}ith peraission from Sengupta et al. (44).
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OTHER GLOBULINS Another vicilin-1like protein, freanch bean phaseolin has

also been the focus of extensive investigations (33,36,40,50). The
biosynthetie ;nd depository .pathway of this resefve protein is similar to

those described above for pea vicilin and soybean conglycinin and
therefore is not discussed here. )

The above discussion of legume reserve globulfns indicates that
these proteins share a common pathway for deposition In protein bodies.
Globulins are probably synthesized on the RER. with the aid of a N-
terminal signal peptide, transported via secretory vesicleé to protein
bodies with the possible involvement of the Golgl apparatus. The role of
the C-terminal extension found in some legume globulin pPrecursors kpea
vicilin) in their correct.intracellular transport 1is not known.

In contrast, cereal reserve prolamins do not appear to be
syntheslzed or éeposited in the same way. This 1s illustrated by maize

zein, barley hordeins, and wheat gliadin (51,52,53,54,55).

B. SYNTHESIS OF CEREAL RESERVE PROLAMINS

MAIZE PROLAMINS: Zeins are soluble in alcoholic solutions (e.g. 70%

-

ethanol) and are characterized by a high content of glutémine, prolire,

L

leucine and alanine (these four residues account for about 70Z of the

total residues) and a low content of lys;ne and tryptophan (565. Zein
polypeptides have‘been grouped Ianto four ciasses of 22, 20, 14, 10 kDa.

Approximately 100 copies of =zein genes encoding zeln polypeptides
may exist per haploid genome (57), although it is believed that some of -
these genes are sileant sequences which may be pseudogenes that are n;t

expressed (56). Zein polypeptides are made primarily on membrane-bound
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polysomes- and are processed by the removal of a signal peptide 10-20
amino acids long (?8). The mature zeins ar; segregated within the lumen
of the RER where they fuse together; forming granuies (55,56,59). The
signal peptidase activity has been detected in the RER membranes (59).
The RER membranes completely sﬁrround the zein protein bodies (55). Zein
polypeptides also undergo co-translational glycosylation by addition of.a
glucose unit to each nascent chain by a membrane-bound
glucosyltransferase. Burr- and Burr (59) have suggestéd that. this
glycosylation process may be essenfial for the <cortect
compartmentalization of zein polypeptides. Dictyosomes do not seem to

.play any signifi;ant‘role in zein deposition (59).

BARLEY HORDEINS: = Barley endosperm contains 11.5-14% protein‘

consisting mainly of an alcohol-soluble hordein. ' The horéein fraction Is
comprised of two major groups of pélypeptides called B and C horgginé
(60,61). B hordeins have a mol wt rarge of '35~45 kDa whereas C hordeins
are larger with a mol wt range of 55-75 kDa. Both B and C hordeins

-contain significant amounts of glutamate-glutamine and proline residues

(55-70%). The particular pattern of B and C hordein -polypeptides are

undé? the control of two complex loci, Hor-1 an& Hor-2, which
respectively specify the C and B patterns (61). The pathway of hordein
deposition closely rtesembles the process described for zein deposition
with respect to its synthesis on the RER. Newly-synthes{zed hordein
polypeptides also aggregate in the RER lumen into clumps ({(51). In
contrast to.zein, hordein granules, however, seem to break away from the
RER and form ifregular protein deposits with some ER membrane still

atg{hed (51).

L)

LYy
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4. GLOBULIN-PROLAMIN COMPARTMENTALIZATION

On the basis of the biochemical and electron microscoplc evidence
which.uas discussed above, two distinct systems for the synthesis and
deposition of plant seed reserve proteins could be enQisagedt a
globulin-type system operating -mostly in legumes and a prolamin~type

system occuring in most cereals.

GLOBULIN SYSTEM - Several hypotheses have been proposed S;Hexplain

the mechanisms involved in the synthesis and storage of reserve globulins
in legume seeds. Recent studies suggest that reserve globulins follow a

L
similar pathway for their synthesis and storage similar to that involved

1ni*;he gsecretion of animal proteins. oulter (62) has proposed a
hypothesis which is now widely accepted. He postulated that reserve
globulins are ‘syntheslzed .on the rough endoplasmic reticulum {RER),
passed into the lumen where they are segregated and transported to the
dictyosomes. The globulins are then carried inta vacuoles in.speciél
yegicles which are cut off from the dictyosomes. This theory has also
been adopted to explain the formation of protein bodies in ollseeds (63).
The role of dictyosomes in-this process 1is not supported by conclusive
evidence. Some investigators have suggested that vesicles bud off
directly from the RER and transport the proteins to fhe vacuoles (64).
However, in & recent report, Chrispeels (36) presenteé evidence for the
involvement of the Golgil apparatus Iin tﬁe transport and deposition of
N
french bean.globulins.' Fig. 3 summarizes the hypothetical pathway of

giobulin synthesis and storage.

*PROLAMIN SYSTEM - Reserve proteins in most cereals, e.g. wheat,
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Compartmentalization of reserve globﬁlins.

Globulins ‘are synthesized on the RER, transported either
directly (a) or via dictyosomes (b) to intracellular vacuoles

where they from protein bodies:



barley, malze, rye, and sorghum, consist mainly of alcohol soluble

-

prolamins such as-vwheat gliadins, barley hordeins,.- and maize zein.
Miflin et al. (51) have recent;y discusped the deposition of prolamins
and the development of protein bodies Ha cereal seeds and proposed a
common hypothesis. This hypothesis Lpeculates that c¢ereal reserve
prolamins are synthesized on rough endoﬁlasmic reticulum and segregated
in the ER cisternae. The newly-syntﬁesized reserve proteins aggregate
into clumps within the ER cisternae. In barley and wheat, these
aggregates form irregular deposits (protein bodies) after breakage from
the RER. In maize, however, the reserve prolamins form spher;cal bodies
wﬁich accumulate within the RER which cémple;ely surrounds them. Fig. 4

illustrates the development of protein bodies in the RER cisternae in

corn endosperm cells (51,66).

AVENA GLOBULIN SYSTEM

Among cereals, oat (Avena sativa L.) -seeds offer a unique cereal

éystem’due to the predominance of the salt-soluble globulins. This may
iﬁdiéate that oat seeds p&ssess a different depository pathway from the
prolamin system found in other cereals. Salt-soluble proteins are the
major storage protein fraction in oat seeds accounting for up to 75% of
total seed protein (5). This unique feature of oat seeds.ig responsible
for {its highe; nutritional quality (salt-soluble globulins are richer in
esgsential amino acids tha; the dlcohgl-soluble prolamins).
Interestingly, oat globulin has been shown to be homologous to some
legume globulin fractions such as pea legumin and soybean glycianin in

several respects (67,68,69,70).
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Fig. 4. Compartmentalization of reserve prolamins.

Prolamins are synthesized on the RER, ag'gregai:e into clumps, and
are released as protein bodies. In some cases, these protein
bodies would still b& surrounded by ER membranes (malze proteir‘i

bodies, ref. 65).
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This suggests that the pathw ocat globul

deposition might be

similar to the globulin system in leghme seéeds, rather than to the

prolamin ;ystem predominantly in the other cereals.
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DISCRIMINATORY FACTORS IN PROTEIN DEPOSITIOR

.The regulatory factors which determine whether a certain gene

. product should remain Iin rthe RER or. be transported into protein badées

are unknown. The differences observed between the two above depository
syScemsrmay be due to several phenomena. One ;pparent factor may be the
in vivo solubility characteristics of the particular storage. proteln
sequegtered in the RER. There is an obﬁigug difference be{ween the in
vitro solubility of globulins (salt-soluble) and prolamins (alcohol-
soluble) extracted from legume and cereal éeeds respectively. There is

no direct evidence, however, to support this theory. The observation

that some cereal seed proteins such as thionins which are salt-séluble in

nature remain in the RER cisternae after their synthesis on membrane-

-

bound polysomes argues against the above assumption (71). Thionins,
however} are wminor constituents and arée not considered as reserve

proteins {(not founa in protein -bodies) (71).- Therefbre,-there is some

~

indire&t evidence for the role of protéin solubility in deposition of
reserve proteins. Further investigations are needed before assuming a

direct role for solubility.

The nature of the signal peptides may also be an important factor.
Differences in "the N-terminal sequences of the nascent chalns may

contribute to the differential compartmentalization of prolamin and

-

globulin polypeptides. It 1is generally believed that the mRNA molecule

,ccﬁtains the.entire informarion for the final destination of a protein

which mﬁg: be coded by signal sequences or other rtopogenic amino acid

sequences (72,73,74). Qlébel (73) has proposed a hypothesis which

predicts that certain discrete segments of a polypeptide chain may

determine its intracel%ular fate or topogenesis. These topogenic
> -

4

—
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removed) feg&pfes of the protein. This phenomenon may be recognized by
the presence of such séquences in many structurally- different proteins
which share a common translocation pathway (73).

The signal peptide is one‘type of ropogenic sequence which has g:en
observed in many secretory prACe%ns (26,75). 1In most cases this signal
peptide 1s present in the N-terminal end, but internmal signal sequedces
have . also been reported. (76). The erythrqcyte anion transport'protein,
Band I1I, was recently shown to contain a sééuence near the middle of the
protein that facilitates Iits segregation into ihe ER membrane {(76). 1In

some Instances, the carboxyl end of the protein has been reported to play

a role in the proper transport of the newly-synthesized protein across

membranes. Kgshland and Botstein (77) showed that the C-terminal amino

acid sequence of pA-lactamase from Salmonella typhimurium infected with

N

P22 phage, 1s essential for correct transport across the‘eytoplasmic

membrane. -These investigators suggested that the N-terminal signal

sequence of a proteln does not suffice to cause its secretion and other

sequences may be involved. The post-translational cleavage of cryptic C-

terminal sequences has also .been }eported for the processing of

©

-procollagen and calecitonin (78,79).

In plant systems, Lycett et- al. (34) recently showed by cDNA

sequencing techniques that pea vicilin ls~synthesized as a preprovicilin

F

‘with subsequent removal of a N-terminal signal peptide and a C-terminal

peptide. The significance of this C—terminal‘ sequence was not known.

Another plapt protein, thaumatin (sweet-tasting proteln 1Iisolated from

fruits of Thaumatococcus daniellil) has also béen found to contain a C-
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terminal sequence which 1is removed post-translationally after the co-
translational cleavage of a N-terminal éignal . peptide (80). This

acidic C-terminal sequence (six amino acids long) was suggested to play a
. ' .

role as a topogenic signal for. compartmentalization of thaumatin (80).
Recently, Crouch EE.iél‘ (83) used cDNA sequencing techniques to
demonstrate extensive postrtranslatiocnal .cleayage of reserve napin
precursors from rapeseed (Figﬁre 5): 1in addition to th; remov;i of a N-
terminal leader peptide, two internal sequences which precede the two
napin subunits are also post-translationall;'processed and delete& (81).

The significance of these internal sequences may be'in_effecting charge

P

neutrality for the napin precﬁrsors (each internal seguence possesses an
opposite chgrge to the napin subunit immedlately following it). A short’
peptide (thrée residues) was also detected at the C*term}nal end of thé'
precursors (8l). The significance of this sequence was unknown.

Based on our current knowledge of the toﬁogenic sequences, we may
assume that the discrimination observed between the globulin and pr;lamin
systens ;Ould reside in their corresponding signal and sorting sequences.

-

This theory is supported by recent inveétigations on the secretion of
plant storage proteins by Xenopus oocytes (52,7%,53). As mqntfoned
above, the oocyte; apparently retained the ‘pr;lééins and secreted the
globulins (52,72,53). These studies reveaied that the globulin mRNAS
contain certain signals similar to those of ;hé animal sec;eto;y prot;ins
which can be decoded by the Xenopus oocyté secrefory system; tﬁe prolamin
mRNAs apparently lack such signals.

Discriminating Sequences in Globulin and Prolamin Topogenesis

According to the available data, many legume globulins and cereal
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Co-translational and post-tramflational processing of rapeseed -
n‘apin precursor.

Comparison of the ngaucleotide _sequence and the amino acid
sequence of a N-terminal signal peptide, a C—te:miﬁal extension,

and two Iaternal sequences on the napin precursor. Each

internal sequence has a net charge opposite to thg\ subunit

" {mmedlately following {t.
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Abbreviations: L, leader sequence

I, intermal sequence

Sl, small subunit
SZ’ large subunit

C, C-terminal sequence

Adapted from ref. 8l.
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prolamins possess N—te;minal signal peptides (32,44,54,82). This is to
be expected since both globulins and prolamins are syntheéi;ed ;n
mémbrane-bound poly59mes, {35,44,55). Weber'_gg al. {83) reﬁorted the
reconstitution of functional hybrid.microsomes from Vicia faba stripped
Qicrosomes (smooth ER) and barley endosperm polysonmes. They also
demonstrated the transfer of in vitro synthesized barley hordeins across
the Vicia faba microsomal membranes (83). Based on ches% results, they
suggested that an evolutionarily conserved épparatus for the 1n{tial
steps 1in the transport mechanisms. may exist for legume globulins and
cereal prplamins (83). Therefore, the difference in the intracellular
compartmentalizatioﬁ of these two types of reserve proteins ﬁay reside in
their hypothetical sorting sequences. The C-terminal peptides found In
pea vicilin (32) and rabeseed napin. (81) as well as the 1internal
sequences reported for napin precurseors, may repreéent such sortlng
sequences. However,lno data are available to support this assumption.
It may be worth noting that so far among seed reserve proteins,
C-terminal sequences %ave only been reported fo; globulins, vicilin and
napin. The c¢DNA sequence’ analysis of a typical'prolamin {maize zeln)
failed to demonstrate the pre;ence of similar extré C-terminal peptides
(84). Further search 1in other globulins and prolamins Is essential
before perceiving a role for: these C-terminal sequences in
differentiating between globulin and prolamin compartmentalization. A
list of some putative top;genic sequences in plant proteins and in an
animal protein is presented in Table I.°

Finally tﬁé differential glycosylation of the newly-synthesized

_ polypeptides may also play a role in compartmentalization of seed reserve



outueTeTAUDyd g prTov otTwein{o - g
DUTIBA - A SUTUOTYIASKW 0] sutweinys - O
autsoxdy, - X SUTSAT M auTaisiAd - D
ueydogd&ag - M autTonay T proe orijxedsy - @ .
autuoaIyy, - I ouUTONaTOSI I outhbexedsy - N
auTIag -~ § QUTPTISTH H aututbay - ¥
' surTOoId - d. auToATHO 9 autuely ~ mmaonEmm pToe outwy
mm2<20&2m>:mm:Qmmqammzomxxuww om:xmmmmcdmwwmmmomw<x20>>Q0>Q<dqq$
' {6L) utuOlTOIRD
_ mﬂcawcmcmauqqﬁ .
T (vg) (shew eaz) utog
, AT T~ = M el Julds
mdmuauqu 80z mm<mquAAAqhmhauhLoﬁm<<ﬂ
(08) (TTT2TUEP SnDOd0DOFRUMEL]) UTFRWNRYY,
. omvbcquwwq:mwamv mﬂmm>m<@m<H<qqﬂ
‘ (vg) (WUNAT3ES unsTq) UTTTOTA
amwmmmha mmmzacoamomm>>9memvh Amcz&qqhhh<qadm>hqxz<ﬂ

.—c0

(1g) (sndeu entsseag) urdeN

TRPUTWIDL-D

Teuaojur

TeUTWIDL~N

SuT9l0Ig TeWTuy pue juefd ut sadusnbeag otusahodoy, DATIEINg 3WOS

I 219%L

|m Nl-



-29-

- ’ -
proteins. In animal cells, the glycosylation of lysosomal proteins can
result in their secretion, 1instead of. their segregation into the
ingracellular ‘lysogsomes {85). Several subunits of the legume 7S
holoproteins (40) as well as wmaize =zein (86) are known to be
glycosylated. Reserve protein %}ycosylation could be a co-translaticnal.,
(86).or a post—translational event (34).‘ The %vidence, however, provided
by Badénoch—Jd&es et al. (49) argués against thé role of glycosylation in .
reserve . protein deposition. The 1inhibition of in vivo protein
glycosylation by tunicamycin did not alter the correct synthesis,
cleavage aﬁd assembly of pea vicilin polypeptides (49).

The reserve protein which 1s the subject of thils thesis (oat
globulin}, is known 10 be homologous to the leghme reserve globulins in
many physical and chemical properties as described above. This homof&gy
may ‘also ,extend to include the depository pathwéys of the oat and legume
rege;§e globulins. If so, the sorting sequences on the oat globulin
polypeptides could be similar orvidentical to the legume globulin sorting
peptides. These assumptions c0u1d' be tested by performing several
experiments designed to elucidate the pathway of cat globulin deposition
and examine the presumed signal and sd}ting sequences présent on the oat
globulin polypeptides. The comparison between the topogenic sequences of
the oat globulin and legume globuli;s-might provide further information
regarding the elements involved in the.cérrect compartmentalizatidn of
reserve  proteins in cereal and legume seeds. But before such comparison

could be done, a detailed study of the mechanisms of oat gldbulin

depositlon is essential.
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S. DEVELOPMENT OF AVENA STORAGE TISSUE AND CHEMISTRY OF ITS RESERVE

PROTEIRS

A} DEVELOPMENT

Aveneae Is a tribe in the Graminae (recently renamed Poaceae)

family. It is subdivided intc approximately four genera; Avena sativa

L. (common oat) is the widely cultivated species.

Qat grain 1is the prdauct of a developmental process. This process
starts with a double fertilization of nuclei in the ovary of the flower.
Approximately 6 weeks l;ter, a large and dry seed with several protective
layers 1s developed. In the do;ble:fertilization -event, the stigma
{(feathery receptor sEructure) receives a pollen grain on the upper part
of the ovary. Two {(male) copies of nucleil, are released into the ovary
through a pollen tube. An embryo is produced by the combination of a
male nucleus with the female egg cell. Endosperm 1s developed by genetlc
combinaéion of the oth;r male nuéleus and a double complement of génetic
material (the two polar nuclel). Multiple division of these two new
genetic combinations results in .the development of distinet embryo and
endosperm- organs - The perica;p layérs which surrouﬁd eﬁdosperm and
embryo originatg initially from part of the maéernal ovary. In summary,
the mature oaf “groat (caryopsis) "is comprised of three different organs

which originate from three different 'genetic origins; the embryo,

endospern, and pericarp layers (B?a). These are describeq below.

‘1. Aleurcne iayer‘
L]

The aleg;one layer 1s an organized array of cells which surround
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thé " starchy endosperm' (Fig. b64). It contains large amounts of
autofluorescent phénolic compounds (mainly ferulic acid). Inside each
aleurone cell, several hundred pro:ein'bodies are packed. Two different
types éf structures have been féund in proteia bodies; globolids,
spherical particles containing large amounts of a calciummagnesium salt
of myoa—inositol phosphate (phytin), and so-called 'protein-carbohydrate
bodies’', aléo presenﬁ in aleuroneAéells, which are apparently composed
of periodate-sensitiye carbohydrates. It appears that the chemrical
composition of the proteins present in the ‘aleurone layer protein bodies
is different from that of protein bodies in starchy endosperm (119). The
level of lysine seems lower in the former (87a).

The aleurcne layer has some enzy&atic and/or hydrolytic functions’

T

- necessary for ger?ination- It contalns-many enzymes such as lipaégé?; .
proteases, and Bf-glucanases (88). o

2. Starchy Endosperm

The. starchy endosperm is a metabolically inactive tissue- whi;h .
comp;ises uﬁ to BOZ of the oat groat. Only one type of cell exis;s_in

which a huge amount of starch, protein, lipid, and gums are depoéited.

These cells are contained by particular cell walls which are rich in g-

-

s

glucans (gums). Endosperm proteins contain relatively high;amod;ts'of
' 2.4
lysine and other essential amino acilds. Endosperm proteins are

accumulated in the cells in spherical protein bodies (0.2 to 6 m in

diameter) (87a) (Fig. 6B).
In hiéh protéin cultivars, the‘subFaleﬁrone cells are particularly -

active In protein biosynthesls and store much more protein with very -

little starch. In low protein varieties, the starch-protein ratie is.
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much higher. In general, the outer—-endosperm cells contain mor; protein
than the inn;r-cells. This gradation exists 1in all oat cultivars 687).

Proteins, libids, and' gQums represent a total of 20 to 30% of the
grain's dry weight. Starch is the -largest component (43-60%X). 1t exists
as starch granules in endosperm cells. It is someuhgt similar to wheat
and barley starch (89).

3. Embryo

This germ ;iss#e is metabolically and enzymatically active. A major
part of the germ is called 'scutellum' which congisté of two distinet
tissues, the parenchyma and the epithelium. The parenchymal tlssue is
made of roughly sphericallbells which are used for nutrient storage.. It
constitutes the major part of the-sgutellum (80%). The epithelial tissue
is construéted of a row of eléngated cells .which are located on  the
surfacé éf ﬁhe parenchymal tissue. It fhnct{ons during germination by
absorbing nutrients derived from endosperm cells adjacént go scuteilum
which contain a-large number of protein bodies (87).

4. Protein Bodies

In all plants, protein bodies are cellular organelles containing
storage proteidﬁ. ‘In monocots (e.g. cereal grains), protein bodies are
mainly fouqd in a triploid tissue, endosperm (starchy endosperm and
aleurone layers) as well as In scutellunm. In dicots (e.g. legumes)
protein bodies are found within cotylégons {part of the embryo). . In somé

seeds, two internal inclusions, the globoid and the c¢rystaloid, are

located within protein bodies. A crystaloid is a storage protein deposit

4
but a globoid is not a proteinaceous inclusion (90,91).
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Protein bodies can be isolated from c;?:éls and legumes by aqueéus
- golvents. Density gradient centrifugation is also used successfully‘for
their separation. Average size of protein bodles ranges from 0.1 to 25
ym. In most c;ses, they are surrounded by a single membrane.
B) Storage Protein Classification

See&-proteins were classified in 1895 by Osborne on the basis of
the%r gsolubility in water and various aqueous solutions. Four classes

.were defined:

Albumins = Proteins soluble in water

Globulins - Proteins insoluﬂle in water but soluble in dilute
' salt _

Glutelins - Proteins insoluble in water and dilute salt but

soluble in weak acid and base
Prolamins - Proteins insoluble in the above solutions but

- soluble in 70-80% ethanol.

Although a number of modifications have since been introduced, this
classification is still valid and widely used.

The.proportlons of these protein fractions wvary considerably émong
legume and cereal seeds. In aegume seeds, the major reserve proteins are
the salt-soluble globulins.

In most cereals (maize, ﬁheat, barley, r&e) the alcohol-soluble
prolamins comprise up to 60% of total seed proteins. The predominance of
this fraction contributes to the iow nutritional quality of the proteins

~ of these cereal grains. Prolamins are very low in essential amino acidg

such as lysine, methionine, and threonine. Among cereal grains, Avena

sativa-L. {oat) and Oryza sativa L. (rice) are exceptions. Prolamins
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are only a minor ﬁ§action of the total seed proteins in_ these two grains.

Oryza sativa L. contains glutelins as the major reserve protein

{about 80X) (92). The strudéure and pﬁysicdchemical propertieg of oat
globulins are described beiou in more detaii.
) égégg_clobulins ' : .

k The chemistry and biosynthesis of cat globulin have been studied by
_sev%Fal regsearch groups' (5;67,68,69,70,93). Recent Iinvestigations by
Burgess et al. (94) and the author (95) have revealed the presence of
three distinct protein oligomers in the salt—soluble pratein fraction of
oat endosperm.r These have sedimentation coefficients of 125, 7S, and 3S.
The 12S . holoprotein is the major o&éponent (93%) and has been
characterized extensively .(5,67,69,70). This fraction 1s soluble at an
optimum NaCl concentration of 0.8 - 1.0 molar at pH 8.5 (93). The 125
holoprbtein‘is~é 332 kDa oligomer consisting of two groups of subunits,
«( 36-42 kDa) and B(18-22 kDa). It is assumed that the 125 complex

-contains 12_§uch coméonents {(6a + 6B) (93).._The a and R subunits are
iieldﬁtggetﬁgr through disulfide linkages forming 5?%90 kDa dimer

molecules.

Isoelectric focusiné andez—d;mensional electrophoretic analyses have
indicated a high degree of heterogeneity in the .suanits of the 125
globulin. Thé amino acid composition of this fraction shows a high
proportion of aspartate/asparagine and glutamate/glutamine residues which

. is typlical of seed reserve proteins (Table II).

Seve;al lines of evidence (67,68,69,70) have suggested a close

‘homology between thé oat 155 globuiin and the 114128 globulins from

various legumes (pea and soybean). Pea 12S legumin and oat 125 globulin

are 1mmunoiogicallf related (68), have homology at the DNA level (68),
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TABLE II

The Amino Acid Composition® of Oat Globulin

Fraction and its Major Components

-

Anino Acld Globulin 8=Subunit : a—Subunit

Asp/asn .o 9.9 12.8 9.1
Thr 3.5 . 4.0 3.3/
Ser 6.2 6.3 : 2.9/
Glu/Gln 21.4 15.3 21.4
Pro 5.3 5.2 4.5
Gly . 8.2 7.0 12.1
Ala 6.4 - 7.2 5.8
val 5.8 6.2 ' 5.6
Ile 4.4 5.3 3.9
Leu . 7.7 . 7.9 7.7
Tyr 3.5° 3.6 3.0
Phe 5.6 4.9 5.7
His - 2.0 2.2 1.6
Lys 2.6 3.3 2.1
ATg ) 6.4 7.2 5.9

a. Half cystine and methionine were not reported becauzirof the partial
destruction by HCL hydrolysis, and tryptophan becatse of complete
destruction. )

{Reproduced with permission from Peterson D.M. (93))



and  have similar N-terminal

_physicochemical properties (68,69

).
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o acid sequences (69), and similar
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ﬁifERIHERTAL DESIGN AND RESEARCH OBJECTIVES

The'discussion of the compartmentalizatioa:of seéd résegve-proteins
earlier in shis chapter-revealed.that oat 125 globulin might be deposited
via pathways similar to those described for Jlegume 11—1éS Teserve
globulins. This assumption was based on some homology at the protein
level al'though. né) concrete data were available on the E‘xctual depository
mechanisms. The investigations of several laboratories (67,68,69,?0) and
a previous'graduate'student in our laboratory (Matlashewski G.J., Ph.D.
Thesis, 1983)_ Un%ve;sity of 6ttawa) had suggested tpat ‘there was
immunological and physicochemical‘homology among oat globulins and the
11-128 globuling in legume sceds (legumins). These investigators also
showed the Eﬁ_.giggg synthesls of oat globulin as 60 kDa putative
precursors (67,69,70), similar to the precursors of legumins (35).

Based on the existing'data, a number of experiments were designed eby
this ﬂ;gkhor in order to further inves;iga:e the m;;hanisms of oat
giobulin deposition and compare these'Awith 'the pathway of. legumin
deposition. o

These experiments ‘were original, designed to answer several
questions regarding the synthesis, transport, ﬁrocessing{ ;nd deposition

of oat 125 globulin polypeptides: This clarification was needed before

copparing the pathway of oat 125 globulin deposition with that already
described for 11-128ﬁ1egumins. The mechanisnms df legumin deposition were
previously discussed in detall and could be summarized into the following

steps: 1) Synthesis as a 60 kDa precursor on membrane—~ bound polysomes
- .

(RER); 2) Post—translational transport from the RER into protein bodies;

3) Cleavage of the 60 -kDg. precurser into a;polypeptides and

B-polypeptides in protein bodies; 4) Assémbly of the processed

pelypeptides into a 125 oligdmer.



.=39-

The available data at the time ‘suggested homology ﬁetween oat

globulin and legumins in Tespect to the first step of deposition

{synthesis as larger precursors). No evidence was however available

regarding the other steps of oat- 128 globulin deposiiion and therefore a
o .

thorough comparison could not be made between the depository pathways of

oat 125 globulin and legumins. Several experiments were thus performed

to answer the following questions regardiné’the mechanisms of ocat 128

globulin deposition. -

(1)
(2)
%)
(4)
(5)

(6)

associatfon permanent or transient?

Were the 125 globulin precursors synthesized on the hER or by free

" polysomes?

Were these precursors segregated.within the RER? If so, was this

- -
-

Were the newly—-synthesized ﬁfecursors transported to proteln bodles

or remained in the RER? R

Did this intracellular transport involve a direct channelling of
i .

proEein or occur via organelles such as the Golgl apparatus?

How and where did the cleavage of the precursors into smaller

subunits occur?

How and where did the globulin polypeptides assemble into the 125

oligomer (the authentic form of globulin)?



-40-

MATERTALS AND METHODS

A. MATERIALS : -
1. Plant Tissues .

Oat cultivars (Avena sativa L.) were grown _at’ the Qttawa Research
< :

Station, Agriculture Canada. -Samples {(seeds or panicles) were collected
at various staées of development. The highlprotein cultivar, ﬁinoat,.was
chosen for. the purpose of profein and’ RNA extractions. Groats were
obtained in large quantities by mechanical dehulling of frozen developiég
spikelets. This procedure was deveioped in summef“1982 and was published
in Analytical Biochemistry (96). To have a conétant access to fresh
developing oat endosp;rm throughout the winter, oat plants (Hinoat) were
grown in a glasshouse under defined conditionms &18 h. éay; 24°C day, 16°C
night) in the Department of Biology greenhouse, University of Ottawa. °
Ziﬁ"Chgmicals
Sigma Chemical Co.: Lauryl'sulfate SDS, Hepes buffer,
Magnesium acetate, EDTA, EGTA, FITC—conjugéted goat IgG,
.Baker'Analyzed Reagenis: ammonium persulfate, }ithium chloride; phenol,
formamide,l formaldehydé,‘ ‘2—méfcaptoethanol, pétassium-
3;etate, Tris base, ethanol, potassium sulfate, mercuric
ox;de, Sulfurid acid, . sodium hydroxide, hydrochloric
. aqid,trichloroacetic' acid; 2-propanol, urea, chloroform,

glycerol, ether.



%io—Rad Laboratories: chemicals for SDS-polyacrylamide gel

electrophoresis, acrylamide, TEMED, Coomassie Brilliant

Blue.

Fisher Scilentific Company: ammonium.sulfate}‘pétassiuh ghloride, para—
f;rmaldehyde, lysine-HCl, sodium mperiocdate.

Bethesda Research Labs: 0ligo=d{T)} cellulose, RNase—free sucrose, rabblt
reticulo;yte lysate, wheat germ extract.

Boehringer Co:po}ation Ltd.: RNaseA, Proteinase K.

BDH Lab. Réagent: sodium azide.

-Difco Laboratorieé: sodium deoxycholate.

New. England Nuclear: _ rabbit reticulocyte 1lysate translation kit,
[3,4,5,-3U(N) Jleucine (140 Cif/mmol), [1“C(U) Jleucine (300 .
mCi/mmol), (35S)methionine (800 Ci/mmol), { 35s)sulfate

{300 m€i/mmol) .
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B. METHODS

1. Protein Extractlons:

a) Extraction of salt-éoluble‘globulins

Developing or mature oat kernels (Hinoat) were dehulled (and frozen
in case of developing seeds) QES ground finély using a mortéé and pestle.
The flour (3 g) was mixed with 200 ml of I M NaCl, 0.05 M-Tris {pH 8;5).
for 3 h at room temperature. The homogenate ua; ceﬁtrifuged for 20
min at 3,000 X g. The supernatant was removed (the.ﬁellet was kept fo;
the prolamin extraction) and dialyzed aga;nst ﬁistilled water for
48 hours: After centrifugation at 13,000 X g for 20 min the precipitate
was suspended in distilled water {the supernatant was preserved foF
albumin “extraction”) and freeze-dried overnight. This procedure is a
modification of that of Peterson and Smith (97).

b) Exrraction of water-soluble albumins

The supernatant obtained after dialysié and centrifugation during
globulin extraction was used for albumin recovery. The albumin fraction
wa; precipitated with O.éS volume of 50% (w/v) TCA, centrifuged, and
suspeﬁded in water for 1lyophilization (97). Alternatively, the

supernatant was directly lyophilized.

c} Extraction of alcohol~soluble prolamins
The flour pellet obtained after the isolation of globulins was
suspended in 60 wl 55X 2-propanol, 43% H,0, 2Z 2-mercaptoethanol and

stirred for 2 h at 60°C. The mixture was ceantrifuged for 25 min at

-
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13,000 X g. The suﬁernatant was made 4% NaCl to precipitate prolamins

and "left overnight{ After centrifuging at 20,000 X g for 25 min, the
pellet (prolamin) was suspended in 100 ml of H,0 and dialyzed against
distilled water for 24 h. The dialyzed solution wag then centrifuged and

freeze-dried. The aboée procedure was a modifica:ion of that of Shewry

et al. (98)‘.

d) Extraction of base-;olugle élutelins

Thd pellet from prolamin extraction was extr;cted with 0.1 N NaOH
for 2 h at foom temperature. After centrifpgation for 30 min at 13,000 X
g, the supernatant was dialyzed for 24 h and centrifuged again. The
precipitate was suspended in disti%led water and freeze-dried (97).

e) Extracti;n:and'fra;tionation of giobulin_components

The procedure fof‘the separation of minor components of salt-soluble
globulins was baseé on'classical iscelectric point precipitation (IEP) of -
proteins frequently applied to leguminous‘seéas. Mature oat seeds (20 g)
vere ground.tb flour, defatted with petroleunm ether and dried. The flour
was Ft;rred in extraction buffer -(10 ml/g me%ll“qggﬁln NazHPOA-
N&HZPOQ,.pH 7.5, 1 M NaCl, 0.02% sodium azide, 1 =M PMSF) for 1 h at
22°C. The supernatant was then dialyzed for 48 3\ at room temperature
against &4 changes’ of 0.1 M NaH,PO,, pH 4.8, 0.2 M NaCl. The
precipitate (major globulin component) was recoGEred by centrifugaﬁion
and the supernatant was dialyzed against & ‘changes of dH,0 for ‘a
further 48 h period at 4°C. The second precipitate (minor components)

was then recovered by centrifugation at 4°C as above. Both pellets were

o
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lyophilized and stored at -20°C. The final subergdtant (albumins) was
also lyophilized for SDS—fAGE (Sodium‘dodecylsulfate:éblyacrylamide gel
electrophoresis) and IEF (Isoelectrofocusingf analyses.

‘Linear sucrose density gradieats of 5-5\%=uere used to fractionate
the various globulin components. Gradients were E;rmed in 50 =M
Tris-HCl, pH 8.0, 1 M NaCl in 38 ‘wl cellulose nitrate tubes.- Protein
preparations (20 mg) were dissolved in the gradient buffer and layered on
the gradieﬁts.

Centrifugation was for 24 h at 2Q°C at 142,000 x g- Pea 75 and 11§
oligémers were ‘isolated by the IEP procedure and rtun on parallel
gradients as standards. After the spin, the gradients were fracbionéted
and analyzed using an iéCO-GAS absorbance monitor and Type 6 6p£ica1

_unit. The peak fractions were dialyzed against dH,0 overnight and thes.

precipitates analyzed by SDS-PAGE (see below).

S
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2. 1Isolation of free and membrane—bound polyribosomes

Polyribosomes were isolated from developing oat groats by a
modification of the method of Matthews and Miflin (8). Oat groats were
frozen in liquid N, and ground in a coffee grinder. The flour was.
mixed with e&tractiqn buffep containing 0.2 Tris (pH 7.5), 100 mM KC1,
‘.10 oM Mg acetate, 0.25 M sucfose, 10 mM DTT; and homogénized in a blender
for 2 min. After 2 cycles of centriéugation'at 6,000 X g for 5 min, the
supernatant (containlng free pofyéomes) -was layered on 4 ml of i.SH

- 4

sucrose In the same buffer: The pellet ‘was re-extracted @y the samg
extracﬁigg_ buffer containing 1% Triton 2;100. The mixture was
centrifuged once- at 6,000 X g for S5 min and then at 17,000 X g for 15
min. The supernatant (containing membrane—bound polysomes) was also
layered on an i&entiéal sucrose cushion.‘ Alllsélutions were centrifuged
in a Beckman Ti-60 rotor at'130,000‘x g for 4 h.

Polysome pellets were carefullTy—washed twice with sterile-distilled

water {(s-d), suspehded in s-d H,0 and stored at -80°C.

3. 1Isolation of Polysomal RNA and Poly At RNA

Isolated poiysomes were dissociated with SDS and polysomal RNA was
extracted with phenol-chloroform as described (99). Polysomes were
suspended in dissociation buffer (0.2 M Tris, pH 9.0, 0.1 M NaCl, 10 mM
EDTA, 0.5% SDS) mixed with one volume of pheﬁol-chloroform (v/v=1:1) and
centrifuged at 3,000 X g for 10 min. The aqueous phase was removed and
- the organic phase was re—extracted with one” volume of buffer. The
aqueous phases were pooled and extracted with half-volume of phenol-
chlorofornm. The aqueous phase was removed and the organic phase was -

extracted with half-volume of buffer. ALl aqueous phases .were agaln
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pooled, made 0.2 M ammonium acetate and nmixed with 2.5 volumes of
ethanol and left at =-20°C overnight. Polysomal RNA was recovered by
centrifuging at 12,000 X g for 30 min.

0ligo d(T)-Cellulose Chromatography:

P

The column was run as described by Awiv apd Leder (100;.
0ligo=d(T)cellulose (1‘ gram) was suspended in high-sgalt binding.
 buffer (20 mM Tris/HCL, pH 7.4, 0.4 M NaCl, 0.2% SDS), and poured into a
column (lem X 6cmj;p The column was then washed extensively with high-
salt binding buffer and stored at 4°C 1in 0.022 sodium- azide. The

-

chromatography was performed as described below.

Th; column‘:ms first washed with s-d H,0 and then with high-salt
buffer. . Total RNA in dH,0 was heated to 60°C for 10 min and mixed with
one volume of high-salt buffer and applied to the column. The first
cglumn eluate was passed through the column a S5econd time td maximize
poly At RNA adsorption. Then, the column was washeé with 10 volumes of
high salt buffer and 5 volumes of low salt buffer (20 mM Tris/HC1,
pH 7.4, 0.2 M NaCl) respectively. -Poly &t RNA was eluted witﬂ 1 volume
of salt-free buffer (20 mM Tris/Hél, pH 7.4). The eluant was made 0.3 M
NaCl, mixed with 2.5 ;olumgs of 997 ‘ethanol and left at -20°C for 24 h.
The poly At RNA was recovered by centrifugation and-stored.at ~g0°C.

The column was monitored by a Dual path (254, 280 mm) UV-2 wmonitor

(Pharmacia Fine Chemicals).

4. In vivo labelling and Pulse—chase iabelling of developing seeds
Spikelets were detached from developing oat plants and were
immediately placed in a radioactive solution so that the pedicels of the

gpikelets were submerged. In pulse—labelling experiments, spikelets
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were incubated for several  hours and certzin' number of groats were
detached at specific times. In pulse-chase labelling experiments,
s&kelets were incubated for 1 h and subsequently transferred into a

chase wmediunm containfng cold amino -acids (leucine or methionine). In

some in wvivo labelling experiments, after the iInitial pulse, the

spikelets were incubated with 0.5 =M .cycloheximide. [3H]1eucine

(140 Ci/mmol), [1%CJleucine (300 mCi/mmol), [3°5Tmethionine (900 Ci/mmol)

and [35S Jsulfate were used as radioactive precursors. -
Incorporation of ‘radioactivir.'y into proteins was determined by spottin’g
an aliquot of labelled fractioms on Whatman No. 1 filter paper. These
filters were placed in‘ 10% TCA for 15 min, boiled in 5% 'I‘C;jk---in-presence
of cold amino acid_s,. washed with cold 5% TCA, dried with ethanol and
ether, and counted in 10 ml of scintillation solution.

}

S. Electrophoretic Analyses

a) Sodium dodecyl sulfate = polyacryiamide gel electrophoresis

SDS-PAGE was performed based on the method of Laemmli (10l). The
resolving gel contained 10%, 12% or 14X acrylamide, 0.17% N, N'-methylene
-bisacrylamide (bis), and 0.1Z $DS, in 0.375 ¥ Tris/HCLl buffer, pH 8.8.
The stackiné gel was made of 5% acrylamide, 0.63% bis and 0.1Z SDS inm
0.125 M Tris/HCl, pH 6:8. The ruaning buffer was 3.0% Tris, 14 .47
glycine and 0.12 SDS solution. .Prot‘ein samples were dissolved‘in the
sample buffer?(o.osla M Tris, pH 6.8, 1.0%¥ SDS, 1.0% 2—mercapto€thanol,
20% glycerol), boiled for 2 min, and analyzed. The gamples we"re
electrophoresed at a conmstant voltage of 80V for 16 h. After
electrophoresis, thé.gels were stained with 0.2% Coomassie Brilliant Blue

(CBBR-250) in 10X acetic acid, 40Z methanol and destained with the acetic
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acid-methanol;watqr solution.. The sﬁandard‘moiecular weight’ markers used
ware: Phosphorylase B (94,000 daltons), albumin (67,000 daltons),
ovalbumin (43,000 délgons), carbonic -anhydrase (30,000 daltonms),
t;ypsininhibitor (20,100 daltons),-and oc—lactalbumin (14,400 daltons).-

b) Isoelectro focusing ( IEF) 1EF gels were composed of 5% acrylamide,

0.2% bis, 6.0 M deionized urea and 2% pH 3.5-10 Ampholine (LKB). Samples
{10 mg/ml) were solubilized in a sample buffer containing 10mM glycine,

6.0 M urea, 1% Triton X-100 and 1% 2-mercaptoethanol (pH 8.0 adjusted

» . ~y

with_Tris). Gels were prefocused at 9W for 150 Vh and then focused at

12W for 2,500 Vh.- Following protein fi;ation with 10% TCA for 1 h, the

gels were washed overnight with running water, then stained (0.0SZ’CBER--
T 250) and destalned as described above.

[ 4
c) Two—-dimensional analysis (IEF and S$DS-PAGE) For two—dimensional

analysis, saﬁbles ‘were first resolved according to charge by IEF as

described above. Separate lanes were cut and equilibrated in 0Q'Farrell
et al. (102) Buffer 0 (without Me or glycerol) for 30 min. A lane was

then placed on top of a second gel and proteins were separated by S$SDS-

PAGE as above. The IEF lane was held in place within an additional layer

- of stacking gel. After electrophoresis, the §Fls were stained for 1l h '

o

and destalned as above.

d) Agarose gel electrophoretic analysis of RNA .Total and poly At RNA

samples were eléctrophoresed on a 1.4% agarose gel after denaturation
with glyoxal and diﬁéthyISulfoxide. RNA (2-10 pg) was mixed with 6M
glyoxal, dimeth&lsulfo*ide, and 0.1 M NaHzPOa, pd 7.0 buffer. | The
RNA solution was -incubated at 50°C for 60 min. After cooling to 20°C,
steri;e loading buffer (50% glycerol, 0.01 M NaHZPOa, pH 7.0, 0.4X

bromophenol blue) was added and the sample was loaded on the gel.



The gel was pourea and tur in 0.01 M NaH,PO,, pH 7.0. The gel was

. run submerged in ﬁaffer at 20 V for 16 h. The bﬁffer was recirculated

.

during electrophoresis. At the end of the rtun, the gel was stained with
0.5 pg/ml ethidium bromide in 50 mM NaOH for 1 h. The gel was
neutralized with 200 mM NaAc, pH 4.0 for 30 min, and photographed with a

]

type 55 Polorold £ilm.

6. Fluorography / . .-

-
-

Polya;ryiamide gels which had been stained ana destain;d were
.incubated with Enhance (New England Nucleagyzfor 1 h, and with distilled
waéér for 30 min respectively.v The. gels weére then laid ;n a gheer of

 chromatography paper {(Whatman no. 1), covered with Saran wrap, and dried
usigg a QOmmercial gel aryer. ¥-ray films were placed on the dried gels
inside a X-ray Exposure.holder andlleft.ét -70°C. After an appropriate
exposure period, the films were developed and fixed using commerclal

-

methods (Kodak reagents). Kodak X—-Omat AR films were used.

“

. 7. Immunologicai techniques

a) Antibody production: . )

S

_The native 12S globulin was purified by Iscelectric point precipitation
P |

. and sucrose density gradient centrifugation. The pufified ‘globulin was

" then emulsified in Freund's Adjuvant (complete) either in natzive form or

2

after denaturation with SDS. The emulsion was injected into‘rabbits at

-~

-

four weekly intervals. The pre-immune serum was collected before
injections. The Iimmune-serum was obtained at the end of the four weék
period and tested against the antigen by Quchterlony double-diffusion

. 4
-analysis (103). A booster injection was given with incomplete Freund's
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.._..Adjuvzin:: at the end’ of the four week period. Two %ks later, the
rabbits were subjected to heart puncture and the blood was collected.
Total IgG pc:pulation was then ioolated from the 1mmux’1e—serum by affinity
chromatography on Protein A-Sepharose column (67) Globulin antibodies
were further purifie_d by immunoaffinity chromatography on CNBr—activated
Sepharose covalencly!atta'ched to purified globulin usiné the method " of
Casey (105). The charactefization of the anti-125 globulin IgG 1is

presented separately in Appendix II. =

b) Immunoprecipitation of Translation Products:

In vitro translation aixtures were diluted with 1 volume of 10 mM

Tris-HC1, pH 7.5, -1% NPGO, 2 m EDTA," 150 wf NaCl, and fncubated with

preimmune—~serum for 30 min to eliminate any non-specific binding. .After

30 min, 50 pl of Protein A—Sepharose (100 pg/ml) was added and irncubation

continued for another 30 min. The mixtures were centrifuged for 2 min in

a mic;rofuge and the pellet was d}scarded; The supernatant was then

{incubated with anti-globulin Ig6 (10 1 ofia 1 mg/ml IgG solution) for

2 h. Protein A-Sepharose {50 pl) was added to the mixtures and incubated

for 1 h. After centrifugation for 2 min, the supernatant was discarded

and the pellet was washed 3 times with 10 mM Tris-HCl, pH 7.5, 0.2%7 NP4O,

2 mM EDTA, S00 mM NaCl, and twice with 10 =M Tris-HCl, pH 7.5. The

sepharose bead;; were finally suspended In SDS-PAGE sampl;e buffer (see

section 5a) and boiled for 5 min. The amount of immunoprecipitate was
determined by spotting 5 pl of the buffer on Wh'atthman No. 1 filter paper

and precipitating with TCA (see Section 4). Appropriate amounts of

immunoprecipitates were then analyzed by ~SDS-PAGE.
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¢) Immuncaffinity chromatography:
¥ Anti-125 gldbulin Ig6 was first coupled with CNBr-activated
Sepharose using a method recommended by the manufacturer (Pharmacia) a
modification of the method of Casey (104). " The efficiency of the protein
coupling was normally greater than 90%Z. The globulin IgG-Sepharose gel
was then divided into several aliquots and used as required.
Samples (e.g. ER, PB) were. suspended .in buffer contalning 20 mM
NaH,PO,, 0.14 M NaCl, pH 7.4, 1% Triton X-100, 'and applied to thé
globulin IgG-Sepharose column. The non-bound material was washed out
with Fhe same buffer. The bound polypeptides were eluted with 0.2 ‘H
‘glycine, pH 2.8 and the eluant was immediately adjusted to-pH 7.4. The

bound polypeptides were then analyzed by SDS—PAGE.

+ 8. Sucrose Density Gradient Fractionations

This technique was used in many cases Including ER extraction, PB

isolation, globulin size determination, and polysome size determination.

]

a) Subeellular Isolations

Linear sucrose density gradients were used for subccllul&f
fractionation. Labelled developing seeds (0.5 g) were gEEEEed@;ed in 12%
sucrose in a medium containing 100 mﬁ Tris—HCi, pH 8.6, 30 mM KC1, 5 mM
EDTA (medium A). The homogenate was centrifuged at 500 X é‘for 10 min.
and the supernatant applied to a Sépharosé 48 column to separate.
organelies from soluble protelns and small molgcules. The organelles’
were eluted with 12% sucrose in medium A containing only 1 mM EDTA in the
vold volumi of the column. The most light-scattering fractions were’
pooled and layered 'on a ljnear 16-50% sucrose gradient made up In medium
A (1l mM EDTA). Centrifugation was for 2 h at 150,000 X g in a SWo 4l

rotor in a Beckman ultracentrifuge. The gradients were fractionated and
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monitored using an ISCO fkow cell in a UV5~oQtical unit. Fractions were
tested for enzyme activities and ‘examined for radicactivitry as described
above. .

Fractions rich in ER were 1isolated by 16%Z and 35% (wiv)’
discontinuous sucrose gradiénts. In this procedure; most of the NADH-
cytochrome ¢ reductase activity coula be recovered at the 16/35
interface. The labelled seeds were ﬁomogenized and prepared, for sucrose
gradient centrifugation as described above. The gradient contained 3 ml
of 35% (w/v) and 8 mwl of 16% (w/v) sucrose made up In medium A. After
centrifugation at 150,000 X g for 90 min, the organelles visible at the
16/35 interéace were collected andkanalyzed by SDS-PAGE and fluorography
either before or after immunochromatography on globulin-IgG-Sepharose as
explained later.

>

Linear sucrose gradlents were used for the isolation of rough
endoplasmic reticulum (RER). Linear gradients of 16- 507 (w/v) Sucro;e
were formed in a buffer containing 40 mM Tris/HCL, pH 8.6, 30. mM KC1l, and
10 mM Mgac. De;éisgi;g seeds were homogénized in 100 hn Tris/HCL pH 8.6,
50 mM KCI, 10 mM MgAc. Magnesium salt‘was.added to retain the riboscmes
on ER (105). After a 10 min spin at 1,000 X g, the supérnatants vere
layered on the gradients. Centrifugation was for 90 min at 32,000 X g in
a SW 41 Ti rotor of a ﬁeckman_ ulrracentrifuge. Géadients were
fractionated and tﬁe fractions were tested for NEDH-cytochrome c
reductase activity. ) The fractions with the highest enzyme activity
(density of 1.15 g/em?) were collecned,.treated with 1X Triton X- 100,
and used for p§lysome isolatioﬁ as described égove. .

b) Isolation of Protéin Bodies (PB).

Developing seeds were homogenized with a razor blade and the
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homogenate was filtered by Miracloth. The filtrate was layered on 'a
discontinuous sucrose gradient ok 16Z and 65X, and centrifuged at iOOO X
g for 10 min. The material behding at the 16/65 interface was collected
and referred to as proteln bodies. This was later confirmed using an
electron microscope (see below).

¢c) Size determination

Linear sucrose gradients of 5-20X (w/w) were normally used for
protein size determinatlions. Protein samples were dissolved in 50 mM
Tris/HC1, 1‘;VNaCl, pH 8.0 and applied to 5-20% NaCl gradients made in
the same buffer. Centrifupgation was for‘ 24 h at 20°C 1in a Beckman
SW 28.1 retor at 27,000 rpm. The gradlents were fra;ttonated and
monitored at 280 nm. Molecular weight markers (pea 7S and llS protein

oligomers) were run on parallel gradients to estimate the size of

globuliln samples.

9. In vitro Translations

a) Wheat Germ Translatlons

Gat globulin poly At RNA, poi&ribosomes, and RER were u;ed as
templates for protein syanthesis in a cell-free translation system, wheat® |
germ extract, baslically as described by Roberés and Paterson (166).
Translation mixture (10 .1 ;heat germ S30 extract, 20'“51 [355]methioniai
or 5 uCi of [3H]leucine, 50 mM of each unlabelled aﬁino-acid, 1 mM GTP,
8 wM creatine phosphate, 300 mM spermidine, 50 mM ATP, 2 oM DTT; 50 mg/ml
creatine phosphokinase, and vﬁrying amounts of RNA, polysomes or RER.
Incubation was for 60 min at 30°C. Incorporat;on of radioac:ivify into
protein was determined by spotting 2 il aliquots oato strips of Whatman

No. 1 filter paper. These were placed in cold 10Z TCA, boiled in 5% TCA,

followed By washing in cold. 5Z TCA. They were then washed in ethanol and

*



diethylether for 2 min each, placed in non—aqueous scintillation fluid
énd their radicactivity determined by scintillation spectrometry. In some

cases, translationm p;qﬁucts.were treated with RNgse A befofe counting.

b)_ Reticﬁlocyte Lysate Translations. '

Translations were also carried_Out in reticuloeyte lysate. A 30 pl
translation contained 80% ;ysa;e (Amersham), apPropr}ate émount of-RNA or
polysome, and 100 L1 of [ 34 Jleucine (Amersham, 120 Ci/mmol). Potassium
and magenegium concentrations were 118 mM and 2.5 mM respectively.

Incubation was for 60 min at 30°C. Incorporation of radiocactivity into

protein was determined as described above (see Wheat Germ Translations).

10. Concanavalin A Sepharose Chromatography

Con A éépharose (Sigma) was washed uith‘lo volumes of 0.0ShM Tris/
HC1, pH 7.4, 0.5 M NaCl and incub;ted with protein samples (4 mg/5 ml
above buffer) for 30 min at room tempefétufe by shaking with an end-over-
end mixer. The bpspension was poured iﬁto a column and the non-bound
material was.removed with 20 ml of the buffer. The b;und proteins were
then eluted with 20 ml of 0.2 M a—methyi—D—giucoside in the same buffer.
and 2 wml fractions were colleccad; The c¢olumn was mqnitored at
Aggg using an ISCO-UAS absorbance monitor and a Type 6 3btical

unit. The non—-bound and bound fractions were made to 10% TCA and the

precipitated proteins were analyzed by SDS-PAGE as described above.

11. Assay of NADH-Cytochrome C Reductase Activity

NADH—Cytochrom@'c reductase was asgsayed as described by BoXlinl and
Chrispeels (107). Enzyme activity was measured by following the change

in Aggq of cytochrome ¢. A 1 ml reaction ‘mixture contained 0.8 mg

o
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of cytochrome ¢, 0.5 mg of NADH, 0.2 pmol of KCN and 80 imol of

potassium—phosphate buffer, pH 7.5. Enzyme activity was expressed as

-1 -1
A Asso min ml .

12. Proteinase K Digestion of Protein Bodies ;

Linear 16-65% or discontinuous 16% and 65 sucrose gradients were
used to. isolate protein bodies; * The protein body preparations were
incubated with .proteinase K at a concentration of 500 pg/ml in the
presence of 50 ug/ml lauric acid at 10°C for 45 min: Proteinase K was
omitted in control samples. After treatment, the suspension was made
2 oM PMSF and centrifuged over a 161—652 linea}.sucroge gradient {n a SW
28.1 rotor -at 25,000 rpm in a Beckman ultracentrifuge for 2.5 h. The

gradiénts were then monitored at 280 nm and fractionated.

-

13. Extraction of Globulin from Organelles

One volume of 100 =M Tris HC1, pH 8.0, 2 M NaCl was added to ER and
pfotein body preparattons and the samples were then homogenized manually.
After centrifugation in a Fisher Microfuge, the supernatant was removed

and elther used directly (in the case of ER) or was dialyzed agalnst

dHZO at 4°C (in the case of PB) to precipitate globulins.

14. Immunofluorescent Techniques

Tissue fixation method was based 6n th?t described by McLean and
Nakane {108). Mature oat groats were cut'into émall pieces (2 mm) and
placed in a fixative solution (0.05 M phosphate, 0.1 M lysihe—HCI,'
pH 7.4, 0.1 M sodium periodate, 10Z paraformaldehyde) and fixed for 18 h

at 4°C. Seed blocks were washed with 0.05 M phosphate buffer pH 7.4 and

LN
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dehydrated” through an alcohol. series {(methyl alcohol, 99Z ethanol, n~
propan&l, and\h-but;nol). Dehydfated £locks were incubated in a glycol
methgcryla:e (6MA) mixture (95 ml GMA, 5 ml Carbowax 400, 0.5% heniqyl
peroxide) for 4-5 days at rOOm.temperature iﬁ the dark and for 2-3 days
;t 60°C in an oven. Sections were cut usiﬁg a microtome and placed on
glass slides. For immunofluorescent experiments, slides wéfé left in
acetone overnight befare use. In a few caées, seed blocks were used to
prepare frozen sections imﬁedia;ely after fixation.

For immunolabglling, plastic sections were washed extensively with
PBS buffer (0.1 M NaH,P0,-Na,HPO,, 0.15 M NaCl, pH 7.4) and
incubated with antibodies or pre-immume serum for various periods of time
(15-60 min). The sections were then washed extensivgly with PBS buffer
and 1incubated with FITC-conjugated,anti—fabbit goat immunoglobulin (iéé)
-for.30f60 min. After a 10 ﬁin wash with PBS buffer, the sectioﬁs were
viewed under a Zelss fluorescent microscope. lFor normal viewing,
sections were stalned with acid fuchsin for 2 min. The microscope was’
equipped with both a coﬁventional bright—-field illuminating system and .a
II1 RS epi-illuminating condenser combin;d with an HBO 200 W mercury-arc
flluminator for fluorescence analysls. The ;II RS condenser contained
three fluorescence filter combinations each with a dichromatic. beam
splitter and an exciter/barrier filter sét with maximum transmission at

365nm/418nm (FC I), 450-490nm/520nm (FC TI) and 546nm/ 590nm (FC III).

Photomicrographs were obtained using Ektachrome 400 Daylight film.

“15. Electron Microscopy

~ Oat developing seeds (7-16 days after flowering) were fixed in 3%

glutaraldehyde in 50 oM KH,P0,-K,HPO,, pH 7.2 for 3-6 days at
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© 20°C. Protein body and ER pellets were fixedlSimilarly for 2 h at 20°C.
All sampies were washed extensively in the above buffer minus
glutaraldehyde. ‘The sambles were post—fixed in 1% 0504 in the same
buffer for 18 h at 20°C, washed extensively, dehydrated with an ethanol
series (20Z, 40%, 60%, 80%, 100%Z, 100%, propylene oxide), stained en bloc
Cwith 1.5% uranyl acetate for 1 h at 20°C and embedded in. Spurr's resin
(109). ‘The seed samples were subjected to an en Elgé sgain of 1.5%
uranyl acetate (aqueous) for 1 h at 20°C before embedding. Gold sections
(9¢ nmj were cut on a Relchert Oml, Ultla—microtode and were examined’
with a Philips 300 transmission electron microscope operating at an

accelerating voltage of 60 kV. Micrographs were recorded on 35 mm Kodak

fine grain release positive electron microscope film.

i
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- ' CHAPTER III ' '
RESULTS
PART I

GLOBULIN SYNTHESIS

A number of experiments were performed in order to investigate Ehe
pattern and site of élobulin synthesis during oat seed development.
These experiments included: A) extraction and Eﬁ vitro translation of
polysomes and pbly AT RNA from developing seeds, B) isolation and
translation of rough endoplasmic reticulum, C)"in vivo labelling and
analysis of cell wmembranes, as well as D) electron microscopic

investigations.

A. Extraction and in vitro Translation of Seed Polysomes and Poly At

—— ..

Two classes of free an nd polysomes were extracted by

conventional differential { centrifugation tkchniques. These polysomes

were then used to extract\ total— ysomal \ RNA by phenol-chloroform

extraction procedure. Poly AT RNA fractioms)\ were selected by oligo

{dT)-cellulose chromatography.: Table III1 describes the yield and

d poly A*LEiA fractions in

T -
higher yield than membrane-bound -

translational capability of polysomes, RNA
two classes of free and membrane-bound.-

Generally, free polysomes gave
polyscmes. The ‘A260/A2é0 ratios for both polysomal fractions
were within an acceptable range (1.5-1.85}.dindicating the'purity of thege
J;olysémes. Total RNA extracted from free polysomes was also higher than
that extracted from membrane-ﬁound poiysomes. | However, the yleld of

membrane-bound poly AT RNA (35 pg) was about 30Z higher” than that of free

<

poly At rRNA (25 ).
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TABLE III. Yield and Translational Capability of Oat Polysomes and RNA.

YIELD

A560 units/25g

TRANSLATIONAL EFFICIENCY
cpm/ul,
(per ug RNA)

FREE |
© POLYSOMES
i
TOTAL RNA

POLY A" RNA

MEMBRANE~BOUND

POLYSOMES

TOTAL RNA

POLY At RNA

253 units
116 units(4.6 mg)
0.62 units(25 ug)

‘:’

237 units
96 units{3.84 mg)

0.88 units(35 ug)

1,500

1,100

2,500

2,950
990

2,300
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All RNA fractions (total, poly A~, and i:oly At 'RNAs) were further
a.nalyz;d b} denaturing agarose gels (Fig. 1). The total RNAs from free
and membrane-bound polysomes consisted of two major RNA species. These
specles colrresponded to tf;e plant 255 and 18S ribosomaI™RNASs. Other
minor species were present between 185 and 25-5 and below 185 bands. Poly
A RNA samples from both free and membrane—bound classes showed simila.r
profiles to those of total 'RNAS® (not shown). Some ribosomal 255 and 18S
RNA were present in both poly At ENA preparatic;ns despite o‘ligo (dT)
celluiose thromatography. Fig. 1, lanes 2 and 4 show the patterns of
mem;rane—boun}:l and free poly At RNAs after- one -round of oligo
(dT)-cellulose chromatography respectively. Some ribosomal RNAs (255 and
18S) were still present in the poly AT RNA samples. Both samples seemed
to be enriched in RNA molecules smaller than 18S, after oligo
{dT)-cellulose chroﬁi;tlagrapﬁy. 4nalysis of membrane-bounci poly AT RNA
samples isolated after‘;:'wo cycles of oligo (aT)-cellulose chromatography
normally shows the presence of three 'major’” RNA species with approximate
sizes of 185, 158, and 1.25 {data not shown). Based on the behaviour of
free and membrane-bound RNA samples on;.‘ﬁgarosé gels, 1t could be assumed
* that both these RNA preparations were intact and not degraded.

Free and membrane-bound polysomes and poly AT RNA were translated in
vitro in a rabbit reticulocyte lysate “system in order to compare their
translational capabili:ty and products. The incorporation of [3H ]]_.eucine
into TCA-precipitable ﬁro_ducts ‘was }}igher by wmembrane-bound polysomes
‘th:.m free polysomes (2,950 cpm/pl and 1,500 cpm/pul respectively). Free
and membrane-Eound poly At RNA ~preparations directed the synthesis of

approximtely’equal amounts of protein (2,300 cpm/pl and 2,500 cpm/pl

respectively). Poly At RNA samples translated more efficlently than
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Fig. 1 Agarose gglchg}ectrophoresis of free and membrane-bound RNA
preparations. ,
Total RNA was isolazéd from free and membrane—bound polysomes.
The total RNA samples were applied to one cycle of oligo
(dT)—-cellulose chromatography to separate the poly AT RNA

fractions.

’ Lane 1, total meﬁbrane-bound RNA..
Lane 2, membrane-bound poly AT RNA.
Lane 3, totals free RNA.
Lane 4,

freetfoly.g? RNA.
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polysgmes did in the rabbit reticulocyte system.
Equal number of counts-from the translation products of polysomes
“and poly-A'+ RNA were analyzed by SDS-PAGE u;der reducing conditions. The
translatic:f) products were visualized by fluérography (Fig. 2). A nu:gbe;r
of differences existed -bet;een the translation products of free and
membrane—bound templates. One major d?fference could be ob;erved in
pslypeptides with molecular weight of 58-62 kDJ.- The;e polypeptides were
major translation products of membrane-bound polysomes and poly At RNA.
The 58-62 kDa pblypepfides corresponded 1n size to unreducible globulin
polypeptides. These.polypeptides were also synthesized by free polysomes
and poly AT RNA. This became more cléar once a similar gel was run and
exposed for a longer period of time (Fig. 2a). Rowever, these 58-62 kDa
polypeptides- were minor relative to the total translation products of
éree templates. Scanning of lanes FA*Y and MAT in Fig. 2 quantitated the
difference in the level of synthesis of the 58-62 kDa polypeptides by
free and membrane-bound templates (Fig. 2?). The 58-62 kDa polypeptides
.accounted for about 8.3% of thé total products m;de by membrane-bound
%oly AT RNA and about 0.85% of total products made by free p?}y At RNA

-

(calculated byitu;tting and weighing the peak areas). These results

-suggesﬁgdﬁﬂéﬁﬁt the globulin putative precursors may be primarily

synthesized by membrane-bound templates.
. The translation proaucts of free and membrane-bound poly A%t RNAs
were immunobrecipitated by globulin antibodies to feveal whether the
58-62 kDa polypeptides were indeed related to globulin polypeptides (Fig.
3). Globulin antibodies imﬁunoprecipitated a higher amount df counts

from the translation products of membrane-bound poly AT RNA (14,800 cpm,

froﬁ.a total of 65,000 cpm = 22.7Z) than from those of free poly At RNA

2



Fig- 2 In vitro translation of free and membrane-bound templates.

Developing groats (18 daf) were used to isolate free and
membrane—bound polysomes by differential centrifugation. The
polysomes were used to Isolate poly AT RNA by two cycles of oligo
{dT)-cellulose chromatography. The templates then
translated in a rabbir reticulocyte lysate system in presen of
a RNase inhibitor (RNasin, Amersham). The radiocactive label %
[3H]1eucine (190 Ci/mmol). The products were analyzed b
SDS-PAGE (13%, +Me) and fluorography. -Lane C is the control
(no RNA added). Lanes FP and FAT represent translation produ@ts
of free: polysomes (0.7 0.D. units) and free poly &t RNA (2.5 ug)-
Lanes MP and MAt represent translation products of membrgpe-bound
polysomes (0.7 0.D. units) and ‘membrane-bound poly AT RNA

5 (2.5 pg)- Arrowheads indicate the_ position of putative globulin
precursors. Equal number of counts (20,000 cpm) were loaded on
each lane (except for the control lane) and the fluorograph \was
exposed for 8 days.

.

Molecular weight mérkers* fl“C]methylated_ bovine seruw albumfn
(69,000), [14Clmethylated ovalpumin (46,000), [1%CJmethylat
carbonic anhydrase (30,000),  and [1“C]methyléted lysozym
(14,300). . e \
Fig. 2a Tranmslation products of free and membrgne-bound templates from
- Fig. 2 were reanalyzed by SDS—PAGE and fluorography.  Equal
- number of counts were loaded on each lane (except for the control
lane). “The exposure time was longer (12 days).  Arrowheads
‘gr- indicate "the position of putative globulin precursors. The arrow
indicates the position of a 40 kDa polypeptide: preferentially
made by free templates. .
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Fig. 2b Scanning of translation profiles.- :

Lanes FAT and MAt corresponding to translation profiles of free
and membrane-bound poly At RNA were scanned using a densitometer
in order to estimate quantitatively the differences between the
translation products of the -two templates. Free At 1is the
profile of translation products of free poly AT RNA. M.B.A* is
the profile of translation products of membrane-bound poly At
RNA.
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" Fig. 3 TImmunoprecipitation of ;ranslétion products.

Free and membrane-bound poly At RNA preparations were translated
in rabbit reticulocyte lysate with f?H]leucine.' Equal snumber of
counts of translation products (65,000 cpm) were
immunoprecipitated with 125 globulin antibodies and Protein
A-Sepharose. The immunoprecipitates were dissolved in SDS—PAGE
sample buffer and boiled for 5 wmin.” Equal number of counts
{4000. ¢pm) were analyzed by _SDS-PAGE (13Z, +Me) and
fluorography. Lane C is the control {(immunoprecipitate of
control translation with no RNA added). Lanes FAY and Mat
represent immunoprecipitates of the translation products of free

_ and membrane-bound poly AT RNA respectively. The fluorograph was
exposed for 15 days. Arrowheads indicate the position of
globulin 58-62 kDa polypeptides. The arrow indicates the
position of a 40 kDa - polypeptide Immunoprecipitated from
tranglation products of free polysomes. '
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(7,900 .cpm from‘ 5 total of 65,000 cpm - 12.1%). ﬂowevgr,. this
comparisohmhy not be totally reliable since variatioﬁs may occur in' the
_effici@ncy of immunoprecip;tétion between tﬁe two -samples. Thé
percentagé of radiocactivity immunoprecipitated by antibodies was higher
tha; those estimated from densitometery (about 60X higher). This excess
radioactivity may. be a result of contamination -by- free 1a$e1 trapped
within. antibody-antigen aggreéates. It may also be a result of
non-specific precipitation of non-globulin polypeptides. Finally; ic
could represent some smaller globulin-related polypeptides (incomplete
translation products). | - -

-

The SDS-PAGE anaiysis of equal number of counts from the two
—_—— * .o
immunoprecig}tates (Fig. 3) '1indicated that most of the counts
precipitated from the products of ~membrane-bound poly At RN corresponded
to the 58-62 kDa polypept}des. Mos; é;ﬁﬁthe *radloactivity
immunoprecipitated from the translation products of membrane-bound poly
AT RNA were represented on Ehe fluorograph by two 58-62 kDa -polypeptides.’
Antibodies seemed to have also precipit;;ed such 58—62 kDa polypeptides
antigenically related to globulin from t}anslation products of free poly
AT RNA. However, the si%gals at’ this reglon of the gel were ﬁino?;f
relative to the total signals or tﬁe lane. This indicated that ;nst of
the radioactivity 1mmun0preciﬁitated from the translation products of
f;ée-poly A+ RNA either represeqted other seed proteins é;tigenicall}
related to globlulin or, these ié§§?ls vere tﬁe result of non-specific,ﬁ
preci;iiation. According to FLg. 2& and %ig. 3, fr;e poly At RNA

synthesized the globulin 58- 62 kDa polypeptides but the level of this

-
-

synthesis was about 10 fold louer than the level of synthesis of thesc

-polypepcideéf by wmembrane—bound poiy At RNA. The major polypeptide

- . . )

4. .
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immunoprecipitated from the translation products of free poly At RNA was
a 40 KkDa molecule. The relation of this polypeptide with globulin; is
not clear. It may be é distinct globulin polypeptide‘synthesized by free
templates. Ip may also be related to another group of seed proteins
having homologous antigeﬂig domains to globulin polyﬁeptides._ Finglly,

\
it may be the result of non-specific precipitation. The synthesis of

. some globulin by free polysomes was theoretically expected even if

peabrane—bound pblySOmes were the exclusive site;of globulin synthesis.
Prior'to formation of membrane—?ound polysomes In thé cell, the synthesis
of a secretory protein begins on free polysomes. After the synthesls of
a nascent chain, such free polysomes bind td :Ougﬁ endoélasmic reticulum

creating membrane-bound polysomes (17,18,19). When developing seeds were

<

_harveéted and frozen to be used for polysome extraction, some of the poly
At RNA molecules coding for globulin polypeptides amight have been at an

early stage of giobulin synthesis and t?us were preéent as free
: _
polysomes. However, despite this expectation, the presence of “globulin

poly AT RNA molecules in the free polysomes may be partially the result
. . N po

of incggsiete fractionation and contamination from the membrane-bound

-

polysoﬁ\g. <Finally, synthesis of globulin on free polysomes wmay be a

true phenomenon occurring in vivo. It may be that some globulin species
n . T )
are synthesized via an alternative pathway {synthesis on free polysomes

and deposition in the cytosols.
Nevertheless, the bulk of the data {ndicated that menbrane—bound
polysomes contained a major portion of poly At RNA molecules coding for
gloSulin precursors. Me;brane—bound' polysomes could t%erefpre be
rega?ded as thg maj6r site of globulin synthesls {p developing seeds:

» - . ) -

- . . Sour e

]

toury,
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B. Isolation and In Vitro Translation of Rough Endoplasmic

Reticulu%. < L ‘ ] S

If the gloﬁulin poly AT RNA wmolecules were abundant in the

memhrané—sound polysome fraction, they should also be detectable in the

rough endoplasmic reticulum (RER) fraction of developing seeds. An

experiment was conducted to extract and translate a RER preparétion. RER

wa; isolated by‘lfhear ?ucrbsé gradient centrifugation. Developing oat
i

groats were homogenized {n a buffer containing 10 mM MgAc and the extract

fractionated on ‘a -linear sucrose gradient (16-50% w/v). Under these

conditions, the ER marker erZyme (NADH-cytochrome ¢ reductase) formed a
broad band with an a @ density of.l.15 g/cm3 {Fig. 4). ER membranes
should retain their ribosoqes in these cqnstions (iOS). The fractlons
wi;h the highest NADR-cytoéhrome ¢ reductase activity were therefore
refer;ed to as REé, and used to isolate polysomes. The fractions 10-14
were pooled and treated with 1% Triton X-100 to dissociate the. bound
polysomes which uefe'then sedimented through 1.5 M sucrose as éescribed
in Materials and Methods. The polysomes were suspended 1in translation
buffer and translated in a wheat germ extract (Fig. 5). As standardg, a
membrane—-bound polysome prep"acion and a poly At RNA prepa/rar.ion were
also translated in order to compare their in vitro tramnslatlon products
~ . .
(lanes B 2and C) with the products of polysomes 1isolated from the RER
“fréction (igne D). The ER-associated polysomes’(lané D) directed.the
synthesls of twoc polypeptides (arrows) ‘with molecular Iweigbts of
58-62 kDa which corqespondéd in size torsode of thépo%ypeptides maae'by
membrdne—bound‘polysopes (lane B) and poly At RNA (lane C).
‘.The data indicated that pélysomes associated with the RER 'copld

direct in .an in vitro cell-free system the synthesis of polﬁpeptides

correspohding in size to the unreducible globulin polypep ides.

\ ]

2

e
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Fig. 4 Isolation of RER membranes on a sucrose gradient. Developing
groats (18 daf) were homogenized 'in a buffer containing Mg*2 ions
and the homogenate was filtered and . layered on a linear-16-50X
(w/v) sucrose, gradient made in the same buffer. The gradients
were centrifuged at 30,000 rpm in a Beckman SW 41, rotor for 90
min at 4°C. After centrifugation, the gradient was monitored for

protein at 280 om (-———) and- fractionated into 0.5 =ml fractions.’
Each fraction was then tested for NADH-cytochrome ¢ reductase
activity (o—e). Enzyme activity 1s expressed as 4 Aggg
min~! m1~ 1. -
A
- -,
- -
’
—

]
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Fig. 5 1Isolation and ce}il-—free translation of RER.
o
Developing groats (18 daf) were homogenized in 100 mM Tris-HCl
pH 8.3, 10 mM MgAc, and the extract was fractionated on a'16-50%
linear sucrose gradient. The organelles at the density of
- 1.15 g/em® with the highest NADH-cytochrome ¢ reductase activity
were collected and treated With Tritom X-100. The polysomes
assoclated with this RER fraction were isolated by centrifugation
through.a 1.5 M sucrose solutiom. The polysome samples were
translated in a wheat germ extract in the presence of
} [353 ]methion{ne (800- Ci/mmol) and the -products were enalyzed )
SDS-PAGE (12%, +Me) and fluorography. A, blank (no polysomes
added); B, translatlion products of pembrane—-bound polysomes (0.4 -
. Ase0 units) . isclated as described in Materlals and Methods;
C, translation products of poly AT RNA (3 .g); D, translation
products of polysomes 1isolated from RER fractions (0.25
Azso'units). lanes B and C contained 200,000 cpm. Lane D
contained 100,000 cpm. = Arrows indicated the two polypeptides
corresponding in size to globulin dimers. -

n
- .
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FIG. 5.
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C. In Vivo Labelling and .Analysis of Globulin Polypeptides Associated

.with the Endoplas.ic‘Rcticulun.

A final approach to study the mode of globulin synthesis was an

IEE_ vivo labelling experiment. This experiment was dgsighéd so that

-labelled proteins associated with ER membranes could be analyzed.

-

Developing oat groats were labelled with [!%CJleucine for S50 nin,

homogenized; and the homogenate was fractionated on a sucrose gradient.

Under these conditions, TCA-precipitable radioactivity could be detected

both in the supernatant at the top of the gradient and in a band at the

density of 1.10 g/ex3. This findiﬁg indicated that the sample volume of
Pt ik ‘

the gradient (supernatant) cortained high levels .of radioactivity which

could be due to unincorporated label and labelled protelns soluble in

‘homogenization buffer. Siﬁce the removal of this soluble radicactivity

-

could clarify the pattern of radioactivity distributed in the gradient, =

simple column chromatography technique was used to separate the soluble

fraction from organefles. Therefore, organclles were scparated by

i

Sepharose 4B chrowmatagraphy from soluble proteins prior té SUCTose

‘gradient centrifugation. ‘Under these conditions, the radioactivity

peaked at the density of 1.10 g/em?® coinciding with the position of

NADH-cyrochrome ¢ reductase, the ER marker enzyme (Fig.

6A). The density

of the péaks of NADH-cytochrobe ¢ reductase activity and TCk-prchpitabfé

radiocacvivity . increased to 1.15 g/em? when the 1labelled seeds were

homogenized in a.medium containing 5 =M MgAc instead of EDTA (Fig. 68).

This was -probably doe to the retention of ribosomes on the ER meabranes.

- *

known to be a good wmarker for® the det2¥tion of
. o : . )
-(105).  ".The siaultaneous shift of. the peak of

{105). The effect of magnesium {vns on the ;t?srty of ER wmembranes {s .

.- -

‘these menbranes

Tckfprccipit;blc

.

N



Fig. 6 Distribution of. incorporated radiocactivity and NADH-cytochrome c

A&B

reductase activity from organelle extracts on linear sucrose

gradients. Developing oat groats (18 daf) were labelled for
50 min with 2 uCi of [3H]leucine (800 Ci/mmol) each. The
labelled groats were homogenized in 50 mM Tris-HCL pH 8.0, 100 mM
¥CL, 5 mM EDTA or 3 mM MgAe, 12X sucrose and spun for 10 min at

. 2000 X g. The supernatant was applied to a Sepharose 4B column

in the same media. The organelles eluted in the void volume of
the column and were layered on a 16-50X sucrose gradient in 50 oM
Tris-HC1 pH 8.0, 100 mM KCl, 1 wM EDTA. After centrifugation at
150,000 X g for 2 h, the gradients were fractionated into 1 ml
fractions. TCA precipitable radicactivity was determined and
expressed as cpm x 10~%. NADH-cytochrome ¢ reductase activity
was expressed as AAggy =mla~l ml”l. A, the pﬁiffle obtained
in absence of Mg™2 ions. B, the profile in presende of Mgt?2,
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radioactivity with that of the ER marker enzyme suggested that Ehese two
parageterg were assoclated with edth other. This might in turn indicate
that newly-synthesized radioacti;e polypeptides were asso;iated with ER
membrane. - .

To examine Ehe nature gf the newly-synthesized p;1ypeptidés
assoclated with ER, [!“C|ledcine-labelled groats were used £o isolate the
ER fraction. Groats were labelled for 50 min, extracted, and the extract
was fractionated on a 164 and 552 discontinuous sucrose gradient. This
perparative procedure allowed the isolation of sufficientuhuantitie; of
ER membranes for the detection of labelled polypeptides./élThe menbrane
fraction at the 16/35 dinterface .had the highest ﬁADH-cytochrome c
reducgase activity among thf four fractions of the gradient (supcrnata&t,
16% sucrose, .l6/35 interface, and 352 sucrose). The ER membranes
sedimented to the 16/35 interface because of their lower density under
the conditions of th;s experiment (ne magnesium salt preésent). The
purpose of this experiment was to denonstrate ﬂwhether or . not the
newly-synthesized globulin.‘polypeptides were qssociacad with the ER
directly\and not through ribosomes. The use of a 16-35% discontinuous
sucrose gradient in a buffer containing EDTA and free of " magnesium would
ensure the {isolation of EDTA-stripped ER wmembranes at the 16/35
interface. The analysis of Ehe labelled polypeptides associated w%?h ER‘
byr SDS-PAGE (+Me) and fluorography revealed the presence of many
radioactive polypeptides (Fié.?,' lane A). Two polyngtides with
polecular weight of 58-62 kDa corresponded 1In size to unreducible
globulin dimer polypeptides (arrows)t The same ER fraction was

challenged with an affinity gel specific for globulin (globulin-Igl

Sepharose) and the bound polypeptides were analyzed by SDS-PAGE (+Me) and



Fig. 7 Analysls of radiocactive polypeptides associated with ER.

Fig.

8

Five developing groaty- (18 daf) were labelled with 2 . uCt
rl“c]leucine (300 oCi/mmol) for 50 min. After homogenization,
the extract was fractionated on a step gradient of 16% and 35%
(w/v) sucrose. The organelles at the 16/35 interface -were
collect2d and analyzed by SDS-PAGE (12Z, +Me), and a fluorograph
was prepared (Lane A). The ER fraction was also challenged with

.8lobulin-IgG Sepharose. Lane B shows the labelled polypeptides

which bound to globulin-IgG Sepharose. Lanes 4 and B coatained
approximately 24,000 cpm each.

Transient asscoclation of globulin polypeptides-with ER.

As 1in Fig. 7, developing groats were labelled for 50 min. 1In
this experiment, at the end of labelling, groats were transferred
inte a label-free medium for a further 3 h incubation. ER was
isolated as in Fig. 7 and applied to globulin-IgG Sepharose. The
bound fraction was analyzed by SDS-PAGE (12%, +Me) and
fluorography. Lane 0, 1is labelled globulin polypeptides
immunoselected from the ER fraction of 50 min-labelled groats.
Lane 3 1s the bound fraction of the ER from groats which had been
incubated ~for 3 . Lane O contained 24,000 cpm. . Lane 3
contained ab€u§\900 cpm (total amount of counts immunoselected) .

A similar ex\eriment to that described in Fig. 7 was conducted
but instead/of using [14C]leucine, [33s]sulfate (900 mCi/mmol)
was used for labelling developing groats for 50 min. ER was
isclated and applied to a globulin-IgG Sepharose and the bound
fraction was analyzed by SDS-PAGE (12X, +Me) and fluorography.
Arrows indicate two labelled globulir polypeptides assoclated
with the ER. Total of 15,000 cpm was loaded on the gel.
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detected by fluorography (Fig. 7, lame B). Labelled globulin
polypeptides wirh wmolecular weight of 58-62 kDa were décactablg in the

L 4

ER«

In a second part 6f this e#pe;iment, the 50 min labeile& groats/}éﬁe
incubatéd for 3 h in dHZO, hémogenézed_ and used to isolate. ER
membranes. These ‘membranes were then chélienged with globuliﬁ—lgb
Séph;rose to dg;ect the presengg_"of -any globulin polypeptides. The
analysis of thé material bound te the globulin antibodies by SDS-PAGE and
fl;orography showed the absence of any glébulin 58-62 kDa polypeptides
(Fig. 73,‘iane 3). It should be wmentioned that the ER .fraction (from
seeds labelled 'for 50 @in and incub;ted for -3 h) contained

LS
TCA-precipitable radioactivity, (about 900 cpm) before chromatography on

globulin-IgG Sepharose. This indicated that no polypeptide in this ER

w

fraction was capable of binding'to the globulin~-IgG Sepharose.

This disappearajmce of globulin polypeptides from the ER membranes
may.rep;esent some sort of Intracellular transport of these polypeptides
from the ER to another site. Further inyéstigations on such a Erénsport
mechanism will be presented in part II of'the Results.

Because of the loy qualfty of the_fluordgraph‘in Fig. 7, the above
labelling expérimen;.wés repQ?teq, Developing seeds were labelled this
timélwith f355]5u1fate for 50 min‘énd then uséd for ER extraction. The
ER fraction was applied to a globﬁlin—IgC Sephafose column in order to
select any globulin polypepiides preéent.- The bound fraction was
analyzed by SDS-PAGE (+Me) aﬁd fluo;ography. Fig. 8 is the fluorograph
of the labelled giobulin polypeptides selected%by giobulin—IgG Sepﬁard@é.

The globulin 58-62 kDa polypeptides were again found Iin ER membranes.

- In summary, Figs. 7 and 8 indicated that newly-syntheéized globulin
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polypeptides could be Tfound assoclated with the -ER membranes when
developing groats were labelled for:a short period of time (50 min).
- These polypeptides seemed to be transiently and not permanen:lj

assoclated with the ER membranes.
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D. Electron Microscopic Invesfigations

The role of RER in bios;nthe;is of “reserve globulin polybeptides was
suggested by the above Dblochemical evidence. Nevertheless,'.it .was
deéirable to examine these results by electron microscopy. Therefore, in
. the‘coﬁrse of the 1isolation, in vivo labelliné, and in.vitro translation
of RER, varlous Eamples were subjected to eletron_micfoscopy. Throughout

¥
thig thesis multiple micrographs have been presented for each examination

since this is a convention in electron microscopy.

l. Examination of the RER in inract developing oag groats.

To examine the state of the rough and swmooth ER membranes in
endosperm cells of grbats at this period of ocat seed deve}opment, fresh
groats were fixed 1in 3% glutaraldehyde;_ post=fixed in 1% 0304 and
dehydrated through an ethanol series. Gold sections (90 nm) were
prepared and examined at 60 égf Figs. 9 A-D illustrate the transaission
elegtron micrographs of 16 daf oat groats. Membranes (ER) wereabundant
in developing cells. Fig. 9A‘shows 2 number of protein bodieé varyling
considerablj in gize. ‘These protein bodies seemed to be connected with
one another through a network of membranes:. These intercoaneétions.may
however -~be artifactual and could ﬁg due 'to structural damage during
fixation of seed sections. In Fig. 9A, stacks of ER membranes were
visible stretching and surrounding -the protein Sodies. In the same
figure (upfighf position) four protein"bodies were present with no
detectable_associabion with thé‘ER.membrhnesf Fig. 9B displayed three

-
clrcular wvacuoles 'consisting of wany protein bodies. A large starch

granule was also present which seemed to be intact. Starch granhles in

other figures showed certain cracks which could be a result of sectioning

—



Fig. 9 Transmission electron-micrographs of developing (16 daf) ocat
starchy endosperm cells.

Fig. 9A. A partial image of an endosperm cell containing proteip
bodies and stacks of membranes resembling the ER. Magnification
(M) x 14,000.
Fig. 9B. Numerous protein bodies are found within intracellular
vacuoles demonstrating an organized pattern of deposition. The
size of these protein bodies varies considerably within the same
vacuole. M x 11,000.
Fig. 9C. Stacks of membranes are observed stretching from one
- vacuole to another. Each wvacuole contains protein bodles of
various size. M x 9,000.
Fig. 9D. This micrograph also shows the connections between ER-
like membranes and tonoplast (vacuolar membrane). The ER strands
seem to be intensely stained which may suggest them to contain
electron—dense material. M x 6,000. ‘
Abbreviationsg: ER, endoplasmic reticulum; L, Llipid body; N,
nucleus; PB, proteln body; §, starch; .Va,
vacuole; W, cell wall.
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and Eixing the seeds. As In Fig. 9A, there were two large vacuoles
loaded with protein bollies in Fig. 9C. These two vacuoles seemed to be
connected wvia stacks of ER membranes. In Fig. 9C, numerous small

vesicles could be observed in the cytosol and within the vacuoles; these

may be artifactval resulting from the fixation of the cells. Some of .

these vesicles may however represent true structures involved in protein
body development. Interconnections between the ER fembranes and
intracellular vacuoles could also be detected in Fig. 9D. This electron
micrograph also showed the association of the ER with nuclear membrane.
The apparent presence of significant amounts of ER membranes and
their assoclation with electron-dense protein bodies tended to support
the notion that 16 daf seeds were actively involved 1in protein

R
synthesis.

2. Isolation and examination of ER me;branes

For experiments concerning in vivo labelling and in wvitro

translation of the RER, sucrose gradieat fractionation techniques were
R e

used to i1sclate EDTA-stripped ER membranes and RER membranes (see

Materials and Methods). The identity and purity of these membrane

preparations were checked bilochemically by testing for ER marker enzyme

activity. This was.jgt, however, adequate to confirm sample integrity or<\

“purity. Therefore, elecron microscopy was employed to further examine
these membranes. Membrane fractions were pelleted and the pellets were
fixed inA 3% glutaraldehyde. The fixed pellets were post-fixed in 1%
0s0,, dehydrated, and embbdded in plastic (Spurr's resin). Gold
sections (90 num) were prepared and examined with a Philips electron

microscope.

-

>
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Figs. 10 A-C show the TEM Images of the ER membranes isolated by a
16%/35% step sucrose gradient. This membrane fraction was assumed to be
rich in ribosome-free ER under the conditions used in this extraction
method. Figs. 10A and 10B illustrate stacks of ribosome-free ER
membranes; but few RER membranes were actually detectable. This was due
to the absence of magnesium ions in the extractlion buffer which caused
the stripping off and loss of ribosomes. ER membranes alsc formed
sph?rical vesicles (ERv). Vesicle-formation 4s a coamon phenomenon in
the isolation of ER membranes. ER cananot be isolated iﬁ an intact form‘
because {t forms an interconnecting network of membranes throughout thé
cell. Homogenization of the tissue results in the vesiculation of—the ———
membranes. - Generally the nembrane preparations were not contaminated -
with protein bodies or other major membrane fractions;

fﬁe RER samples which were isolated by a linear 15-50% and é step
20%/35% sucrose gradients were 'also examined. These preparations should
theoretically be rich-in'ﬁﬁR because of the presence of magnesium-during
sample preparation (see Materials and Methods). Figs. 11 A-C illustrate
the TEM images of the RER pellets (linear 15-50% sucrose gradient}. The
RER ;améle isolated from the 20/35 interface looked identical to that
isolated by linear gradient (not shown). Membrane vesicles covered with
nume£0us ribosomes were wvistble. Riboéomes were qell stained with
0s0,, but the membranes were less visible- Alternétively, when the RER
preparations were-/post-fi%gd with KéMnOa instead of 0s0;,, membranes
were preferably stained ‘Bver ribosmes -(Fig. 11D): ' As a result of
centrifugation, somé of the wmembranes appeared to have lost their
ribosonmes. Similar to ribosome-free ER membranes, the RER preparations

were also found in the form of vesiéles.

-



Fig. 10 TEM examination of ribosome-free ER extracts (isolated by 16-352
step sucrose gradlent).

Fig. 10A. This ER extract contalins primarily long strands of
membranes. Ribosomes are preseat but at low frequency.
M x 88,000. _

‘Fig. 10B. A second image of the same extract showing the presence
of some membranes in the form of vesicles. M x 34,000.

Fig. 10C. This extract contains mainly vesicles with occasional
ribosomes attached. M x 34,000.

.

Abbreviations: ER, endoplasmic reticulum;
ER,, endoplasmic reticulun vesicle.
g :



—81-

FIG.10
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Fig. 11 TEM examination of rough ER extracts {(isolated by 15-50% linear

sucrose gradient) of developing oat groats-

Fig. 1l1A-C. An extract of RER membranes which was post-fixed with
080y - Membranes In the form of vesicles are observed with
numerous ribosomes attached. Post=fixation with 0s0

preferably stained ribosomes. M x 27,000, M x. 52,000, and
M x 52,000 respectiyely. .

Fig. 11D. The same-extract as in Figs. 114-C which was post-fixed
with K, MnO, instead of 0s0, in ord to stain membranes.
Large and small vesicles are observed. Ribosomes are not
stained. M x 52,000.

Abbreviations: ER, endoplasmic reticulum;- R, ribosomes; RER,
rough endopl&smic reticulum. RER,,, rough
endoplasmic reticulum vesicle.
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These observattons c¢onfirmed the pureness of the RER saamples

analyzed in“%?e above-mentioned in vivo and in vitro experiments and
4

indicated the reliability of the procedures used to 1isolate these

membranes.
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PART II - _GLOBULIN TRANSPORT &

It was previously demonstrated that oat globulin 58-62 qu}&élypep;ides

associated with ER membranes after a short labelliqg period (see Fig. 7).

These assoclated proteins were also shown to pe transiently associated

with the ER membranes. The disappearance of the globulin polyﬁeptides

from the ER posed a quesgion as to the eventual destination of these
polypeptides. An é%periment was  designed to 'aneiyze ;arious

intracellular organelles simultaneouslg during an in vivo labelling
experiment. “\fractionatién of a hbmogenaté ~of dé;eloping groats on a
16—-65% sucrose gradient provided a‘system ghere all ;ajor ozgénelleslsuch
as ribosome-free ER, RER: microbodies, mitochondria, chioroplagts, and

protein bodies could be separated on a single g?adient. Based on this

system, the following labell%ng experiﬁent was carried out.

\

A. In wvivo 1labelling of developing sesds and analysis of proteins ’

agsgociated with various ilntracellular organelles.

Developing spikeléts were Jlabelled with r3ss]splfate for 45 min, a
‘number of seeds were harvested (0-h) and the remainder were inc;bated éQF
20 h in the preéence of cycloheximide (20 h).- Thé labélled seeds were
homogenized and the homogenates fractionatediém a linear 16;65Z sucrose
density éradient. The gradient fractions were mnnitofed ar 280 nm for
‘'protein, and analyzed for NADH-cytochrome ¢ reductase activity and for
TCA-precipitable radioactiﬁity (Fig. 12a an b). . At 0 h, most of the
ra?ioactivity was located at the density of*1.10 g/em?® corresponding to

the position of ‘fhe ER marker enzyme in the gradient (Fig. 12a). No

significant proportion of the radicactivity was detected in the protein

<



Fig. 12 Distribution of incorporated radioactivity in ER and protein

&

bodies upon in vivo labelling of developing groats.

Developing spikelets (18 daf) were labelled with T}ES]sulfate
(900 mCi/mmol) for 1 h and transferred to a label-free medium.
Groats were detached at 0 and 20 h after transfer, homogenized,
and fractionated on Ilinear 15-65X sucrose gradients. The
gradlients were wmonitored for absorbance at 280 om and
fracdtionated into 1 ml fractions. TCA-precipitable radioactivity
vas determined and expressed as CPM x 107%, (D——E])-

NADH-cytochrome ¢ reductase activity was expressed as
Agsqp min~1 m1—t (—-

(a). The gradient profile of the extract from seeds with a O h
incubation period.

. (b). The gradient profile of the extract from seeds with a 20 h

incubation period. .
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body fraction'(density of 1.26 g/cm3). N; appreciable radiocactivity was
found in the mitochondria ani'chloroplast-fractions from the_grgdient
{1.16-1.20 g/cq3) (105). These observations indicated_;hat most of the
newly-synthesized _réserve prétéiﬁs were assoclated with ER after 1 h
pulse and compared tgﬂlhe previous reSuits {see Fig. 6). However after
20 h, a large proportion of the incorporated radiocactivity (about 50%)
was found associated with the protein body 'fractions (density of
1.26 g/cm3t %1g. 12b). The ER fractions contained a much lower
proportion of total radicactivity (about 252). The radioactivity
assocliated with the E% may represent wmembrane proteins or reserve
proteins which were nog transported out of the ER. It may also represent
newly-synthesized proteins yet to be transported out of the ER. Some
rédioactivity was present 1In other organelles but was {insignificant
comparéd to that of protein bodies. Such a.shift of labelled protéins
from ER to the protein bodies after a long incubation period might
indicate the intracellular traﬁsport of the newly-synthesized reserve
proteins from the ER to prdtein bodies. Further discussion o¢f deposition

pathways will be provided in the Discussion Chapter.
During the 20 h. incubation of spikelets, gycloheximide at a
concentration of 0.5 =M was iﬁc;uded in the incubation medium. The
application of cycloheximide in this and a few other in wvivo labelling
experiments was to inhibit continued incorporation of radiocactivity Into
proteins after termination of l;belling. However, since cycloheximide is
a potent inhibitor of . protein synthesis, possible drawbacks of its use
should rtherefore be considered. While 1inhibiting the synthesls of

L3
reserve proteins, cycloheximide may also 1inhibit the synthesis of

membrane proteins and thus prevent the formation of new membrane
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structures. However, in the relatively short peniod of time in which

these experiments were carrried out, synthesis of new membrane structures
may ‘not be required. This .assump;ion was supported by the faet that
results were similar whether or not cycloheximide was included in
" labelling experimengs.: For example, in the case of the above transport
experiment, the shift of radicactivity from the ER to proteiﬁ bodies was
observed in presence or absence of cycloheximide. The only detectable
effect of cycloheximide was partial inhibition of continued incorporation

of radicactivity into proteins assoclated with the ER.

M
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B. Electron Microscopic Investigations. ‘ a

-

The transmission electron microsc0p£c- observations, digcussed in’
part I.D. of this chaptéer, Iindicated the cloge assoclation of ER with-
protien bodies (Figs;'B A-D). The 4intracellular transport of reserve
globulin was also briefly discussed based on those TEM investigations. A
more comprehensive search of seed‘sections revealed further evidence for
the involvement of the ER membranes in the development of protein bodies.
Oat developing seeds (16 daf) vere fixed, dehydrated, embedded in plastic
(Spurr‘s resin), and sectioned. Tﬁe sections were vieuea under an
- electron microscope. Figs. 13 A-D illustrate the TEM images of
developing endospérm celis. In Fig. 134, a large vacuole was seen with
close assoclation with two stacks of ER membranes. Electron—denge
protein bodlies could be seen at the sires of connections among the
vacuole and the ER membranes. Higher magnification of the upper section
of Fig. 13A reveals this phenomenon more clearly (Fig. 13B). A pro;ein
deposit was found within.the stacks of ER in the vicinity, of the vacuole.
Dther protein bodies were found in'tﬁé same vacuole. Figs: 13C and 13D
also demonstrate the development of a pngtein deposit within the ER
membranes. In Fig. 13C, stacks of ER membranes were seen stretching to
the surface of a vacuole. At the site of connection between the ER
membranes and the tonoplast, a protein deposit could be seen. This area
of interest in Fig. 13C was magnified to show rhe interconnections more
clearly (Fig. 13D).

The electron microscopic images discussed above could be interpreted
asx showing a sequence of events leading to the development of protein
bodies in developing seeds. This sequence mey have occurred as follows:

proteins were synthesized and accumulated in the' ER  lumen; the



-

Fig. 13 TEM inéestigations_on intracellular transport’of\geserve proteins

in developing oat endosperm (16 daf).
- A - "
Fig. 13A. A large vacuole 1s observed with protein bodies of
. various size. At two corners of this vacuole, connections exist

with stacks of membranes resembling the ER. M x 13,600. The
arrows indicate the protein bodies which are assumed to be at a
developing stage. . . -
Fig. 13B. A higher magnification image /illustrates more clearly
the development of a protein deposit at/the interface between the
ER and the vacuole. A few other protein bodies in the vacuole
may have just been developed. M x 34[,000.
Fig. 13C. ER strands appear to be connected to tonoplast of a
large wvacuocle. the site of .connection a protein body is
observed. izfgdgfg;tron-dense vesicle is inside the vacuole but
appears to still attached to the ER. M x 11,000. The arrow
indicates a protein body assumed to 'be developing.
Fig. 13D. A higher magnification of Fig.. 13c reveals the
interconnections more clearly. M x 44,000. The arrow indicates
the sgite of interconnections among a protein body, endoplasmic
reticulum, and tonoplast.

Abbreviations: RER, rough endoplasmic reticulum; L, lipid droplet; PB,
: proteln body; PD, protelua deposit; S, starch; T,
tonoplast, Va, vacuole; W, cell wall. : .

w
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FIG. 13
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N
newly—synthesizeﬁ proteins were chanelled via the ¥R lumen to form a
protein deposit at the surface of the tonoplast (vacuolar membrane);
finally'the protein depqsiﬁ was released- into the ﬁaCuole as a protein
body possibly through the fusion of the ER membranes with the tonopiast.
Thls mechanism may be regarded as the major pathway of globulin synthesis
and deposition since such electron miqroscopic images could be found
frequently within the seed sections examined. However, thére may be

-

other possibly minor pathways of globulin'depositibﬁ.
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PART III - GLOBULIN -PROCESSING
’ N

A. In Vivo Labelling Studies on ‘Cleavage of Globulin Precursors.

-

h

* In vitro translations and prelim;nary,iﬂ zizgllabelling studies of
the ER (See PART I) suggestege that globulin polypeptides were synthesized
as- larger 58—62 kDa precursors. - éiis hypothesis which has also been
suggeésted dy other investigators in the field (67,69,70) was tested b; é
series of in vivo labelling and pulse;chase labelling experiments.

First, develépiné oat. spikelets were labelled continuously with
[358}methion{ne to determine the pattern of incorporation into globulin
polypeptides." Spikelets’ were labelled for 30, 60, 90, 120, 180, and
240 min. Groats (total of about 100 mng) were detached at each time
period SEH were extracted for glob%lin. The globulin extracts were
counted after precipitation in 10i TCA and bolling in S%Z TCA. Fig. 14

) .
demonstrates the total. aSBﬁnt of radioactivity incorporated into the
globulin fraction. The rate of Incorporation was slow at the beglinning
of labelling and gradually Increased. The most pronounced increage in
incofpora;ion was observed between 180 min and 240 min. This may
inaicate_ a slow rate of upt;ke of radioactivity by the spikg}ets.
However, a qualitative (using a radioactive monitor) monitoring of the
whole spikelets.during the labelling period showed that radicactivity was
taken up by the plant after only 5 min. At this time the hulls (covering
- the seeds) had already taken up 2 significant amount of radioacfivity but
the seeds.ﬁere relatively less radioactive. These observaéions {ndicated
a slow rate of transport of radioactive amino aclids from the hulls to the

seeds. It seemed likely that a major portion of the label was

metabolized in other tissues such as hulls before entering the seeds.



Fig. 14 In vivo incorporation of [3°5 Jmethionine into globulin

polypeptides. |

Developing splkelets {16 daf) were labelled with [355 ]methionine
for 30, 60, 90, 120, 180, and 240 min. Groats were detached and
used to extract globulins. The globulin extracts were counted
after TCA precipitation in 10% TCA for a minimum of 15 min,
boiling in 5% TCA in presence of cold met¥fionine for 5 min, and
washing in cold 5% TCA. Incorporation into TCA-precipitable
" radiocactivity is expressed as CPM x 107%.

e
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An equal amount of protein from each time period was analyzed by SDS-PAGE
and fluorography to visualize the labelled globulins. - Flg. 15
demonstrates the pattern of labelled globulins upon continuous labelling
of sgei;. This pattern compared well with the results 1in Fig. 14 and
demonstéatgd a pronounced increase in the amount of labelled globulin
between 180 min and 240 min. At the early time periods, the labelled
_Eiobulin was represented by twe polypeptides with molecular weight of
58-62 kDa. However, after 120 min of labelling, other polypeptides with
a molecular weigﬁt range of 12-40 kDa also appeared on the fluorograph.
Two groups of polypeptides with average wmolecular welghts of 20 and

-38 kDa cofresponded in size to the cold glgsulin apolypeptides and
ﬁ—polypeptiAes (visualized‘by staining the-gel with Coommassie Brilliant
Blue dye). Tﬁe g}obulin large subunits were not labelled as well as the
smaller subunits. The reason behind this particular labelling ﬁattern
will be discussed later in this section.

Pulse-chase labelling with [358]methionine: 7

L
The data in Figs. 14 and 15 indicated that a 60 min or a 90 min labelling

perlod was sufficient to label the globulin SB;EZ kDa putative
precursors. This period was short enough not to allow the labelling of
the other smaller globulin polypeptides. - Therefore for pulse-chase
labelliﬁg, developing spikelets were labelled for 60 min with
[358}metﬁionine and then were transferred into a chase medium contaié&ng
cold methionine. Groats were detached after 1 h of labelling and at 1,

2, 3, 5, and 10 h‘of chase. Globulin was extracted and the total amount

of incorporated radicactivity was determined. Fig. 16 shows the total
<



Fig. 15 Pattern of f3SS]methioning-labelled globulins.

" The globulin samples from Fig. 14 were analyzed by SDS-PAGE (13%,
+Me)band fluorography. An equal amount of protein was. loaded on

each lane. Fluorograph was exposed, for 5 days. Numbers
represent times of labelling iq_miﬁutes. Arrovheads indicate the
58-62 kDa polypeptides. Molecular weight markers are

[l“cthethylated bovine serum albumin (69,000), fl“c}methylated
ovalbumin (46,000), [1“C]methylated cdrbonic anhydrase (30,000),
and [!“Cdmethylated lysozyme (14,300).
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Fig. 16 Pulse-chase labelling of globulin polypeptides.

Developing spikelets were labelled for 1 h with [3551methionine
and transferred into a chase medium containing cold methionine.
Groats were detached at various times (0, 1, 2, 3, 5, and 10 h)
and used to extract globulins. The globulin extracts were
counted by TCA-precipitatiocn. Incorporation 1into TCA
precipitable radioactivity is expressed as CPM x 1074,
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amount of incorporation of [3SS]methionine into che'globulin fraction in

pulse—-chased seeds. ' A significant increase in Jﬁhe incorporated

! ‘ .
radiocactivity occurred after 2 h chase. This increas€ in 1nco?poc4iizz*i*“’J/
continued even after 10 h chase although the rate(éé\iiiziiij/ﬁas lower

than that observed between 2 and 3 h chase. Interestingly, the pattern
of incorporation was similar to the pattern previously seen in the
continuous labelling experiment (Fig. 14). The mcst pronounced increaFg -
in incorporation occurred after 3 h iIn both cases (3 h of labelling in
Fig. 14; 1 h of labelling £4 2 h of chase in Fig. 16). Therefore, it

appeared that the transfer to chase medium had very little effect at the

. T3
early hours of chase. However, the chase began to take effect’%%vésféfffﬁdﬁjf~7

~

times since the peak of radioactivity appeared to be reaching a plateau

-at 10 h chase.

To 1nvestigate the pattern of labelled globulins {in the above
pulse-chased seeds,. equal numbeg of counts (5000 cpm) were analyzed by
SDS-PAGE and fluorography (Fig. 17). After 1 h of chase, two 58-62 kDa
lobulin polypeptides were labelleé. These Rolypeptides persisted during
the chase period although their relative intensity decreased between 3
and 10 h_ f chase. Presumed a—polypeptides and p-polypeptides appeared
afEET'ﬁ/;/:f chase and their_intensity-increased gradually afterwards. A
correlarion seemed to exist between the decrease in the amount of the
58-62 kDa polypeptides and the Iincrease In the amount of the lower
molecular weight polypeptides. There.are two possible explanatlions for
this labelling pattern. First, the 58-62 kDa and « and B polypeptides
were labelled ;; differen: times independently of each other. Secondly,

the 58-62 kDa polypeptides were first labelled and later converted to the

lower wmolecular welght polypeptides. If the first bossibility were



Fig. 17 Pattern of pulse-chased globulin polypeptides.

The globulin samples from Fig. 16 were analyzed by SDS-PAGE (137,
+Me) and  fluorography. Equal numbers of counts (5000 cpm) were
loaded on the gel. . The fluorograph was. exposed for 10 days.
Numbers represent the chase times in hours. Arrowheads indicate
putative globulin precursors. Dots indicate the position of
globulin o and B-polypeptides (corresponding to cold globulins
present in the gel and wisualized by Coommassie Brilliant Blue
staining).
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true, the decrease in the intensity of the 58-62 kDa polypeptides could
not be logically explained. Evidence seemed to point to the second
theory of precursor-product relationship. In order to quantitate the .
changes In the intensitles oé globulin polypeptides, lanes 3, 5, and 10
were scanned using a densitometer. Fig. 18 shows the quantitative
relationships among the S8~62 kDa and the smaller 20 kDa polypeptides.
There was a 4 fold reduction (calculated by measuring peak weights) Qg'
the amount of 58-62 kDa polypeptides érom 3 h to 10 h chase. At the same
period of time, the B—pblyﬁeptides increased in intensity by about 4
fold. Only the B-polypeptides ;ere quiantitated because they were
labelled..preferentially over the gpolypeptides (38 kDa). The plot of
peak weights revealed a direct re;ationship between the reduction 1in the
amount of precursors and the'incregsg in the amount of the p-globulins
(data not-shown ). fhe total signal on eéch lane was roughly equal.
These data provided some quantitative evidence for the precursor-product
relationship. '

. There were two major problemg encountered in the above pulse-chase
labelling experiment. First, incorporation of 1label into proteins
continued desgpite the chase. Secondly, [358}methionine did not 1label
Soth globulin subunits equally. Two new approaches were undertaken to
attempt to solve the above problems. In one approach, spikelets were
labelled with [3SS]su1fate in the presence of cycloheximide. In another

approach, spikelets were labelled with [1%CJleucine and chased with cold

leucine. These experiments are deseribed below.



.Fig. 18 Scamning of in vivo ldbelling patterns.

Lanes 3, 5, and 10 from Fig. 17 were scanned using a densitometer
in order to quantitate the changes 1n the signal intensities of
globulin polypeptides during these chase perlods. Crossed peak
areas correspond to the®58-62 kDa globulin precursors.. Filled-in
neaks represent the globulin A-polypeptides. T

g | ~
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In vivo labelling with [3ss]su1fate in presence of cycloheximide:

it appeaTed that an efficient ahd successfui chase of radicactivity
coulddnot be achieved at the time periods used in the .above experimen:g
(Figs. 16 and 17). It miéht have been possible to completely chase out
the radicactivity i1if the chase- period was prolonged for several days:
However, this was not practical since the plants do not survive in these
conditions for long periods.sy They start to dry out quickly-resultingrin
the shrinkage of the seeds making thelr analyses unreliable. A possible
solution to the J1ifficulties, of chasing the radicactivity In ;uch

& .

pulse-chase labelling experiments was the use Jfs a proteln synthesis
_inhibitor at the beginping-of the chase. Although the addition of the
inhibitor could negate the chase portion of the experiment 1t could solve
-the problem of continuous radioactive fncorporation during the chase. In
this experiment, spikelets were labelled for 1 'h uith[3ss]sulfate,
transferred into a medium containing 0.5 oM cycloheximide and incubated
for 1, 2, 3, 5, 7, and 10 h. Glogulin was extracted frbm detached sceds
and equal number éf'COunts were analyzed by SDS-PAGE and fluorography
(Fig. 19). Globulin 58-62 kDa polypeptides were labelled after 1 b
incubation and disappearéd from the fluorograph gradually. Afrter 2 h
incubation, ea-polypeptides and B&-polvpeptides were labelled. The
intensities of these polypeptiﬁes increased during the incubation period.
The data could be interﬁreted as a conversion of the 58-62 kDa
polypeptides into the smaller globulin pclypeptides. This approach
resulted in equal labelling of both subunits and the disappearance of the
58-62 kDa precursors, therefore, achieving itst;bjectives.

-

The possible drawbacks of using cycloheximide were discussed earlier



»

Fig. 19 In vivo‘labelling of #globulin polypeptides in developing oat
endasperm (18 daf) in presencesof cycloheximide.

Oat splkelets .were labelled with (3SS]sulfaijfor 1 h and

- subsequently transferred to a medium containing™cycloheximide.
Groats were harvested at times. indicated after transfer and the
globulin ~fraction was 1Isolated. The globulin. extracts 'were
analyzed by SDS-PAGE (12X, +Me) and fluorography. Approximately
equal number of counts (14,000 cpm) were loaded on each lane.

/N «
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in PART 1I of the results. The comparison of the data in ?ig. 19 with
those In Fig. 17 argues agalnst any 1n;erference of cycloheximide 1in .
cofrectoprocessing and deposition of globulin polypeptides. 1In presence
' or absence of the inhibitor, .the 58-62 kDa globulin polypeptides were
synthesi{zed and processed similarly.

Overall, the results of this‘ experiment compared with the data
obtained from the zarlier pulse—ch;s;llabelling experiment described in
Fige. 16-18. )

There was an Interesting observarion " from the above labelling
experiments with [358]- When splkelets were labelled with
[3551mechionine, the label was found incorperated mainly intd_the smaller
f-polypeptides. Members of opolypeptides were not all labelled. Only a
40 kDa component of this group of polypeptides was labelled. This
pattern of 1aBelliqg reflects. the number of methionine residues present
in the two groups of globulin subunits. It was interesting to note that
when [355Jsulfate was used as the radioactive precursor both subunits
were labelled o the same extent: The discrepancy between the two
experiments was probabiy in labelling the cysteine residues of the
globulig pclypeptides. Apparently, [358]sulfa§e labelled ©both the
methionine and cysteine residues. Howevef, [355]methionine seemed Lo
have 1afelled only the methionine residues of the globulin polypeptides.
Although theore:ically; [3ss]methionine should also be converted by the
plant to [355]cysteine and thui labél both sulfur-containing amino acid
residues of gloﬁulin polyﬁeptidesu One may conclude that in -the short
period of time that the above labelling experiment was carried out, th'

metabolic conversjon of labelled methionine to cysteine had not taken

place. It is conceivable to assume that both subunits would have been
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labelled 1if the [355]methionine labelling was continued for longer
periods allowing for the labelling of cysteine residues.
Pulse-chase labelling with [I“CJleucine:

A pulse¥chase labelling experiment was performed in which developing
splkelets were labelled with [I“Clleucine for 1 h and chased for 1, 2, 3,

4, and 5 h with cold leucine. Labelled seeds were detached and used to

extract globulin. Equal number of counts from various chase periods were

"analyzed by SDS-PAGE and fluorography (Fig. 20a). At early chase times,

globulin 58-62 kDa polypeptides were labelled as well as a number of
smaller polypeptides with molecular weights of 26-32 kDa. After 3 h of

chase, globulin large and small subunirs were labelled with iacreasing

intensities. A gradual decrease in the inteasities of the 58-62 kDa

globulin polypeptides was noted from 3 h to 5 h of chase. This indicated

~ -

that the chase might have started to take effect after 5 h. Therefore,
an ldentical pulse-chasé labéliing was performed with longer chase
periods of 10 h and 15 _ h. Fig.. 20b shows the pattern of 1abe11e§r
giobulins in this experiment. Apéarently, longer chase times led to
further reduction in the intenéity of the globulin 58-62 kDa polypeptides
(see Fig. ZOb; lanes 10 and 15). A clear relationship améng the
58-62 kbDa polypeptides and the labe}led globulin subﬁnigs could now ge
assumed. To quantitate this relationshilp, laﬁég 1 hand 15 of the
fluorograph were scanned using a gel scanner. The results (?ig;” 2L)
revealed that the reduction in the intensiﬁy of the 58-62" kDa -
polypeptides (5 féld) quallgd the increase in the inténsity of -labelled
a and g-polypeptides (5 fold). However, the total signals on these twoi

lanes were not equal.



Fig. 20 a and b Pulse-chase labelling -of globulin polypeptides with

[14¢ Jleucine.

(a) Developing spikelets were labelled with [l“C]leucine for 1 h

and transferred into a chase wmedium containing cold leucine.
Groats were detached at various times (0, 1, 2, 3, 4, 5) and used
to extract globulins. The globulin extracts were counted and
equal number of counts (10,000 cpm) were  analyzed by SDS-PAGE
(13%, +Me) and fluorography. The fluocrograph was exposéﬁ for 7
days. Numbers represent chase times. Arrowheads indicate the
position of the globulin 58-62 kDa precursors.

{b) Developing splkelets were labelled with fl“C]leucfne for 1 h
and transferred inte a chase medium containiang cold leucine.
Groats were detached at various times (1, 2, 3, 5, 10, 15 h) and
used to extract globulins. The globulin extracts were counted
and equal -number of counts (5,000 cpm) were analyzed by SDS-PAGE
(13%, +Me) and fluorography. ,The fluorograph was exposed for
12 days. Arrowheads indicate the globulin precursors. L and S
represent the large and small globulin polypeptides respectively
{corresponding to stained cold globulin polypeptides).
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Fig. 21 Scanning o¢f pulse-chase labelldng patterns of globulin

polypeptides.

Lanes 1 and 15 from Fig. 20b were .scanned using a densitometer in
order -to quantitate the changes in the globulin 58-62 kDa,
epolypeptides, and &-polypeptides Iin the beginning and at the
end of the chase.
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There was a 30 discrepancy which cannot be explained logically since
equal number oé counts were loaded onrn each lane. This difference may
have.originated from the contamination of protein samples with free label
despite the fact that samples were counted by precipitating and boiling -
in TCA in presence of cold leucine.

The identity of the labelled 16-32 kDa polypeptides was not clear.
These polypeptides were not presznt in iabelling experimenté'with [355].
They might belong to the class of minor globulins (see appendix I). They
may also be prolamins contaminating the globulins extract. However, only
labelling with {1“C]leucine seemed té. lead to 1labelling of these
‘ 26-32 kDa polypeptides.

As a whole, the data supported the hypothesis that gldbulin
5?-62 kDa polypeptides were precursors of the globulin g« and
f~polypeptides. This processing was probably due Eo proteclytic cleavage

of globulin precursors by specific enzyme.

PROCESSING STITE OF GLOBULIN PRECURSORS:

The detection of globulin for loag periods in the above in vivo

labelling experiments indicated that these precursecrs were relatively
stable. The proteolytic cleavage seemed to occur hours after synthesis.
This suggested that Such a processing event was post-translational. This
cleavage could occur during: transport of precursors from the RER to
protein bedies; or during the formation of protein bodies on the protein
body membrane; or after deposition in protein bodies. An.'in vivo
labelling experiment was carried out to determine whether globulin
polyﬁeptideé arrived in protein bodies as unprocessed precursors or as

mature subunits. >
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Developing splkelets were labelled with [35515u1fate for 1.5 h. The
spikelets were removed from the radiocactive solution and were incubated
with cold sulfate in'presence of cycloheximide for various periods of
time (2, 4, 6, &, and 10 ﬁ). The seeds were detached a;d used to Iisolate
protein bodies. Globulin was extracted from the protein bodies and was
analyzed by SDS-PAGE and fluorography (Fig. 22). Polypeptides with
molecular weights of 58-62 kDa appeared 1n protein bodies after 2 h
incubation (lane 2). The intensity of these polypeptides decreased when
the spilkelets were incubated for longer periods of time,. After 4 h
incubation, the two groups of o polypeptides and @&-polypeptides appeared
on the fluorograph and gradually increased in Iintensity.

The appearance of the putative 58-62 kDa globulin precursors In
protein bodies in the above experiment suggested that these precursors
were nmnot processed . before their arrival iInto protein bodies. The
precessing event apparently occurred only after theff entryainto protein
bodles suggesting these vesicles to be the site of cleavage.

The use of a protein synthesis inhibito; during thq incubation
period was required to assist 1in blocking a continuous incorporation of
(355]su1fate into globulin precursors. Complica{ions in the use ;f
cycloheximide was discussed earlier. For this particular-experiment with
protein "bodies no evidence was obtained for any interference of

cycloheximide with the pathway of globulin deposition. Other 1in vivo

labelling experiments. which used cold -sulfate without the wuse of
cycloheximide showed similar results.  Labelled gl&ﬁulins arrived into
.the protein bodles in the form of the larger 58-62 kDa peolypeptides in
presence or absence of cycloheximide. Processing seemed Lo occur

afterwards. The difference with the experiment in Fig. 22 was that the
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Fig. 22 In vivo labelling of globulin polypeptides in protein bodies in

presence of cycloheximide.

Gat spikelets (18 daf) were labelled with [358]sulfate
(900 mCi/mmol) for 1.5 h, transferred to a medium containing cold
sulfate and cycloheximide. Groats were harvested at various
times indicated (0, 2, &4, 6, 8, 10 h) and used to isoclate protein
bodies. Each protein body preparation was then extracted for
globulin and analyzed by SDS-PAGE (12%, +Me) and fluorography.
Lanes 2, 4, 6, 8, and 10 contained 4000 cpm.
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FIG. 22
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58-62 kDa globulins persisted on the fluorographs after long periods of
chase. Therefore, 1t appeared that cycloheximide only caused the

inhibition of further synthesis of the 58-62 kDa polypeptides.
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B. Ian Vivo Labelling Studies on Assembly-of 125 Globulin.
’ v

The deposition of globulin polypeptides as a 125 oligomer in protein

bodies suggests that at a certain point during synthesis, segregation,

transporf‘or deposition, globulin polypeptides are assembled into a 128

complex. To examine the site of globulin assembly, an Eﬂfﬁliﬂ labelling
experiment was conducted and the labellad polypeptides in two organelles
(ER and protein bodies) were size-fractionated on a sucrose gradient.

The first part of the experiment Qas designed to demonstrate
whether or not a 12$ oligomer was présent fa assoctiation with the ER
menbranes. Developing splkelets were labelled for 1 h with [3551sulfate,
homogenized and the homogenatd fractionated on a 16-35% step sucrose
gradient. fﬁe ER fraction (EDTA-étripped ER} at the-16/35 fnterface was

collected and dialyzed agaianst a 1 M NaCl buffer. The ER suspenslion was

then applied to.a 5-20% sucrose gradfént made fn 1 M NaCl buffer.
Fig. 23 shows the, gradient proflile of the labelled ER fractiorg A major

and a minor radicactive peak were detectable 1in the gradient. Relative

e
to the markgr proteins (oat 35, 75, and 125}, the major and minor pedks

had sedimentation coefficients of 38 and 8-9s respeétively (Fig. 23).

Interestingly, no 12S peak was evident in the ER fraction. These results

suggested that the globulin precursors were not assembled Into a 128

oligomer in the ER. The 35 and 8-55 protein peaks may represent either

large protein molecules or protein oligomers. In the later case, this

may indicate that globulin'polypeptides were assembled in the ER as 35 or

8-95 oligomers. 'Unfortunately,‘this could not be examined %ijSDS—PACE
: TN ‘

and fluorography due to thg low yleld of radiocactive polypeptides

recovered from the two peaks. / .

I
/



Fig. 23

Fig. 24

&

Incorporation of radioactivity into globulin molecules in the
ER.

Oat splkelets (18 dzf) were labelled with f3ss]su1fate
(900 mCi/mmol) £or 50 min. Labelled groats were .detached and
used for ER extractlion on a step gradient of 16%/35% sucrose.
The ER fraction was collected, and extracted with 1 M NaCl, 50mM
Tris-HC1l, pH 8.0 buffer. The extract was fractionated on a 5-20%
sucrose gradient made in the same buffer. The gradients were,
divided into 1 ml fractions and TCA-precipitable radioactivity of
each fraction was determined (exoreéssed as CPM x 10~72).

Incorporation of radioactivity into globulin molecules in protein

bodies. . - _ -

Oat spilkelets (18 daf) were labelled with [iss]sulfate
(900 mCi/mmol) for 1 h and subsequently transferred into a medium
containing cold sulfate and cycloheximide for 6 h. Groats were
detached at 1 and & h after transfer and used to prepare protein
bodies. The protein body samples were used to extract globulin.
The globulin extracts were then dissolved im 1 M NaCl and
fractionated on a 5-20% sucrose gradient. The gradients were
monitored at Asgg. and divided into 1 @l fractions.
TCA-precipitable radioactivity was determined and expressed as
CPM x 1073; 1 h {ncubation ), 6 h incubation
(H) Fractions 15, 16, and 17 from the 6 h gradient
were, pooled, dialyzed, and analyzed by SDS-PAGE (10%, +Me) and
fluorography (Lane a%?
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To invgstigate“oligomer formation in protein bodies, a similar
labelling experiment was carried out in which spikeléts were }abelled for
1 h and then transferred into a non-radioactive solution céntaining
cycloheximide and*incubated éor 6 h. The labelled seeds weré used to
pre}are protein bodies which were then e#tracted for globulin. "~ The
globuiin extract 'was finally fractionated on a 5>20% sucrose graaiént.
No radiocactive: oligomer was fou;d in protein bodies after®1 n pulse
(Fig. 2&). Howe;er, a ‘major radioactive peak witﬁg an approximate
sedimentation coefficient of 125 was detected in the gradient after 6 h
of 1Incubation (Fig. 24). This radioacpive peak corresponded
approximately with the:unlhbelled lZS'peek (present 1in the gradient and
detected by monitoring the gradient -at AQBO)‘ These o?ser?ations
suggested that globulin polypeptides were assembled in. protein bodles as
a 128 oligoﬁer several hours after synthesis. The nature of the
'assembled pgiﬁpcptides in the fadioactive 125 peak was 1investigated by
SDS—-PAGE. (+J§) and fluorography (Fig. 24, 1ang'a). ~ Labelled globulin
c~polypeptides and fFpolypeptides were detected on the fluorograph. This
'confirmed the i{dentity of the 125 radiocactive peak and 1its homology to
the cold 12S5 peak. It might also indicate that the globuiin pPrecursors
were processed before or during assembly into the 125 oligomer.
cherth;}ess, further studies are essential to clarify lthe ginetic
relationship between cleavage and assembly. |

The lIdentification of the 12S. radiocactive peak and the labelled

globulin subunits was convenient because of the presence of cold

globulins in the samples actingsis internal markers.
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PART IV — GLOBULIN DEPOSITION -

In vivo pulse-chase labeiling and electron unicroscopic investigations
suggested that reserve globulin 'polypeptiqes wéré- translocated into
protein bodies after their synthesis on the RER. In this_section, oat
endosperm proéein bodies have been isclated and analyzed. Deposition of
glebulin polypeptides in seed proEeiﬁ bodies has al%ﬁ been examined by

)
b

immunocyﬁochemical techniques. .

A. Biochemical and Electron Microscopic Analyses of Protein Bodies

Protein bodies were isolated in earlier sEudies by the method of
Chrispeels et al. (35). This p;ocedure involved homogenizing developing
or mature groats and- centrifuging the fiitered extract throﬁgh 16% (w/ws
sucrose. The pelleﬁ contained prgtein goqies 'but. was, heavily
-aontaﬁina;ed by gtarch- as shown by electron microscopic analysis
(Figs. 25 A and B). Protein bodies only cogstissted a minor poftion ;f
the sawple and appeared broken and damaged. Consequently, the above
method wés modified by including a second sucrose solution of 65 (w/w)
to separate. the starch granules. When the seed extract was sedimented
through a 16%/65% discontinuous sucrose gradient, the majorlty of prgtetn
bodies banded at the interface (16/§5). The starch granules were heavier
and pelieted. _Such preparations consisted almost exclusively af protelin
bodies as shown by electron microscoplc examination (Figs. 26 A-C).

_The morphology of protein bodies was also examined inlintact seeds
by el;ccron microscopy (Figs. 27 A-D). Membranes appeared to be

surrounding each protein body (Fig. 27A).. A dore magnified image ‘showed

this phenomenon more clearly (Fig. - 27B). Interconnections among the

~ O -



Fig. 25 TEM examination of a protein body extract isoIated using a' single

16Z sucrose solution. . oo

Fig. 25A. Developing ocat groats (16 daf) were used to extract
protein bodies. The protein bodies were obtained by filtering a
seed extract by Miracloth and sedimenting the filtrate through
16% sucrose. TEM analysis of this pellét revealed the presence
of large chunks of starch and a lot of broken protein bodies. M
x 4000.

'Fig. 25B. A higher magnification image of the same pellet. M x

7000. : .
Abbreviations: PB, Protein body; S, starch.
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Fig. 26 TEM examination of a pro%ein body extract Isclated using a step
gradient.

Fig. 26A% Oat groats (16 daf) were homogenized, and the
homogenate filtered through Miracloth. The extract was layered
on a step gradient of 16% and 657 sucrose and centrifuged for

10 min at 2,000 X g. The material at 16/65 interface was
analyzed by TEM. This pellet 1s almost comprised exclusively of
protein- bodies. M x 14,000.

Fig. -26B. Another image of the same peller. M x 14,000.

Fig. 26C. An image of a single protein body indicating it fo be
intact. M x 14,000. — ;

Abbreviations: PB, protein body.

<y
s
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FIG.26




.

Fig. 27 TEM examination of membranes surrounding protein bodies.

! Fig. 27A. A protein body in developing (18 daf) oat groats.
Membrane surrounding the protein body is not clearly observed.
M x 34,000. o

Fig. 273. A higher magnification image does illustrate the
presence of possibly a double membrane surroundingwthe protein
body. M x 14,000. :

Fig. 27C & 27D. The interconnections among protein bodies via
wmembranes are illustrated. It seems that all proteln bodies are
connected to one another. M x 44,000 and M x 34,000
respectively.

Abbreviations: M, membrane; PB, protein body.
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membranes of all proteln bodies could also be found, but significance of
this continuity was not clear (Figs. 27C and 27D). These loose membranes
may be artifacts of the fixation of seed sections by glutaraldehyde.
Comparison of the morphology of the protein, bodies in the in vitro -
samples (Figs. 26 A-C) with those from the in vivic samples (Figs. 27 A-D)
—7 :
revealed considerable wvariations. Extracted /protein bodies had lost
thelr in wvivo sphericai structure. These observations were not

surprising since the in wvivo protein bodies were subjected to harsh

manipulations (e.g. homogenization, centrifugation).

Proteinase K Treatment of Protein Bodies:l

Fractionation of protein body extracts on linear 16-65% sucrose
gradients showed the presence of a2 major peak at an approximate density
of 1.23 g/cm? (Fig. 28a). Incubation of the material in ‘this peak with
proteinase K did not result in appreciable digestion (Fig. 28b). The
proteinase K treatment, however, resulted in tbe sharpening of the
protein body peak (Fig. 28b).. One possible cause of this resistance
agalnst proteolytic digestion wmight be the presence of a membrane
surrounding each protein body. However, the electron microsraphs of
p;'.'otein bodies isokated by sucrose gradlent fractionation in Figs. 26 A-C
did not cl‘early show the presence qf such membr,anes. Although membranes
might have been present but. not stained well enough to become visible.
Alternatively, protein bodies: might have lost their wmembranes during
centrifugation. If this were the case, the resistance of the protein
bodies agalnst proteolysis must ha\{e been conferred by another factor.
For ingtance, globulin deposits in protein bodies could have a tertiary

structure wmaking the polypeptide chains inaccessible to proteolytic
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Fig. 284Proteinase K digestion of oat endosperm protein bodies. Mature

a &b

and/or developing groats were used to prepare protein bodies (PB)
with linear or step 16-65% sucrose gradients. The PB extracts
were treated with proteinase K and after addition of PMSF (as a
protease inhibitor), the treated extracts were fractiocnated on
linear 16-65% sucrose gradients. After centrifugation, the
gradients were monitored at 280 nm and fracticnated. (a), the
profile of the gradient of the PEB extract without proteinase K

digestion. {(b), the profile of the nproteinase K-treated PB
extract.
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digestion. This resistance may algo be partly due to the presence of
significant amounts of phytic a;id (a pheéolic compound) in- protein
bodies which could form insoluble complexes with globulin 125 molecules.

The protein composition of oat brotfin bodies was also investigated.
The protein body fractions from sucrose gradients were pooled and
extracted witﬁ 1M NaCl. .This salt extract was fractionated on a 5-20%
sucrose gradient to determine the siie of anf protein oligomer contain;d
therein. The grad%ent's AZSO profile 1is shown in Fig. 29a. This
profile was identical to the pattern normally obtained from the total
seed glgﬁulin extract (see Appendix I). “Therefo;e, it appeared that(Z’/,
125 oligomer was the'predeminant protein comﬁonent of the protelin bodies.
Electropﬂaretic analysis of this protein peak under reducing conditions
indicated the abundance of the two group; of giobulin a-polypeptides and
g-polypeptides (Fig. 29b).

In summary, a method uas‘ developed to isolate pure protein body
‘preparations ffee of starch. These progéin bodies were resistant to
proteolyric digestion. Eiectron‘ microscopic inv?stigations S%§§88ted
thaﬁ tbese protein bodies wmight be surrounded b} membranes. The major

protein component of these protein bodies was found %o be the 125§

globulin composed of the globulin 20 kDa and 38 kDa subunits.

i
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Fig. 29 Size fractionation and.electrophoretic analyses of globulin from
odt endosperm protein bodies. (a), globulin was extracted from
protein bodies isolated from mature seeds. The globulin extract
wa$¥® fractionated on a 5-20% sucrose gradient. After
centrifugation, the gradient was monitored at 280 mm and.
fractionated into 1.2 wml fractions. {b), the same globulin
extract from proteln bodies was analyzed by SDS—-PAGE (12X, +Me).

‘

&7
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B. JImmunocytochemical Locaiization of the 12§ Globulin 4in Protein

Bodies. N

Although the electrophoretic Vanalysis of the protein body
preparations indféated the occurrence of the 128 globuliﬁ in protein
bodies, evidence w;s needed -to show‘gpecific localization of globulins in
the oat endosperm. The.previous data were inadéquate to demonstrate any
difterences in the localization of -the 125 globulin ir the -aleurone
layer, subaleurone layer, or starchy endosperm protein bodies.
Inmunocytochemical techniques were employed to achieve this objective due
to th; availability of the 125 globulin antibodies. 1In this approach,
mature oat seeds were cut and fixédf in‘ 10% paraformaldehyde. This
specific fixative was used begéuse of minimum alte;ations to protein
structure and antigenic propertigg (110).

Plastic (glvcol methaerylate} sections (2 um) wefe prepared and
Incubated with anti-125 globulin rabbit 1gC and fluorescein c;njugated
anti- rabbit goat IgG (FITC-goat IgG, Sigma). Finally after extensive
washing, the ;ections were viewed undér a Zelss fluorescent mi&roscope.

Qefore presenting the results of the Immunofluocrescence expefiments,_
a few fluorescence umicrographs of mature oat endosperm are' first
illustrated (Figs. 30 A-D). Figs. 30 A-C show fluorescence images of
plastic sections which were stainea for .protein with acid éﬁéhsin.
Individual protein bodies were stained (Fig. 304). However, /in most
cases, stalning occurred over the entire cytosol except for starch
granules (Figs. 30 B and C). This was probably due to the presence of

hd

tremendous numbers of protein bodies in the cell matrix. Therefore the



Fig. 30 Structural analyses of mature oat endosperm by fluorescence

microscopy.

Fig. 30A. A plastic section stained with acid fuchsin. Protein
bodies have been stained within subaleurone 1layer cells.
(FC II1). M x 600. v '

Fig. 30B. Aleurone and subaleurone layer cells treated with acld
fuchsin. Protein inclusions are abundant. (FC III). M x 600.
Fig. 30C. Starchy endosperm cells of mature oat seeds containing
numerous starch granules together with protein bodles seen in the
form of protein matrix (stained with acid fuchsin). (FC IIL).
M x 600.

Fig. 30D. Igdine-potassium iodide staining of a frozen oat

section. Starch granules are stained heavily in the inner
endosperm cells. Photographed wusing a plain broad field.
M x 1500.

Abbreviations: AL, aleurone layer cell; PB, proteln bodles; PM,
protein matrix; SAL, subaleurone layer cells; S,
starch; W, cell wall.
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term "protein matrix” (PM) was used to‘label the fluoromicrographs. Acld
fuchsin staining was less intense in the aleurone layer (AL) compared to
the s;baleurone layer cells (SAL) (?ig. 30B). This might be because of
the occurrence of large amounts of phenolic compound in the aleurone
layer proteln bodies' which prevent proper §taininé with acid fuchsin.
When a frozen oat sectlon was stained with lodine, starch granules were
heavily stained (Fig. 30D). Protein bodies were also visible (Fig. 30D,
arrov). |
Starchy endosperm cell constituents possessed- no appreclable
autofluorescence when a frozen ocat section was viewed under a plain broad
field (Fig. 31A). Instead, the seed coat and outer aleurone layer showed
significant autofluorescence (Fig. 3lA). ’
in the immunofiuorescent experiments, Cwo. types of contro}s were
incorporated. In the first control, sections were treated with FITC-goat
1gGC (Fig. 31B). No apprgciable stalning was visiéle after a 60 second
exposure (Fig. 31B). However, slight fluoréscence was detectable after a
very‘long_exposure time (5 min), (Fig- 316). In the second control,
sections were first treated with pre-immune serum for 60 min and then
stained with FITC—éoat IgG for 30 min. Tdentical observations to that of
" the first control were made and therefore the micrographs are not shown.
. .

In a normal exposure time (60‘seconda), no staining of the section was

observed.

When oat secéions . embedded in plastic were incubated with 128
globulin antibodies for 60 min and were then treated-with FITC-geat IgG
for 30 min, considerable fluorescein stalning of the proteln bodies

occurred (Figs. 32 A-C). Exposure time for these micrographs was 60
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Fig. 31 Various controls incorporated in the Iimmunofluorescence

localizatlion experiment. ¢

Fig. 31A. Examination of a frozen section of the mature oat
endosperm reveals fluorescence material in the seed coat and
aleurone layer. No visible fluorescence is found in the sub-
aleurone and starchy endosperm’ cells. Photographed using PBF.
M x 60.

Fig. 31B. FITC-goat IgG staining (30 min) of ocat plastic
sections. Occasional fluorescent spots (arrow) are due to non-
specific FITC-goatr IgG precipitates (60 second exposure).
(FC IE). M x 600. ' B

Fig. 31C. FITC-goat IgG staining (30 min) of oat plastic
sections. Slight fluorescence 1s detectable after a long
exposure time (5 min). (FC IL). M x 600.

Abbreviations: AL, Aleurone layevr; C, seed coat; S, starch; SAL,
subaleurone layer: SE, starchy éndosperm; W, cell
wall. PBF, plain broad fileld.






Fig. 32 Immunofluorescence localization of 125 globulin wusing 12§
antibodies.
Fig. 32A. Subaleurone célls treated with 125 globulin antibodies
(60 min}) and FITC-goat IgG (30 min). Fluorescein staining of
protein bodies is observed throughout (60 second exposure).
M x 600.
Fig. 32B. Starchy endosperm cells treated with 12S globulin
antibodies (60 min) and FITC-goat IgG (30 min).: Even staining of
protein bodies is observed with no binding to cell walls and/or
starch granules (60 second exposure). M x 1500.
Fig. 32C. Aleurone layer cells treated with 125 globulin
antibodies (60 min) and FITC-goat IgG (30 min). Fluorescein
stalning of protein bodies 1is observed but wmany intense
autofluorescence spots (arrow) are present which mask the
positively stained regions. This autofluorescence was previously
reported to exlst ir aleurone layer cells (see Fig. 31B).
All three figures were photographed using FC II.

Abbreviations: PE, protein bodies; S, starch granule; W, cell

wall; C, seed coat; AL, aleurone layer cell; SAL,
subaleurone layer cell.

N\
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seconds, comﬁaréble with thosg used for the controls (see above). The
fluorescein binding seemed to be specific for protein bodies; cell uglls
and starch granules were not stained (Figs. 32 A-C). Subaleuronéiiayer
.cells (Figs. 32 A and E) were evenly stained indicating that all protein
‘bodies apparently contained 128 globuiin molecules. In aleurone iayer
cells (Fig. 32C), in addition to fiuorescein staining of the protein
bodies, considerable autcfluorescence was alsc observed.  This could be
due to the presence of high amounts of ferulic acid.and other phenolic
compounds 1n the aleurone layer cells. ~The autofluorescence intensity
was apparentiy amplified after staining with FITC-goat IgG and globulin
antibodies. The control for aleurcne autfluorescence was sh;wn in
Fig. 31G (AL). |

In summary, 125 globulin molecules were found localized within cat
endosperm protein bodies. No preferential staining of the protein bod£es
In all endospefm cell types. was detectable 1indicating the even

-

distribution of 12S globulin molecules in all protein bodies.
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CHAPTER IV
\—\
DISCUSSION

The synthesis of oat §%obulin polypeptides in the form of larggr
molecular ;eight precursor;J had - been previously suggested by several ~
rquarch groups (67,69,70,111, and Matlashewski G.J., 1;83, Ph.D.
Thesis, University oﬁ Ottawa). The basis of this assumption was the
repeated observations that globulin polypeptides we;e synthesized as
60 kDa polypeptides in in vitro translation systems. “These 60 kDa
polyéeptides were unreducible under reducing <conditions
(+ 2—mérc§ptoethanol). Tﬁ mature seeds, globulin polypeptides exist as
60 kDa pol&peptigés which are reducible into two groups of s;bunits with
average molecular weights of 38 and 20 kDa. Tbezgfore, in vitro
translation of globulin cmRNA .molecules inLo_ unnqggtible 60 kDa
polypeptides tended to Indicate’ that glob&lin polypeptides were first
synthésized as larger precursors. Although the EE.EEEES synthesis of
globu}én pgifﬁéptides as 60 kbDa polypéptides was widely accepted,
sufficlent evidence to establish a clear precursor;product relationship
was lacking. There was also little information regarding‘the site of
globulin synthesis, the mode of its.dépositi;n in developing endosperg;
and, the pattern and site of possible processing events.

Th? experiments in this thesis were designed to answer some of
the above questionms. The results of these experiments, feported earlfer™,
in the Results Chapter, will be discussed here in an attempt to clarify

whether any of the above questions have been answered.

’
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Pattern and Site of Globulin Synthesis: ' ' '

Several publizations have reported that polysomes -(69,70), total
poly at RNA '(69,705, and mwembrane-bound polysomes (67,111) are capable
of directing tﬁe in wvitro synthesi§ of 60 kDa polypeptides
immﬁnoﬁrecipitable with globulin antibodies. In addition, two reports
had suggested the preferential synthesis of oat globulin by
membrane-bound polysomes (112,116).V. There was little bi;chemical
evidence to support such a preferential synthesis by membrane—ﬁbundEH
polysomes. No biochemical evidence was also available to indicate tﬂéﬁ
involvement of ER membranes in globulin synthesis. - ‘

A number of experiments were designed to address the role of ER

membranes in globulin syntbesisn Three approaches were undertaken'_A,

‘Comparison bhetween polypeptides synthesized by free and mﬁmbrane-bound

polysomes and poly A% RNA. B, Isolation and cell-free translation of RER
membranes to reveal the presence of any mRNA wmolecules coding for

K|
globulin polypeptides. C, in vivo labelling and analysis of ER membranes

for the presence of any globulin polypeptides.

A. Comparison of polypeptides synthesizeg Iby free and wmembrane-bound
‘polysomes and poly At RNAs.

Develeping oat groats appeared to contain approximately equal
proportions of free and peabrane-bound polysomes. The yiéld of total
polysomal RNA extr;cted from free polysomés was however higher than from
nmenbrane-bound polysomes. In contrast,-ﬁembraaé-bound polysomes appeared
to contain a higher amount of poly AT 'RNA Franscripts than free

»

polysomes. Membrane-bound poly AT RNA preparations were rich In RNA
molecules corresponding in size to 188, 158, and. 12S based on agarose gel
— ' :

-
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electrophoresis. The 1835 RNA molécule which has. been suggested to code
for the globulin 60 kDa polypeptides (lll) was also observed in free poly
K; RNA preparaitsks. Alfhough tﬁis'lBS band might have been ribosomal
. .
RNA, .it was not possible to draw any conc1u§zons on the site of RNA
molecules coding for globdli: polypepﬁides based on the agarose gel
elecg;ophoresis data. Tﬁerefore, the free and membrane-bound templates
weré translated in an in vitro cell-free protein synthesizing system.

The analysis of tge in vitro translation producgs revealed a number
of differenc;s among the products of-freé templates and membrane=-bound
templates. One major discrepancy was in the synthesis. of two 58-62 kDa
polypeptides. These two polypeptides comprised a significant portion of
the translation products of membrane—bound poly AT RNA ;lnd only a minor
part of the translation products of free poly AT RNA. Scanning of the
translation.products showed that membrane-bound poly AT RNA directed ther
synthesis of globulin 58<62 kDa polypeptides 10 fold higher than free
poly Af‘RNA‘could. Immunoprecipitation of the translation- products with
globulin antlbodiczs also showed that these 58-62 kDa polypeptides could
be Iimmunoprecipitated from the translation products of membrane-bound

poly AT RNA. These results indicated that the 58-62 kDa polypeptides

~ .

were related to globulin polypeptides and that they were synthesfjed
primarily by membrane-bound templates. There were some synthesls of

these globulin polypeptides by free templates since the 53-62 kDa

polypeptides“were also immunoprecipitated from the translation products

M

of free poly AT RNA although the signals were welatlively weak.
As a whole, the results supported the assumption that membrane-bound

T oA
polysomes of developing seeds were enriched in wRNA molecules coding for

b

globulin polypeptides.
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B. Isolation and ‘ana-l'sr;is of RER membranes, K for the presence of‘any mRNA
molecules coding for globulin polypeptideé.

Sucrose gradiept centrifugation was used to isolate RER membranes
from déveloping cat groats. These membranes sedimented to a density of
1.1-5 g/cm3 when a _seed extract was fractionated on a linear 16-65%
sucrose gradient. ‘l‘heo integrity of these membranes were examined by !
electron microscopy. Such preparations appeared to be enriched in ER
membranés with attacifed- riboso:ﬁes.p When polysomes were isola;:ed from
these BER mer:branes and traﬁslated in vitro in a L{heat .germ e_xtréct,-they
were transla_tibnally active and could direct - the éynthesis of many
polypeptides. Among these translation products, two pqupeptide‘mﬁi;h
molecu}ar welghts of 58-62 kDa -c_or'rves;pondediin size: wif.h_ the. glgbulin
polypeptides previously shown to be prima'rily synthesized by
membrane-bound templates. 'ngs might thus indicat_e that mRNA molecules -
coding for globulin polypeptides were pr'esgnt -in RER.membranes isclated

from deve ping gfoa:s; IThi's indication compared well with the earlier

indings that globuliﬁ pblypeptides wertla synt}{esized preferentially by

ne-bound templates. One may:thus refer to the RER as the major

"site of \globulin synthesis.

— 194 ' )

G. In viva labelling and analysis of ER membranes for the presence of
: * Ay 1

any globulin polypeptidas.- S \

<

Since evidence was obtained for the presence of - mRNA wmolecules

coding for globulin polypeptides in the RER fraction of dJeveloping

v

groats, globulin polypeptides were- expected to be bound -to the ER

", membranes. To exanlne this assumption, developing seeds were labelled

in vivo and ER membranes were {isolated in order to analyze for the
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presence of 1ébelled-globulin poly;eptiqes. Fracciontioq of an extract
of labelled groats on a linear sucrafe gradient showed that incorporated
}adioactivity was lafgely.éssociatgd with the ER marker enzyme activity;
suggesfing that most of the labelled polypeptides were present in the ER-
fraction of the groats. ?his assumption was supportéd by the important
. observation that the peak of incorporated radioactivity shifted together
wigh the peak of ER marker enzyme activity:to 1.15 g/cm? when magnesium
ions were present.

The nature of %Pe radicactive polypeptides assoclated with ER
membranes were then e#amined. Globulin antibodies were used to challenge
any globuliq polypeptides present in the ER. Two polypeptides with
molecular weights of 58-62 kDa were selected by tuc antibodies.
Therefore, globulln putative precursors were found associated with the ER
menmbranes suggestiﬁg that the 58-62 kDa polypeptides might be segregated
within these membraﬁes aftep or during translation.

The segregation of the globulin precursofs within the ER membranes
may be assisted by a N-terminal signal sequence. The piesence of such a .
seqﬁenée was previously suggested by Brinegar and Peterson (70). These
investigators reported that in vitro syanthesized precursors were slightly
1argér than the {a vivo synthesized precurseors (70). Further

clarification of the existance of signal sequences awalts complete

"-J

sequencing of the globulin gene(s). '

"Transmission electron microscopic examiﬁations of developing seeds
at 16 éaf:appea:ed to confirm the above biochemical data by showing an
abundance of ER membraneg at this stage of seed development.
Interconnections of the ER with ﬁrotein bodies also tended to support the

notion that ER membranes were actively involved In protein synthesis and

formation of protein bodies.

\

4
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Finally, Ehe presence of mRNA molecules coding for-globulin polypep&ides
in the ER ag well as the as;gciation of globulin polypept;deg with the ER
confirmed that globulin polypeptides are synthesized and probably
. segregated within ER membranes in developing seeds.

Previously, Luthe and Peterson (112) had isolated and translated
both free and membrane-~bound polysomes from developing oat groats. They
teported no quélitative difference in the products made by membrane-bound
and free poly;omes. However, they did not challenge the translation
products with globulin antibodies. -

+

Membrane-bound polysomes have beea shown to be the primary site of .

synthesls of many le

me and cereal .reserve .profein

(8,35,43,44,50,54,59,113). Fop example, pea legumin, maizé ze{ , Soybea
glycinin, and french beég\ phaseolin _are sy esized on polysquz
associated with the ER mmé&;#nes Using ip-vivo labelling techniques,
Chrispeels et al. (35) and B;iéiﬁi et al. (50} have also shown transient
association " of legumin andlivicilin polypeptides and phaseolin
polypeptides with Eg menbranes 1In pea and french bean cotyledons
respectively. Bollini an_ngzspeels (107) also isclated RER, membranes
from french bean éoFyledons and demonstrated that these meybranes were
enriched in polysomes capable of directing the in vitro synthesis of
phaseqlin. Synthesis on mewmbrane-hbound polvesues appears; to be an
essential steﬁ for these reserve proteins wnich are bound for deposition

“

in protein body vesicles. In other words, reserve globulins which are

destined for vacuoles must first be channelled through fhe RER. lumen.

This. could therefore be regigged as a sort of intracellular secretion.

F
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Intracellular Tranéiocation of Globulin Precursors:

In vivo labelling expgrimepts were conducted which showed transient
association of globulin 58-62 kDa precursors with ER ;embranes. Globulin
polypeptides disappeared f}om'the‘ER shogtly after theilr synthbsis and
did not remain there permanently. ‘This suggested that ER membranes
{(ER 'lumen) were mnot the flnal site of globulin deposition. e Thesé
observations agreed well with the data on the transport of legume reserve
globulins (35,50).' This transl$cat10n of' newly-synthesized globulin

'polypeptides differs however with the mode of synthesis and deposition of
maize zein (555. Zein polypeptides remain -assoclat#d with the ER after
their synthesis and the resultiné protein "bodies possess signiffcant
émoﬁnt of ER-marker enzyme activity (55,59). It therefore appears that.

',‘#/dét 125 globulin polypeptides follow a‘ osition pathwdy similar to that
o£served for legume globulins and different from that described for zeln

polypeptides. The factors influencing the discrepancy between globulin

and prolamin compartmentalization were discussed 1in detail in the

-
[ . "

introduction.
Further in vivo labelling and subcéllular fractionation cxbcrimcgﬁ%
-

indicated a gradual translocation of proteins from the ER to proteln

bedies. In vivo labelling of developing . splkelets and subscquent

iqcubation witﬁ cycloheximide showed that at first radloactive protelns
éccummulated in the ER fraction of the cells.‘ However, as the incubation
~was prolonged, radioactive protei;-began'td accummulate Iargely in %the
protein body frac;ion. This appagent translocation of proteins from tﬁe
ER to protein é;éies suggested that‘protein bodies may be the f}nal site
of rekerve@protein deposition during §eed development.
Electron micrographs'szesented'in this thesis and. those reported by

..
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Saig;-et al. (116} concur with one another in suggesting that RER is the
sige of globulin synthésis. - Eléctron microscopic investigations
égmplemented the biochemical data: in confirming the abun&an;e of RER
membranes during reserﬁé,protein synthesis in.déveioping oat. seeds. ' Such
meeranes were found continuous with the vacuola? membranes surrounding
protein bodics. ER membranes were abundant at 16-20‘daf'concurrent with.
thé t{me of maximum reserve protein syntgesis. ihe examination of the ER
fractions {solated _froé developing (16 daf) seeds indicaéed the
assogiatlon of numerous  ribosomes with these membranes sugéesting them to
be active in reserve protein deposition. Similarly, Saigo ét al. (116)
.reported the proliferation of ER mémbraneg in developing oat seeds (16 mg'
groats) concurrent with reserve protein deposition. Such a direcg
correlation between.the appeafance of TR meﬁbranes and the synthesis .of
some enzymes and rescrve proteins has been reported in other systems
(114,115). ( -

Together the data suggest that ER initih;es the synthesis of reserve

N .
proteins (specifically reserve globulins) Sqd translocates them to
» \ -

&

was sho%Wn by Saigo et al. (116) and tﬁe electron miecrographs in this
7

vacuoles. A diirect continuity between the ER and, the tonoplast membranes

-

thesis. he newly~synthesized proteins aggregate at the surface of

/

tonoplast to form protein debbsits. - The nembranes rdeeded for this
process may ~ originate from the ER, tonoplast, and/or dictyosomes.

Membrane  vesicles observed in the vicihity and within wvacuoles may

participate in this process. .However, as suggested previously, some of
) » -

these vesicles may be artifacts of tissue fixation and cannot b assumed
as true structures by certainty. Proteln deposits formed at the surface
of tonoplast appear then to be’ secreted into the vacuole. . These

relatively small protein bodies may then fuse together to fo larger
protein bodies eventually f£illing the entire vacuole. //’__fﬁ

[N
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Post—translational Processing of Globulin Precursors:

Some sort of processing was previously predicted based on the
finding that‘globulin polypeptides (which exlst in magure seeds as two
groups of subunits) were synthesized in vitro as larger 58-62 kDa
precursors. Such a “processing event could be considered
post—translational due to the stabilitfrof the globulin precursors, for a

relatively long time after To examine the pattern and the

site of globulin processifig, a number of in vivo labelling experiments

were conducted. A serl of observations were made which are discussed

-

here in two sections:/ A. Precursor-Product Relationship. .

B. Site of Globulin Processing.
-
7 ° .
= ' ) <, b /
— . - )
A. Precursor-Product Relationship: )

Preliminary in vivo labelling experiments using-dovefoﬁfhg spikelets
showed that radiocactivity was taken up very quickly and distributed
promptly into the leaves and the hulls. The seeds also tock up the
radioactivirty but at a slower rate. Incorporation of the radioactivity
by the seeds was detectable after- 30 ol of labelling and increased
dramatically afterward. The analysis of the Incorporated radioactivirty

-indicated the labelling of two 58-62 kDa globulin polypeptides after 1 h
of labelling. -gﬁnse results compared with the earlier in vitro synthesis

studies which showed the translation of membrane-bound poly AT RNA into

. . :
two 58-62 kDa globulin polypeptides. Twﬁiaﬁher research groups have also

reported the. synthesis of .such globulin polypeptides upen In vivo

labelling of developing seeds (69,70). -

In . order to clarify the relationship among the 5B-62 kDa

pelypeptides and tﬁé mature globulin 38 kDé and 20 kDa suburnit groups,

. . -
g .

Q;___‘
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pulse-chagse labelling ~experiments were carried out. In one such
e.xpe‘rimem: ugsing’ [355 ]ﬁxethionine, the 58-62 kDa polypeptides were shown
to be labelled.when developing seeds were incubated for 1 h. l'I‘he removal
of the spikelets and 'subse_quen: chas'é with cold.met‘nionin‘e appeared to
result in appear:;ﬁce of smaller molecular weight polypeptides
co'rt:eépo_nding in sfze tolt'ne l.:.wo globulin subqnit groups. This also
resulted in some redu'ction in the amount of 58-62 kDa polypeptides as the
cﬁase was prolonggd. Overall, there was a correlation between the
appearance of the 38 kDa a;:d 20 kba globulins and the reduction in lthe
amount of labelled 58-62 kDa globulins.

In a.s;cond attempt, developing spikeletl:s were labelled' with
[355 ]sulfate a;nd subsequently_ incubated with cycloheximide. This
experiment showed ;imilar results to Che above pulse-chase labelling
experiments with the exception r.hat'. the reduction in the -intensity .of
globulin 58-62 kDa polypgptid'es’ﬁwas more drastic. This indicated that
cyclohexi':g'%de -was 1iohibiting the continued incorporation=~of free label
{ato the 58-62 kDa polyp"ep'tides allowing for "a betterAcorrelation to be
d_ra.wn among the precursors and the products.
) In a third approach, devel?ping spikelets uere‘ labelled with b
[14e Jleucine and chased with cold leucine. .The 58~62 kDa 'glc;bulins were
first labelled followed b;j the labelling of the 38 kDa and the 20 kDa
U g.glc")bulins.. A correlation was again .obser_ved between a r,xS:c&,l reductiop
ly the amount of labelled 58—62 kDa' ﬁolype’;ﬁtid_es'and a gradg‘ai increase @
in the smount of the labelled 38 kDa and 20 @a globuli:n" polypeptides.

This pulse-chase labelling pattern compared well with the patterns

obtained with [ 355 Jwethionine and f3\55]sulfate- However, [1%C]leucine

'Y

labelled both groups of gldbulin_ subunits in contrast to {358 ]ﬁ:ethionine
R 4 o . : ‘
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which preferentially -labelled the 20 kbDa gl&bulin subunits. These
labelling patterns were indicative of the absence of methionine residues

in most species of the larger 38 kDa globulin subunits.

Overall, a clear relationship was found Dbetwee the globulin
precursors and the mature globulin subunits. Developingjseeds appeared

to synthesize two 58-62 kDa polypeptides and later pr%cess them into

smaller 38 kDa and 20 kDa subunit groups. Such a processiné event is

common among many seed storage protelns. Pulse-cghase labelling
experiments have been used Lo show post-translational proc;ssing of pea
legdmin (41), tice glutenin (113), and soybean glycinin (44). It appears
that lall seed reserve globulins are synthesized ';s larger “precursors

during their deposition in developiﬁg seeds. Interestingly, the

I
’

biQﬁfEEEEEES‘Of plant seed lectins appears to follow similar pathways.
Higgins et al. (117) have demonstrated the synthesis of pea lectin as a

23,000 Da precursor which 1s transported .from, the ER to protein bodlies
Y -

-

where it is processed into its mature form (polypeptides with molecular

weight of 17,000 and 6,000).  Similarly, Lord (118) has shown

post-translatig:E;r processing n protein bodies of castor been lectin

prékﬁrsors (6&§Q90—68,000 Da) 1into two chains with molecular welght of
3 . '

32,000 and 34,000. In this case, the synthesis as larger precursors. s

LI - -
vital to thd cells since the mature form of this lectin (32,000 Da chain

known as ricin) 1is highly toxlie and its ‘release 1in cytoplasm will.

#nactivate 605 ribosomal subunits (118).

\\\w The significance of sygthesis 'of reserve proteins as larger
pre;ﬁrsors.is not clear. Crouch et al. (81) have suggested that the net
charge of thé»newly-syntheéized napin preCuréors might f?cilﬁtate thelir

-

topogenesis in the cell. “~

v

g
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B, Site of Globulin R:ogsssing:
Mature globulin pblypeptides could be found in protein bodies of
developing seeds. The site of maturation of these polypeptides was not

known. Globulin precursors may be processed before or after their

arrival inco protein bedies, \

’

S : roL
An dn vivo labelling experiment showed that when developing seeds

\
were labelled for 1.5 h and ineubated for 2 h, 1labelled globulin
58-62 kDa precursors were detectable in protein bodies. This observation

therefore suggested that glohgiizﬂg;ecursors entered the protein bodies

intact; processing must have occurred afterwards. In the same Iin vivo

labelling experiment, globulin 38 kDa and 20 kDa polyﬁéptides were

detected iIn protein bodies only affér the appearance of the 58-62 kDa
precursors. One may therefore conclude that protein bodieg are the site
"of globulin processing. The enzyme(s) responsible fbr 'cleavage ‘of
globulin precu;sors in- prétein bodies are not known. Numerous acid
hydrolases including proteases have been localized in plant seed protein
bodies (119,120,121). Donhowe and Peterson {119) recently demonstrazted
the proteolygic activity of oat aleur‘ke cell protein bodies. A specific
‘protease or a combination of a —adhber of proteolytic enzymes may be
involved in cleaving the globulin precursors. It has been shown, For
example, that a comsination of two enzymes, trypsin and bafboxfpeptidase
B éould co;rectly process the proinsulin predursors into ‘mature insulin

-] » .

molecules in an in vitro system (122). It is thought that in proinsulin
T — . . b1

broqeﬁsing an endopeptidase is required to cleave on the carboxyl side of
the cleavage site (basic amino acids), and an excpeptidase 1s then needed
to Erim;.off the remain{ag basic residues from the newI};gxpose&

a

C-terminus (122). Little data are 'available ‘ about the wmechanisas

2
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involved in the proteolytic cleavagé of seed'resefve proteins. Receat
sequence analyses of seed g}obulin genes have, hoﬁever, provided somer
interesting information regérding the processing sites. A Asn—Gly‘
sequence seems to be conserved at the sifelof proteolytic cleavage for
all globulin sequences ;hat have been examined (42,123,12&,125,126,1275.
Partial nucleotide sequencing of a cDNA clone for .a oat 128 globulin
precursor héé also revealed the presence of this Asn-Gly seque;ce at the
site «wf proteolytic cleavage (128). Int;res;ingly,‘ processing of the
soybean globulin precursor includes the removal qf a peptide of four
amino acids betwegn the acidic ané basic polypeptides (125). However, In
. A
pea the C-terminal amino acid of the acidic 'polypeptidc immediately
precedes the N-terminal of the basic polypeptide (123). The precise

processing pattern of oat gldbulin precursors Is not yet clear since the

amino acid sequence of the acidic {targer) subunits 1is not known.
. - ) '
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Asgembly of Globulin Polypeptides in Protein Bodies:

Since globulin n;olecules are normally found as 125 oligomers In ocat
seeds, a mechanism must therefore exist which results in formation of
these oligomers by assembly of the two 38 kDa a&d\m 'kDa globulin
subunits. The timing of this assembly was unknown. Globulin 128
oligomer might be assembled during any one of the various steps

globulin deposition. Globulin precursors synthesized on the RER may be

immediarely assembled Into such 125 molecules. Alternatively, this

'_a'séembly might occur during transport or deposition of globulin

polypeptides in protein bodies.

A combinatian of in vivo labelling techniques and density gradient
fracticnation methods were used tc; determine which of the above .
mechanisms was actually occurring ir vivo. These experiments showed the
appearancé of protein molecules with":ﬁedimentation_coeffl.clients of 35 and
8-9s in r.he-ERlafter a short pulse but no oligomer with sedimentarion

coefficlent of 125 was de;tected In the ER. The identity of the 35 and

-

_8-95 globulin molecules was not .clear. They could represent large

globulin protein molecules or might be protein oligomers assemble_d from
globulin polypeptides in the ER. I’t was previously demonstrated that
under e'these conditions (labelling for 50 wmin) only the globulin
precursors with molecular weights of 58-62 kDa were detectable in the ER
(see Results, Part Ic., Figs. 7 and 8). It could thus Be. suggested that

the 35S and/or the B8-9S molecules 'wy/as'sembl‘ed forms of the globulin

.precursor polypeptides. FurtherAtudies are however needed to examine

. —_—
this assumption. ¢

Interestingly, 1in their studies om pea ‘legumin deposition;

v : . .
Chri@ls et al. (35) reported the formation of 4-55 and 8S oligomers in .
)

ER meabranes of developing pea cotyledonsl. A r v

"
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In vivo labelling and density gradlient fractionation experiment
also showed the formation of a predominant 12S holoprotein in protein
bodies after a short pulse (50 miﬁ)”and a 1o£§ incubation period (6 h).

.Thig newly~assembled 128 oligomer was not detected in protein bodies

after 50 min of labelling and 1l h of incubation. These results therefore

suggested that the 12S oligomer was assembled probably after the arrival

of the ne&ly—synthesizéd precursors into protein bodles. Eleetrophoretic

and fluorographic analyses of the 12S oligomer demonstrated that this

oligomer consisted of -mature globulin 38 kDa and 20 kDa subunits. This
‘ ~ .

finding suggested that the cleavage elther preceeded or accompanied the

oligomer formation. In the';}ormer case, the cleavage of globulin
ﬁrecursors fi;;/then Ee a prerequisite for the aésembly o% the 128
oligomer suggesting its role in proper packagling of reserve globultq‘in
protelin bodies. Further sfudies are essential, however, to clarify tpe
kinetic relétionship betwgen.cleavage and assenbly. |
The 3ccuﬁui%tion of globulin polypeptides in protein, bodles oﬁly as
128 molecules may.inditate that the proteln's three-dimensional structure
plays an important role in Fhe proper packggfng of globulln subunits. In
other seeds, Bollini et al. (50)-provided evidence for assemblf pf french
ﬂean phaseolin inté an 18S wmolecule after *arrival into prote{n bodiegj

-

Pea 11-125 Iegumid‘was also reported ‘to be asse

(4l). Although, final assembly of reserve globulins appears to take

place in protein bodies, there 1s evidence for partial assembly of

globplin préoufsérs in the ER..L In the case of éhQJalgggmin,

neuly-synthesiied'prebuiibf;’:;;;h}hﬁun to be assembled into oligomers

in the ER which appeared to be half‘ the size of. mature legqmin (41)-

Such a pattern of assexbly has alsﬁjgeen reported- Tor sbypean glycinin

bled in protein bodies

g
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(129). One experiment in this thesis (Fig. 23, Results Chaﬁter)

suggested the presence of large globulin molécules in the ER but the

.

- i

‘evidence was not adequate to Indicate a partial assembly of oat Slobulin

precursors in the ER. s . .
. ,,._/'_\"’ L
» :

*y
~
+
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Protein Bodies as the Site of Globulin Deposition

?rOCein bodies, which are the final site of ocat globulin deposition,
were charYacterized by .several blochemical and 'electron micros?opic
techniques. . The conditions for isolation of intact protein bodies ncédcd
to be optimized: Tﬁis was criticai for the validity of the resuits

ol of those experiments dealing with protein bodies. A discontinuous

sucrose gradient of 157 and 65X was found t& be ideal for the secparation

-

of.protein bodies from starch granules whicﬁ'sedimentéd in the~bottom of

; tﬁe;tube. Centrifugation time was also important. A short ;pin (10 min)
- at low speed (1000 X g) in a swing};g bucket rotor wag sufficlent to
éeparate'the protein bodies banding‘at the 15/65 interfacex Magnes{ium

rons were ‘included inffhe extraction buffer in order to stab{lize varfous

5
organelles. The use of a 16-65X linear sucrose gradient also resulted in
the isolation of intact protein bodies, but the yleld of protein bodles

was much lower and the technique is less rapid¢. This was mainly duc to

-

the high. ionic strength of ihe buffer used for homogenlzation whieh

causes disruption of protein bodies.

” Once a reliable protein body preparation was obtalned, various
electrophoretic and microscoplc analyses could be carried out. . 0Oat
protein bodies had an averagé deﬁsity of 1.23 g/em3. This value coapared

well ufﬁh'that reported for oat starchy endnsperm proteln bodies {119)..

- # When compared to other cereals, oat groteln bodies had a density cqua%/tb
- -

. *""“‘-"_ /

raize protein bodies (1.23 g/cma) but lower than thoase repprted fur_wheat

L4 el *

- {1.27 2/cm® and b:rlezmjl.Zé g/em?) protetn bodics-&Sl{.
. = : .

-
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Electron microscopic examinatlon of protein bodiés in intact seeds
showed the presence of membranes surrounding each protein b§dy. These
surround{ng membranes were not visible once the érgteiﬁ boéies were
extracted from intact seeds. It was previously argoed that the process
of pro;efh body preparation might have resulted iﬁ the-i;ss of membranes.
Alternatively, it was suggested that membranes might have been. present in
such protein bédy preparations but were not stained well enough té become
Qisible.

Proteinase K treatment of extracted protein bodies did not result fn
any _;ignificanc gestion. This resistance of protein bo&ies against
proteolysis may be conferred by membranes surrounding the protein bo&ies,
although such membranes were not easily visible from the electron
nicrographs. Therefore, there may be another factor cc.:)ntributing to the
reslstance of these protein bodies against proteinase X digestign. One
possible factor suggested previously was a specilal three-dimensional’
structure of globulin deposits which could make them resistant to
proteolysis. Such a structure wmay actually be an essentlal feature of
the protein deposits making them resisgant to digestion by wvacuolar
p%oteases which have been reported to exist in protein boéies (117,118).
Miflin and Burgess (130) used the proteinase K treatment approach to show‘
that among ;aize, barley, wheat and pea, onl? maize and pea protein
bodies were surrounded by wmembranes. The results presented in this
thesis wefé cogparable with that rebérted for m;ize protein podies.
Interestingly,. legume seed pro;ein._bodies were also vresistant to
proteolytic digestion indicating them to be similar to oat and maize
protein bodies in’ this respect (130). It should be mentioned that the '

membranes surrounding the mailze protein bodies zust have originated from
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the RER wmembranes .since these proteln bodies possessed considerable
= : g

NADH-cytochrome ¢ reductase activity (55). This was not the case with
A

oat protein bodies (no ER- marker enzyme activity was found in oat

protein body breparations). This discrepancy may be indicative of the

" separate pathways by which ocat and maize protein bodies are developed.

~ ——

In terms of protein composition, oat protein bodies had sucrose

gradient and SDS-PAGE profiles similar to those obtained from the whole
endosperm. The 12§ globuliﬁ polypeptides Qere the major protein
components of protein bodies, therefore suggesting that most of 'the
developing seed's protein was deposited in these vésicles, and little, 1f

any, may be left "loose” in the cytosol.

irDuring the course of this project, other ‘investigators {119) had
als; been characterizing cat starchy endosperm and aleurone layer proteln
bodies. Their :esuits demonstrated the similarity of thes; two classes
of protein bodies in terms of amino acid composition and SDS-PAGE profile
(119). They concluded that globuiins and prolamins miéh; be equally
distributed in all protein bodies. .

in the present study, no attempts were made to sepérate starchy
endospern from aleuroné - layer. It was not practic%lly feasible to
separate these two cqmpartments‘from developing cat groats duriag the in
gixg labelling studies. Based on the avallable data, 1ir was assumed that
globulin polypeptides were synthesized in Dboth the aleu:one' and
subaleurone cells. A subsequent immunofluorescent study (see below)
supported this assumption.

iocalizétion of 12§ giobuiin using_:?ﬂkluorescent probe was made
possible by the availability of specific 125 globulin antibodies. A

-

commonly used fluorescent dye (fluorescein) was found suitable and
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preferable over rhodamine. Positive fluorescence staining of all “protein

bodies in the oat ,endospeﬁ cells (including -aleurone layer, subaleurone

and starchy endosperm) indicated an even distribution of 125-'globulin

within wvarious parts of oat endosperm. An ob;rioué limitation of this

technique was poor resolﬁtion of ..individual protein bodies.- Th-is problam :

could be overcome by .an immunocytochemical locallzation study. employing

protein A-gold as the probe. Unavailability of M facilities has delayed
the initfation of this pr:'oject. .

In econclusion, the results of the immmunofluorescent experiment
supported the notion that- globulin was evenly distributed 1In oat
endosperm protein bodies. This is; in contrast to .rice protein bodies

_ . . 3
which ar.r_;.classified into two types based on their protein composition
(131)_. Other cereals, however, are like oat and secem to have oniy one

-

type of proteln bedy (132).
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45 GENERAL DISCUSSION

N

!

szgtﬁesis

Based on the data presented in this dissertation and the published
reporés, a general hypotgesis on the mechanisms of synthesls, processing,
transport and deposition of oat IZS_globqlin can now be’proposed. Many
parts of this hypothesis are suppérted by blochemical and microscopic
evidence but some sections are suggested solely based on indirect
evidence or indications from other seed depository systems.’

i. During development of oat endosperm, 125 globulin polypeptides
are synthesized ‘primarily on membrane-bound 'bolysomeé as larger
precursors.

2. The newly-synthesized precursors are segregated into thé ER
lumen possibly with the aid of signal sequences.

3. After segregation, the precursors are channglled via the ER
cistérnae to the vacuolar membranes (tongpiast).

4. The globulin polypeptides are condénsed and compartmentalized
witﬁ either part of the tonoplast membrane or vesicles derived,frdm the
Golgl bodies, to form protein bodies.

5. The newly-assembled protein bgdies are then fuséq into‘larger'
ones filling the entire vacuole. ’

§. During or after the process of protein body assembly,
prgteolytic cleavage of gl;£ﬁlin Precursors occurs yielding the ¢ and 3

sub;nits. '
7. Thelglobulin x and. B specieg are then put together to form a 128

oligomer.  This assembly occurs during or after the cleavage of the

precursors.
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Fié. 1 illustrates 3 schematic viéw’of_che above hypothesis.

The .synthesis of globulin 58-62 kDa precursors on the RER is
supported ngfig- vitro traﬁglation, in vive labelliqg, subcellular
fr?ctionation and electron microscopic datea presented in this thesis and
other published 'reports (67,69,70). Co-translational segregation of
globgiin polypeptides was indicated by the protelnase K digestion of ﬁﬁNA
translation products (see Results, B,

Transmission elecsron wicrographs presenteﬁ iﬁ this thesis and 1in a
published article (1l16) both _i%iﬁstrated the transport of reserve
proteins thfough .the ER cisternae 1into wvacuoles. Micrographs in this
thesis also showed the assembly SE protgin bodies at the 1interface
betwééﬁ the ER and éonoplast. It may be assumed that prptein channelled
in the ER is encircled by membranes provided by tonoplast or veficles
derived from other sources such as dictyosomes. Such vesicles could be
ciéarly obseqved in the cytoplggm and occasslionally inside vacuoles or in
assoclation with tonoplast. However, it 1s not clear‘ whether -the
membraqe is-ﬁirectly provided bx tonoﬁla;t and replaced by extra vesicles
. or the small vesicles are filled with protein without the involvement fof

tonoplagt. In any c&he} the assembled protein bodies secem to be released

"(secreted) into the ;;cuole and later fused- forming larger proteln

quies. It shouia"g;::;Lphasized that this process of protein body

development-was‘not probably the only one operating in the cell but it

seemed to be the predominant pathway. Occassionally, individual protein
. ‘ » .

bodies were observed in the cytoplasm which were net within vacuoles and

v

might have thus been developed via.separate pathway(s).



Fig.
A

.

1. Synthesis and compartmentalization of oat globulin.

Based on the results of the present thesis and other published

reports a general hypothesis on globulin deposition is proposed.
Oat - 128 globulin i1s synthesized as precursor molecules on the
RER, segregated, and transported to tonoplast. At this site,
protein deposits are formed which are secreted into the vacuole.
The smaller protein bodies fuse together to form larger bodies.
In the meantime, globulin molecules go through several structural
changes 1including disulfide bond formation, proteolytic cleavage,

and oligomer formation
Abbreviations: ER, endopiasmic retiéulum;;ﬁé, protein Eody;

V, vesicle; Va, vacuole. /
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The formation -of large proteiﬁ bodies from the fusion of smaller

ones may occur due to the gradual dehydration of endosperm. Membrane

A I

interconnections among protein bodies way assist in the. fusion process.

Such membrane continuity was clearly observed iIn the wmicrographs
presented here.

-

The proglobulin molecules packaged into protein bodies were.cleaved

-

“at this site into the corresporiding « -and B subunlts. In wvivo

labelling studies reported here in. this thesis demonstrated this post—
-translational cleavage of globulin precursors ﬁccurring oniy after

arrival - in protein bodies. In Athe course of or after globulin

pfbcessing, proﬁein molecules were assexbled into a 1%5 oligomer. Thig_
part of the hypothesis was supported by in Eigg labelling and gradient

fractionation experiments reported in the Results chapter. i |

;n summary, most portions éf the above hypothesis are backed.by some
sort of eviden;e, but some details still remain to be worked out.—eTwo
majo;.péints that'specially need 10 be e#plaineg are first, the role of a
hypothétical sigﬁal sequence in the.segregation process and secondly, the
source of membranes (vesicles) required for protein body assembly.

The paﬁhway .of cat 12§ glopuliﬁ synthesis and deposition is not
uniqfe and has indeed.considerable homologies ro the mechanisﬁs des;ribed
for othgﬁ seed reserve globulins. The synthesis of réserve proteins as
larger mﬁlecular welght precursors and post-translational processing of
these precursors has beeg reported for rice gluteiin (113), pea legumin
and vicilin (41), soybean glycinin (44), rapeseed ﬁapin (81) and vainus‘

-

types of seed lectims (133,134). It is thought that oligomeric proteins

—

-present in protein bodies which contain significantly different subunits

are synthesized as a single large precursor chain which is subsequently
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cleaved to generate the different subunits (133). In con;fast,

oligomeric proteins with identical~or nearly identical subunits appear

not to be syntheslzed wvia such pMecursors (133). Qat globulin which

possesses two distinct subun s fits 1Into the first category of
oligomeric proteins being synthesized as a single precursor. ‘The
synthesis of a precursor form of twoe subunits with significant'
Qifferenées in charge may neutrali;e the protein molecule and thus
facilitate‘?tg intracellular transport Into protein bodies. As mentioned
previously in the Introduction, rapesced fapin subunits with opposite
charges‘form.alprecursor nolecule with a pH ciose to neutrality (81).

It 'is now well accepted that during seed development the origin of

many types of reserve proteins 1s the RER. Oparka and Harrils (38)

enmployed electron microscopy to demonstrate that all three types of rice

4
rd

proteln bodies are initiated by dilation of the endoplasmic reticulum.
Miflin et al..(51) used subcellular fractionation techniques to show the
synthesis of maize, barley and wheat reserve proteins on the RﬁR. In
legume seeds, the RER 1is also the primary site of reserve protein
synthesis. Therefore, regardless of the c¢ell dépository pathway,
deQelopment of protein bodies are all i{nitiated in the RER. This is'one
piece of evidence which supports the notion that seed protein deposition
1s a type of intracellular secretion.
Many other secretory and reserve protelns are translocated-frem the
/‘ RER into protein bodies (10,41,44) in a manner similar to oat globulin.
In animal cells, transport of secretory proteins from the RER into
condensing_vacudles has been shown to require energy (dependent on ATP
productionj (10). 1In the absencé of ATP production, secretoYy proteins

remaln in the RER (10). The mechanisms of this iIntracellular transpert,
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however, are still unknown and _sever_a.l‘ different hypotheses have been
proposed. Organelles such as tubular ER, GERL (Goigi ER lysosomes),
Gélgi_cc;mplex and transportir:g vesicles could be involved. The overall
interpretation of the available diata is that reserve préteins which are
glycosylated normally ;;ass through the Golgl complex on their ;vay from
the RER to protein bodies. Non—~glycosylated proteins ‘SuchA as oat 12§
globulin may follow an alternative route. It should, however, be
mentioned that dict}rosomes may be involved in some other way/for' example
in providing vesicles which participate.in development of prcktein bodies.
Cﬁrispeeis (36}, however, argued that all reserve globulins pass through
the Golgl on their way to protein bodies. Evidence was recently prc?vided
for the Golgi-mediated transport of vieilin in pea cotyledons (135).
Upon application of ioE}ophores, monensin and nige‘ricin, vicilin was
transported to plasmalemma instead of normal transport ‘to the ‘vacu"ole
(135). “Interestingly, in presence of these drugs, vicilin was released
from the cotyledon cell.s to accummulate between the plasmalemma and the
cell wall. This study indicates the slignifica_nce__ of 1loniec equilibria
within the cell in proper compértmentalizatipn of reserve globulins.

Oat 125 globulin appears to be deposited in protein bodies with é
vacuolar origin. This aspect of oat globulin deposition resembles what .
has so far been proposed ior ollseed and legume reserve /protein
accunulation. Oilseed prﬁtein bodles develop by the secretion of newly-—
synthesized-proteins into vacuoles via dictyosome-derived vesicles (63').

~

Legumin and vieilin, the main storage globulins of peas and field ‘beans
" are also deposited. in wvacuolar 'pr_ote'in bodies. The vacuoles may be
transformed into protein bodies by fragmentation (37).‘ Adler and Mintz

(37) studied thé development of Vicia faba protein bodies and suggested
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initial -formation of protein bodies by the transformation of large
vacuoles into protein bodies; but in later stages of maturation, swolien
ER strands appeared which generated Eijroduced protein bodies. Both
mechanisms seemed to suggest a vacuolar origin for protein bodies (37).°
Among cereals, wheat proteln bodies méy be - incorporated into vacuolar-
like structures (136). However, Miflin et a8l. (51) reported no vacuolar
enzyme activity associated with wheat protei% bodies. These
investigators have suggested an alternative pathway for wheat protein
body development. fhey proposed éhat the storage proteins of the wheat
and barley starchy endosperms are synthesized on the RﬁR and aggregate
-into c¢lumps within it. These clumps then separate from the RER and
form irregglar protein bodies. A similar pathway was also shown to
operate for zeln deposition In maize (51), the difference belng that
. malze protein bodlies are completely surrounded- by RER (51,86).
The.uechanisms of oat élobulin deposition appear to be similar in.
some aépecté to that observed for other seed reserve globulins. This
could be due to the remarkable hémology which exists between ocat glpbulin
and globulins in leggmes.' The following par;graphs will examine in
détail the homologous aspects of 'oat 125 globulin and pea legumin (a

typical legume globulin) depogsition.

Homologous Aspects of Oat Globulin and Pea Legumin Topogenesis

To further explore the degree .-of homology between the depository
mechanisms of oat 1285 globulin and 11-12S legumins, a detailed comparison
is now ?ade between the hypothesis proposed for oat 12S globulin

deposition and the data available in the literature (35,41,43,62) on pea

legumin compartmentalization.
LY

g
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'a) Synthesis as 58-62 kDa (cat globulin) and 60 kDa (pea legumin}
precursors was shown byhg vitro translation, in vivo labelling and
pulse-chase labelling techniques. -

b) Synthesis of the above precursors was shown to occur on the RER
by subcellular fractionation and in vitro translation techniques.

¢) The =association of the glo;ulin and legumin precursors with the
RER was shown to be transient and not permanent. -

d) Intracellular transport of the newly-—sy'nthesized precursors from
the RER to protein bodies was demonstrated by in vive labelling for both
gllobulin _z;nd legumin. . The transport mechanisms seem to be rather
different. Electron microscopic investigations have suggested'di;:t.act
c‘hannelling of oat globulin from the RER into the vacuoles. Legumins
seem, how:aver, to be transported via dictvosomes (62;. .This a‘spect of
depository process needs to be further explored, for a m‘)re comprehensive
comparison of the transport pathways. '

e) Cleavage of the precursors of oat 12§ 'globulin and pea legumin
was shown to occur after their arrival into proteia bodies. The
processed 'products are two groups of polypeptides with similar average
molecular ‘weights (20 kDa an;i 40. kDa for pea legumin, and 20 kDa and
38 kba for oat globulin).

£) Ass;embly of § the mature polypeptides 1into _12.S oligomers was
demonstrated fc;r both reserve globulin and legumin. The 12§ oligomer was
not found at any step prior to the arrival of the brecursors into protein
bodies. The sité of ass.;_embly was protein bodies in both cases.

grmsequently; the homology between oat 125 globulin and pea. legumix.i

seems to extend to most if not all the "steps of deposition. Except for

‘the pathway of transport from the RER to protein bodies which might

(g
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differ between Ehe two systems, 2ll other steps ‘seem to be identical.
. . .
This extensive homology in depository mechanisms may indicate that ocar

125 globulin precursors possess certain topogehic sequenéeé homologous to
those of pea legumin, which govern their topogenesis in developing seeds.

The hypothetical role of topogenic sequences was discusséd'extensively

S

in the introduction. Such seqhences may aid the newly-synthesized

-~

globulins to be correctly transported, processed, and assembled. Further

investigations are required before cdmparing ocat globulin and pea legumin

in respect to their signal and sorting sequences. The sequence of .pea

Hox, .
legumin signal peptide was recently determined by <DNA sequencing (123).
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Future Endeavours

The major objectives of this research prOJect have been achieved. A
more clear picture of oat globulin biosynthesis and deposition can now-be
envigaged. ‘bespite a number of questions which remain to be answered,
the éeneral dep;sitory pathway of oat glbbuliﬁ is now better understood.

-

Further research focuses on experiments designed to examine the remaining

uncertain portions of the hypotﬁesis proposed earlier. These experiments
include peptide *mapping and NH,-terminal sequence analyggg of oat
giobulin precursors, as well as immunocytochemical localization studies.
Work 1s also underway i preparation of ¢DNA libraries complementary to
oat poly A* RNA sequences, using PBR322 and A phage as cloning vectors.
These libraries are being screened with several probes including
synthetlic oligo-nucleotides coding for a partial sequence of ocat globulin
f subunit as well as pea legumin cDNA sequences. This approach may
enable one to examine the globulin cDNA molecules for the presence of any
possible topogenic sequences. Expression of globglin genes in hosts such
as E. .5355 and ienogus oocytes may also assist in clarifying the
significance of any putative signal or sorting sequences. < Such an
approach was recently used to express the thaumatin gene 1in yeast
demonstrating the necessity for NH,- and C-terminal sequences of
preprothaumatin (137). A storagg_procein was also recently expressed in
E. coli uslng novel expression vectors (138). Bartels et él. {138) were
able to show the expression of a sybunit of wheat glutenin in E. coli
demonétrating the stability of a plant storage protein in a foreign
genetic background;

The long term objectives of this progect are scill far reaching.

Improving seed protein quantity and quality by manipulating the genes

it
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’

coding for reserve proteins could only be achieved through acquiring a
sound understanding of mechanisms underlying }he expression of these

genes. The~results of the present project may assist in this direction.
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APPENDICES

APPENDIX I. CHARACTERIZATION OF THE MAJOR AND MINOR COMPONENTS OF
OAT GLOBULINS
o : ..
APPENDIX II. PURIFICATION AND CHARACTERIZATION OF THE 128 GLOBULIN

ANTIBODIES

—
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APPENDIX I

CHARACTERIZATION OF MAJOR AND MINQR COMPONENTS OF OAT GLOBULINS

The salt-soluble globulin extract from mature oat seeds consists of
a com?lex mixture of polypeptides.- The 125 globulin is the maljor
fraction constituting about 93% of the total globulin extract. The
remaining' 7% of the extract contains a number of heterogencous
polypeptides. General characteristics of the major and minor globulins
are presented in this appendix.

”

Protein Extraction.

Various components of oat globulin fraction were "Isolated by

{soelectric precipitation as shown in the following diagram.

Mature Seeds
Ground ~—

Homogenized in 1 ¥ NaCl buffer

Homogenate

l Centrifuged

Supernatant
Dialyzed against 0.2 M NaCl, pH 4.5 buffer
Centrifuged )

-

Supernatant Pellet (major globulin fraction)

| .

Dialysis against dHZO

Supernatant Pellet (minor 'globulin fraction)
(albumin) - o
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‘Observations

Three distinct proEFin componenés could be separated from the'salt—~
. soluble ocat extract: fraction preci;itated at pH 4.8 (major globulin),
fraction soluble at pH 4.8-0.2 M NaCl (minor globulin), and proteins
soluble in di,0 (albumin). The mindr globulin fraqtion comprised about
7.0% (w/w) of tot;} seed globulins, or in other wordé, about 5% of rotal
seed protein. ‘ _

Fractions from 1socelectric preciﬁitati;; (IEP) were analyzed by SDS$-
PAGE (Fig.- 1) under reducing and hon-reducing conditions together with
total salt-soluble globulin prepared according to Petersen (93). The
SDS-gAGE profile; of the major globulin fraction (lane b and B') were
compared with total galt-soluble globulin extracted with 50 oM Tris, pH
8.5, 1 M NaCl (lanes a and a'). Reduction’of t%e\EO kDa .globulin dimers
i(Fig. 1, lanes a and b} into the a(~3é kDa) and 8(~20 kDa) polypeptides
couldv be observed under reducing conditions {(lane a' and b'). The
pattern of the minor globulin fractioﬁ did n;t change significantly in
the presenée or absence of 2—mércaptoethanol {lanes ¢ and c¢'). However,
a few minor bands {e.g. 18 kDa) were affected by the reducing agent.
These observations suggested that the major componenfs of the Finér
globulin fraction migh£ not be linked together through disulfide bonds.
Similarkf, upon reduction, the SDS-PAGE patterﬁ oﬁ-tbe albumin fraction
(lanes d and d') did not vary noticeably. Under reducing conditions,
several polypeptides ia the minor globulin and albumin fractions

comigrated with the & subunit components of thet12S globulin which raised
e

the possibility of <cross-~contamination. Antibodies raised against

~
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Flg. 1 SDS-PAGE analysis of the salt-soluble protein fractions from

Fig.

2

mature’ oat flour under non-reducing and reducing conditions.
Protein fractions. were isolated from oat flour using isocelectric
point precipitation. Samples were analyzed on a 12X acrylamide
gel in the presence or absence of 2-mercaptoethanol. Lanes a, a'
show total salt-soluble globulins extracted by 50 mM Tris-HCL,
1 M NaCl, pH 8.0. Lanes b, -b' are the globulln fraction
precipitated at pH 4.8. Lanes ¢, ¢' show the globulin fraction
soluble at pH 4.8, 0.2 M NaCl. Lanes d, d' represent the albumin -
fraction soluble in dH»0. Numbers 1indicate the protein
standards: albumin (67,000), ovalbumin (43,000), carbonic

anhydrase (30,000), trypsin inhibitor (20,100) and ¢-lactalbumin
(14,000). .

Isoelectric focusing pattern (pH 3#5-10) of reduced salt-soluble
protein fractions from mature oat' flour. Lane A shows the
pattern of the pH 4.8 precipitated globulin. Lane B shows the
globulin fraction soluble at pH 4.8, 0.2 M NaCl. Lane C is the
pattern of the water-soluble albumin. pl determinations were
done using pl standards: 1, amyloglucosidase pl 3.5; 2, bovine
carbonic anhydrase pIl 5.85; 3, human carbonic anhydrase pl 6.55;
4, horse myoglobin pI 7.35; and 5, lentil lectin pI 8.15.



-161-

FIGA
-3 —~M +Me
er]Ol 0’_. ' 1
]
67 — oo .. =
“ = e
30— —_
: e -
20 - <=
14
o-b ¢ d d ¢ B d
FIG.2
@ —»0O

) - b b
8 B
A e

11 I
4 5

1 23
pl standards



-162-

purified 12S globulin cross—reacted with the crude vicilin éraction;

However, the anti—lZS-IgG did not cross-react with individuallBS anh
75, vieilihs once they were further purified by sucrose’ density
fractionation (see gelow). This suggested that the crude minor glbbulin
fraction contained trace amounts of the 125 globulin. "It is interesting
to note that the antibody rai;ed against total salt-soluble globulin (67)
did cross-react with both of the major and wminor globulin IEP fractions.
Therefeore, although minor globulin polypeptides cannot be observed in the
SDS-PAGE pattern-of toc;i élobﬁlin (lanes ,a and a'), tgey must be present
aﬁd "should be detectable with either higher saaople loading or more
sensitive Erotein stains. The anti-128 1Igl did not react with the
albumins. -

The compquity of the 12S globulin, minor globulin, and albumin
fractions was investigated by EEF with a pH range of 3.5710-(Fig. 2).
The electrophoretic pattern of the 12S fraction (lane A) was similar to
that reported earlier fof total 'ogp seed globulin (5,67,69,93,139),
showing an acidic («) and a basic (B) reglon. Two major reglons were
observed for the minor globulin fraction (lane B, one acidic, pl
=5.0-7.0, and the other basie, pl =8.0-9.0). The albumin fraction
{lane C) contained fewer bands than those of the other twc fractions.
Since anti-12§ globuliﬁ IgG did not react with albumins, the albumin
fraction was not just a small portion eof the globulin fraction. The
SDS-PAGE and IEF deta indicated that during the dialysis step, the major
Eﬁd minor globulins were precipitated efficiently and therefore ready for

further characterization.

‘A

/“\



-163-

v

The. crude preparations of the two globulin fractions were
L]

fractio:i‘a:ed on 5-20% sucrose gradients (Fig. 3, A and B). The major
globulin banded 1in a peak with a sed.imentation ‘coefficient of 128
(Fig. 3A) whic_:@-corresponds .to the § values reporlted for total salt-
soluble globulin (93,94). A seconé mingr peak with approximate S value
of 18$ was alsoc observed. The analysis of thils peak by SDS-PAGE
indicated an identical profile to that of the 12S fraction. This may
indicate the associlation of 12S globulin into a-larger oligomer. 'Upon
ultracentrifugation qf the crude vicilin preparation two major peaks with
‘;’approximate S wvalues of 35S and 7S were observed (Fig. 3B). The
sedimentation coefficient.s of 125, 7S and 35 were estimated using pea 7%
and 11s proteins as standards.

The analysis of the 35, 7S5, and 128 protein peaks by SDé—PAGE
revealed that these holoproteins consist of distinct and complex groups
of proteins (Fig. 3C). The 12S peak of the globulin fraction (lane 12S)

- was comprised of two groups of polypeptides with average mol wt of 38 and
20 kDa, the globulin g« and 8 polypeptides respectively. _The 7S5 and 3§
specles (see corresponding lanes) possessed different sets of
polypeptides. The 3S holoprotein consisted of 3 major polypeptides with
mol wt of 12, 16, and 40 kDa, while the 75 peak consisted of about 7
major polypeptides with approximate mol wt of 20, 39, 43, 50, 65, and
75 kDa.

The SDS-PAGE and IEF profiles indicated that many of "t'ne. minor
globulin polypeptides comigrated with components gf the 125 ‘globulin ¢«
and 8 subunit groups. However, two—dimensional analysis showed that th;e

polypeptides with similar isoelectric points possessed different



Fig. 3

Sucrose density gradient fractionation of- the globulin IEP
fractions. Samples (15-20 mg) were dissolved in 50 =M Tris-HC1,
pH 8.0, 1 M NaCl and layered on 5-20% (w/w) sucrose gradients
made In the same buffer. The gradients were centrifuged,
monitored at 280 cm and fractionated into 1.2 ml fractions. A,
shows the profile-of the major globulin fraction. B, illustrates
the gradient pr‘ofile of the minor globulin. c, shows the
SDS-PAGE (12X, e) patterns of the major peaks from the two
gradlents (35, 7Sh) 128).

N
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molécular sizes (Fig. 4). Fig. 4a stﬂ? th? two-dimensional ﬁatCern of
» the iZS globulin.. The two major IEF regions of the 7S + 33 fraction had

Wy, wt ranges, of 42-70 kDa and 48-52 kDa (Fig. 4B). In summary, thé

analysis- of the 128 globuiin and 7§ l+ '3 fractionms by SDS-PAGE,

?mmunodiffusion, IEF, and two-dimensional €lectrophoresis show the

distinct nature of tﬁesea CU6 salt-soluble protein components and

.indicated the effectiveness of the IEP and ultracentrifugation'procedure

for their separation.

Repeatedly, salt-soluble vicilin poiypeptides in leguminous seeds
have been shoyn to contain a high carbohydrate conteat (49,140,141). The
two globu}in IEP fractions from oat seeds were analyzed separately by
affinity chromatography on ConcanavalinyA Sepharose columns to determine
whether or not these reserve préteins wére also ‘glycosylated. No
detectable guantity of the 125 globulin Dbound te the column indicating
the absence or low content of carbohydrate in this fraction (Fig. 35,
profile G). However, when the 7S + 35 fraction was applied to ;he Con=-A
Sepharose column, a high proportion of it did bind to the column {~60%),
Fig. 5, p;ofile V).. When both unbound (U) and bound (B) eluants were
analyzed by SDS-PAGE (Fig. 5, 1lanes U and B), the polypeptides
corresponding to the 3§ Hbloprotein (see Fig. 3C, Lane 3S)iwgre primarilyl
observed in the unbound portion (Fig. 5, Lane LU). Howevdr, the 40 kDa’
pbl?peptide of the 35 could. be detected in the bound poEéTeﬂ’(Fig. 5,

Lane B). In contrast, the components of the 75 holoprotein (see
Fig. 3C, Lane ‘75) were mostly bound to the affinity column (Fig. 5,

Lane B). Together, the data suggested that the major components of the

75 holoprotein from oat were glycosylated. _-his finding indicated
. ~

-

I



Fig. 4

Fig. 5

Two-dimensional electrophoresis of 128 globulin and the 7S5 +3S
fraction. The protein samples were separated by isoélectric
focusing (first dimension) from acidic (left) to basic {(right) in
the presence of a reducing agent. The second dimension was SDS-
PAGE (12X, +Me). 4, the two-dimensional pattern of the 125
globulin; B, the pattern of the 75 + 3S fraction.

Concanavalin, A-Sepharose chromatography. 125 globulin and the
vicilin fraction were Incubated separately with Con-A Sepharose
and the nonvbound material was collected in each case. The bound
polypeptides were eluted with gmethyl-D-glucoside. G 1s the
profile obtained when 125 globulin was chromatographed. V shows
the profile of the 7S5 +3S fraction. The unbound and bound
fractions from 7S + 35 fraction were analyzed by SDS~PAGE (12%,
+Me) {Lanes U and B respectively).
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differenthal post-tranﬁé?tional modifications of the 35, 78 and 12§
globulins and 'ﬁay thus suggest differential compartmentalization
pathways. The glycosylated ‘globulins {78) could b? deposited with a
mechanism different from that involved 1in compartmenéalization of
non-glycosylated globulins (128).

The 78 élobulin may be homologous to the vicilin protein fractions
from legume seeds, particularly pea and soybean (142,143) and therefore
may be referred to as oat vicilin. The oligomeric'size and the SDS-PAGE
pattern of oat 75 wviellin resembles closely those reported for thé
vicilin fractions from pea énd soybean. The molecular weighf
" heterogeneity of oat vicilin polypeptidés, 12 to 75 kDa, is also found in
pea and soybean vici%}ns. However, the IEF pattern of the oat J?Filin
differs from that of gea 75 vicilin in the basie region (daté not shgwn).

These discrepancies may reflect evolutionary changescgg the amino acid
. #
sequence of viellin polypeptides.

Globulins with sedimentation coefficients of 2-3S and 7S have been

identified in many dicotyledonous and a few monocotyledonous plant. In

most ~legumes the vicilin fraction is a major reserve protein. However,

in some non-leguminous dicots including Helianthus annuus, Beta vulgaris,

and'Telfairne&'pedaEa, the wvicilins are only minor constituents and the

12? globulin 1is major (40). Interestingly, a similar protein ratio secms
to.exigg in the oat endosperm where the vicilin'fraction comprises only
abouL 5% of the total seed protein. The differential expression of genes
codi;g for these heterogeneous polypeptides in oat and legumes may be the
result of st¥ict genetic control. The role of wvicilin as a reserve

protein is not yet certain, although this protein fraction is present 1in

oat endosperm protein bodies (data not shown).
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The analysis of the thrae oat salt-soluble protein fractions, the
128, 7% and BS‘globuiins, by Con A-Sepharose chromatography indicated the
t
N
glycoprotein nature of the 7S holoprotein. Reserve proteins of several

legumes (dicots) i1ncluding Pisum sativum, Glycine wmax, Phaseolus

vulgaris, Vigna radiata, Lupinus augustifolins and Lupinus luteus L. have

A

been shown to be glycosylated (49). In Pisum sativum and Glycine max, it

has been shown that only the vicilin fractions are glycoproteins (44,49).
Kitamura et al. (l&&f-used Con A-Sepharose chromatography to show that
the 75 component onglzcine max globulins 1s a glycoprotein and contains
more carbohydrate than 11S globulin. The nature of carbohydrates bound
to the 78 vicilin pblypeptides from various legumes has bee; shown to be
similar and to consist of neutral sugars and hexosamine (46). The
" absorption of the oat 785 holoprotein to Con A—Scphafose may Iindicate the

presence of hexosamine and possibly glucosamine molegules. Among pea 7S
vicilin subunits, carbohydrate has been shown to be associatéd malnly
with the 14 kDa and 50, kDa polypeptides (145). Recent in vivo labelling
eéperiments_ by Badenoch-Jones et al. (49). stigngly indicated the
glycosylation of five wvicilin polypeptides at ;fgious stages of seed
development. It has been suggested that the glycosylation of plaﬁt
proteins- involves the formation of 1lipld-sugar intermediates, N-
acetylglucosaﬁine and dolichol phosphate (146). Endoplasmic‘reticulum
was shown to be thé site of glycosyltransferases vresponsible for the
glycosylation of pea proteins (147). -

The .mechanisas invoived in the glycosylation of oat 75 wvicilin
polypeptides are unknown and may -be—similar to those studied in legumes.
The data are consistent with the notion that the 7S5 fraction 1s commonly

i

glycosylated and may inE&caté that such selective glycosylation of seed

protelns also-occurs In nonocotyledonous plants.

-
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APPENDIX II

PURIFICATION AND dEARACTERIZAIION

OF THE 125 GLOBULIN ANTIBODIES

e

In numerous occasions in this thesis, the 12S globulin antibodies

have been used to specifically identify the globulin polypeptides. It is
thus crucial that such antindy preparations ‘;re adquately pure and
well-characterized.

In several ﬁrevious reports on the synthesis of oat .globulin,
antibody p?eparations were used which had been raised against a total
globuliﬁ extract (67,69,70). __Once the presence of other minorﬂélobulins
(35 and 78) was reported in a total globulin (94,985), it was deemed
necessary that a purified 12S globulin preparation should be used for
antibody production. This appendix describes briefly the procedure for
the purificatioq of the 12S holoprotein, production of anti-12§ IgG: and
characterization of such a antibody preparation.

l. Purification of the 125 globulin

Crude 125 glebulin uas' prepared by isCelectric precipitation as
&escribed in the Materials and Methods. The protein fraction
precipitarted at pH. 4.8, 0.2 M NaCl was layered on a 5-20% sucrose
gradient to separate the major 12§ holoprotein. This first 12§
preparation was fractionated twice more on the same sucrose gradient so
that a homogeneous and sharp peak was obtained with mo shoulders present.

~The 12S fractions from the final gradient were dialyzed and the

Jprecipitated globulih was used for antibedy production.
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2. Produc;ibn and purification of anti-125 IgG.

New Zealand rabbits were used to ralse antibodies against the 128
globulin as described in the Materials and Methods. The immuée-serum was
collected .by centrifuging the blood samples édagulated at 4°C for 16h.
Total IgG was obtained by immunoaffini:y chromatography of the immune-
seruz on a Protein A-Sepharose column. Anti—iZé globulin IgGC was then
purified by applying the total 1IgG preparation to a 125 globulin-
Sepharose column (the purified 125 globulin was covalently attached to
CNBr—activated Seéharose). The bound IgG. fraction was collected and
referred to as the 12§ globulin anéibodies.

3. Charact;rization of the 125 globulin antibodies.

The purification'schehe of the 125 globulin antibodies is presented
in Table IV. The data indicated thar the purf{fied anti-125 globulin IgG
had -a much higher specific activity than th;’%otal IgG and the Iimmunec-
serum. A purification factor oé 480 was obtaiﬁed after the two cycles of
affinity cﬂromatorgraphy {Protein A-Sepharose column and 125 globulin-

Sepharose colunmn). )

,

Antigenic properties of the anti-125 globulin Igl were first
examined by double-diffuéionbimmunoprecipitation tec%nique (104). Anti-
12S globulin IgG was tested against several .protein fractions Iincluding
total salt-soluble giobulin, purified 125 globulin, purified 75 + 3§
globulin fraction, and albumin (all these proteins were obtalned from
mature oat groat, cv. Hinoat). Fig. 1 shows that the anti-125 globulin
could: only cross-react with the total globulin and the pufified 125
globulin. No cross-reactivity with the minor globulins (7S + 35) and

albumins was observed (Fig. 1).
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Table IV.

PURIFICATION OF GLOBULIN ANTIBODIES

protein, specificy purification,
concentration activity factor
(mg/ml)
Serum ' 80 . 0.1 1
Total IgG" 2.4 4.2 42
Anti-globulin®
1gG 0.25 48 L 480
l. Proteln concentration was determined by. the standard Bio-Rad method.
2. Specific activity was measured by dividing the maximum serial
© dilution factor (determined by immunodiffusion precipitation) by the
protein concentration.
3. Purification factor wds determined by dividing the specific acﬁivity
of total IgG and purified anti-globulin IgG by the specific activity
" of the serum. -
4. Total IgG was obtained by immunocaffinity chrométography of the serum
on a Protein A-Sepharose colunmn.
5. Anti-globulin IgG was purified by applying total IgG to a globulin-

Sepharose column (125 globulin coupled to CNBr-activated Sepharose).



Fig. 1

. Fig. 2

Double-diffusion immunoprecipitation assay for 12S globulin
antibodies. .

The plate contained 1.5% agarose in 20 npM Na,HPO,-
NaH,PO,, pH 7.4, 140 oM NaCl. The center well contained
10 pl of the anti~12S globulin IgG. The outer wells contained
10 ul of 4.0 mg/ml total globulin (A), purified 125 globulin (B),
purified (78 +3S) globulins (C), and albumin (D). The plate was
incubated overnight at room temperature. A visible precipitation
line indicates a positive reaction.

Immnunoprecipitation of various oat protein fractions by 12§
globulin antibodies.

Total globulin, purified 125 globulin, purified (7S +38)
globulins, and albumins were dissolved in 50 =M Tris, pH 8.0,
1 M NaCl with a concentration of 8 mg/ml. The proteln solutions
were centrifuged In a Fisher microfuge for 5 min to remove any
undissolved protein. The clear supernatant from each protein
wolution was collected and a 100 1 aliquot was iIncubated with
100 pl of the anti-125 globulin IgG. After overnight incubation
at room temperature, the mixturés were centrifuged in a microfuge
for 5 min and the Immunoprecipitates were dissolved in SDS-PAGE
sample buffer containing 2-mercaptoethanol. The protein samples
were then analyzed by SDS-PAGE (12X acrylamide) and the gel was
stafned with Coomassie Brilliant Blue. Lane A is the SDS-PAGE
pattern of the antibody alone. Lanes B and C, protelns
precipitated from the purified 12S globulin by anti-12S
globulin IgG respectively. Lanes D and E, proteilns precipitated
from the purified (7S + 3S) globulins and albumins by anti-12§

globulin 1gG respectively. Lane F is the pattern of total
globulin run .as a standard.

a4 )
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The antibodies were further characterized by immunoprecipitation of
the above-menticned oat protein fractions. These protein fractions were
dissolved in 50mM Tris, pH 8.0 1 M NeCl and an aliquot of each protein
sample was mixed with an equal volume of the anti-12S globulin IgG.
After 1incubation overnight at Toon temperature, the - mixtures were
centrifuged for 5 IE: in a Fisher microfuge and the immunoprecipitétes
were dissolved in SDS-PAGE sample buffer. Fié. 2 depic‘t: the SDS—PAGE
pattern of the immunoprecipitates obtained by reacting the anti-12S
globulin IgG with total globulin, 'purified 12S globulin, minor 785 +l 3s
globt.;lins, and albuminé- Lgne A 1s the 5DS5-PAGE pattern of the anti-125
globulin IgG (run for comparison). The gleobulin antibodies could
immunoprecipitate the e« and -B globulin poiypeptides from both the total
globulin and the purified 125 globulin (Lanes B and C). No detectable
polypeptides were Iimmunoprecipitated from the albumin‘:s {Lane D). The
anti-12S8 globulin IgG immunoprecipitated a. 70. kDa polypeptide from the
mir}or globulin fraction (75 + 13S5), (Lane E). Lane F 1s the SDS-PAGE
pattern of the total oat globulin fraction which is run as a.standard.
Overalll,. these observations indicated that rthe 125 globulin .:mtibodies
were quite specific for the a.and f globulin components of the 12§
globulin éxcept .fpr the immunoprecipitation of a 70 kDa polypeptide from
the wminor globulin preparation. This may be  due to non-specific

precipitati.on of this polypeptide during the overnight incubation. It
could also be explained by contamination of the. 125 globulin prepa;ation
used for antibody preparation. Thirdly, sequence homoloéy'm.ay exist
between the 70 kDa polypeptide and the  and 8 globulin_polypeptides. To

clarify this problem, another experiment was carried ocut in which the 128

o~

:
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globulin antibodies were labelled with !25I and tested agéinst the total
globulin and the aminor 7S + 35 globulin fractions using the’Wes:ern-blot
technique (148). In this experiment,.che total globulin}gnd the minor
globulin fractions were first.run on a bolyacrlamide gel in the presence
of SD5. The separatéd proteins were transferred to nitrocellulose paper
. by Slo:cing and the blots were incubated with 123I-labelled anti-12S
globulin IgG. After hybridization, the blots were exposed to X~-ray
films. Fig. 3 shows the cross-hybridization of the labelled 128§ globulin
IgG with .the electrophoretically separated polypeptides of the total
globulin IgG cross-regcted with the ¢ and 4 globulin polypeptides as well
as the unreduced globulin 60 kDa polypeptides (Lane A arrows). No
cross-reactivity with any of the migé;fglobulin polypeptides was observed
(Lane B). These results demonstrated that the 70 kDa polypeptide
precipitated in the previous experiment (Fig. 2) might have seen a non-
specific precipitate, and not due to Impurities in the 12§ globulin used
"for the production of antibodies.

- In summary, the overall results of the above experiments indicate
thaf a pure and specific antibeody preparation was used in studying "the

biosynthesis of oat 12§ globulin in developing seeds.



Fig. 3

Western-blot analysis using 125I-labelled anti-12S globulin IgG
agalnst total globulin and _ purified (7S + 3S) globulins.
Labelling of IgG with 1231 was performed according to the method
of Greenwood et al. (149). The specific activity was
approximately 30 pCi/pg of IgG. Western-blotting was carried out
according to the method of Towbin et al. (148). Briefly, the
protein samples were analyzed by SDS-PAGE, and the separated
proteins were transferred electrophoretically to a nitrocellulose
sheet. This sheet was incubated with 125I-labelled anti-12S
globulin IgG, washed in PBS buffer, dried, and exposed to Kodak
X-Omat AR film. at -70°C. Lane A represents the polypeptides in
the total globulin extract which cross-reacted with anti-12S
globulin IgG. Lane B shows the absence of any polypeptide from
the purified (7S + 38) globulin preparation which could cross-
react with anti-12S globulin IgG. Llane C is the stained SDS-~PAGE
pattern of the total globulin (run as a standard).
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CLAIMS TO ORIGINAL CONTRIBUTIONS

. The results concerning the synthesis of oat 12S globulin were
obtained~ uging ﬁurified 128 globulin antibodies raised against this
purified globulin. These results confirmed the previous studies on the
synthesis of oat globulin. -

The results concerning globulin trénsport and procesding were

original findings and have contributed tec the field of reserve zlobulin

deposition in the following manner.
METHODOLOGY

Among the methods, two precedures were developed by this author
which could be useful in studying the deposition of seed reserve proteins
in anf cereal system. '

= Isolation of intact prqtein bodies.

A.step sucrose gradient of 16% and 65X sucrose was used to isolaFe
protein bodies from developing or mature seeds. This method yielded
intact protein bodies.

- Simultaneous isolation of organelles for puise—chase labelling

studies.

A single sucrose gradient pf 15-65% sucrose was employed to isolate
ER and protein bodies from in vivo labelled developing oat groats. This
technique was found to be simple qnd more reliable than other commonly

used methods which separate these organelles from different batches of
™

seeds with different procedures.

%
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ORIGINAL FINDINGS

- Evidence was provided for the preferential synthesis of ocat 125
globulin precursors on rough endoplasmic reticulum. ’

~ Biochemical and microscoplec evidence was provided for the post-
translatioqal transport oﬁ the newly-synthesized globulin precursors from
the rough endoplasmic reticulum into protein bodies.

- The globulin precursors were shown to be processed 1iate the
smaller ¢ and 8 globulln polypeptideé. The site of this cleavage was
found to be the protein bodies. .

- Evidence was provided for the assembly of the globulin
polypeptides inte a 125 oligomer within protein bodies.

- Finally, two minor groups of globulin.polyﬁeptides (38 and 75)

were extracted from mature oat flour which resembled the major globulin

fractions in legumes. These ﬁolypeptides were partially characterized.
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