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Abstract-The 6ne structure and the membranes surroundm8 barley protein Hodges have been separated 
from the protems stored w&m the particles by somcation. The two fractxons obtained have been character- 
ized by electron rmcroscopy and by immunoelectrophotic analysis. Phytase a&wty was shown to be 
associated Hnth the tie structure, and hordem was ide&fied as the alem-m mslde the protein hodles. The 
locahzatlon of phytlc actd IS discussed 

INTRODUCTION 

THE PRESENCE of reserve proteins m protein bodies, or aleurone grams, of several seeds 1s 
well established, and these organelles have been morphologxally described by electron 
nncroscopic tecbmques.l-6 The particles from oilseeds seem to contain ad&bona1 sub- 
structures within the membrane, such as crystalloids or globolds.5*7 The globoids were 
shown to be s&s of phytx acid storage m peanuts* and in cotton seed.9 

In a previous paper,‘j protein bodies isolated from dormant barley seeds were shown to 
have a fine structure of orderly, or lamellar, electron-transparent and electron-dense layers 
of some material(s) other than just storage proteins attached to the particles. Mitsuda et 
al.1° have reported analogous structures completely within nce protein bodies. In contrast, 
the Ike structure of the barley partxles, m most cases, seemed to be an appendage assocl- 
ated with the membrane rather than to be wlthin the organelle. The electron-dense layers 
revealed by osmic acid staining suggested that the fine structure of barley protein bodies 
nught be the site of phytx acid storage. Findmg a substrate-specific phytase associated with 
the barley protein bodies6 strengthened tis theory and suggested the posslblhty that these 
fine structures nught also contain layers of enzymes. Vigd” has reported enzyme actlvlty 

* Taken m part from the thesis by Bente Tromer as partial ful6hnent of the req~ments for the Llcentiate 
De8ree at the Polytechmc Institute of Denmark. 
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m analogous layered-type structures within rrncrobodies isolated from endosperm tissue of 
germinated castor beans. 

With the isolation of intact protein bodies rt was now possible to answer an additional 
question. There are two groups of reserve proteins in barley: glutelin and hordein. Smce the 
nature of the protein within the barley protein bodies had not been previously characterized, 
separation of the membranes and fine structure would also pernut characterization of the 
reserve protein within the particles. Of the two reserve proteins in peanut, arachm and 
conarachm, only arachin exists within the protein body;12 conarachin is a cytoplasmic 
protein. According to the concept of AltschuP that proteins wrthin the protein bodies, or 
aleurone grains, should be classified as ‘aleurins’, only arachm is an aleurin. 

In the previous report,6 the fine structure appeared to be separated from the surface of 
the protein body m some cases, suggesting that it might be possible to remove this fraction 
for further characterization of Its proteins and those proteins withm the partrcle. In the 
present investigation the fine structure and the particle membranes have been separated from 
the storage protein(s) by sonicatron. Proteins in the two fractions were characterized usmg 
the highly specific mmmnoelectrophoretic analysis technique of Grabar and Wilhams l* 
Hordem was identified as the reserve protein in the particle and phytase activity has been 
localized m the fine structure 

RESULTS 

Drsruption of the protein body membrane was the first step in isolation of the fine 
structure. The lO-set somcatron procedure as used to rupture the membranes of mito- 
chondrra15 was tried for the protein bodies but without effect, suggesting that these plant 
particle membranes might be more stable. To determme the minimum time necessary to 
disrupt the membranes, the protein bodies were sonicated for 20,40,60 and 90 set periods 
m 75 % ethanol and the precipitates and alcohohc solutions analyzed by immunodilTusion. 
The first precipitm arcs appeared after somcation for 40 set at 20 Kc/set, indicating tlus as 
the mimmum time requrred to break the protem body membranes and release the contents 
into the alcohol. 

In the prehmmary somcation tests in sodmm chloride solutrons, nnmunoelectrophoret 
analysis of the remaimng precipitate vs. antihordem serum showed the precipitate to contam 
hordein. It was therefore felt that, if the reserve protein material of the protein bodies drd 
consist of hordem, this should go into solution when sonicated in 75% ethanol and the 
remammg membranes and the fine structure should precipitate. The two fractions, precipr- 
tate I and precipitate 11, obtained after the first somcation were subsequently fixed m 
glutaraldehyde and osmium acrd, then examined by electron microscopy to determme the 
stage of disruption of the particles and the natures of the two fractions. 

When protein bodies were sonicated only once, a precipitate of apparently unbroken 
particles but largely without the fine structure (preciprtate I) remained (Fig. Id). The 
second fraction obtained by centrifugation of the alcohohc supematant (preciprtate II) 
appeared to consist mainly of pieces of electron-dense fragments (Frg. lc) very much hke 
the fine structure associated with the protein bodies (Fig. la and b), and with relatively 
fewer Intact protein bodies. 
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To further characterixe the proteins of the fine structure and the proteins stored within 
the particles, the three fractions, precipitate I, precipitate II, and the remaining alcoholic 
solutron, were analyzed by immunoelectrophoretic analysis (Figs. 2 and 3) and by double 
difhrsion (Fig. 4). 

The phosphate compositions of the intact protein bodies, the fine structure fraction and 
the alcohol-soluble fraction are shown in Table 1. 

TABLX 1. hrOSPI%AlX CONlBNT OF BARLsBY PRtYlmN BODIES, 
TEE PINB SI-RUCI’DRB FRACllON, AND TBBEORDEINFRACiTON: 
hICENTA~E¶ ARE BASED ON ‘IWE DRY WEIGHT OF MA’IXRIAL 

Total phosphorus pM/mg 

Material Preparatlon 1 Preparat10n 2 

Intactproteinboclies 
Hordein fractum 
Fme structure fraction 

o-54 O-46 
093 
023 X:F 

l Phosphorus deter&nation of the hordeinfraction m pre- 
paration 2 was made after inorganic phosphate was removed 
with CaClI. 

The experiments to localize the site of phytase activity in protein bodies were conducted 
on pieces of aleurone tissue instead of on isolated particles, because of the low percentage of 
protein bodies with fine structure in an isolated preparation and because separated pieces of 
tie structure might make the results difficult to interpret. The results are shown in Fig. 5. 

A section of aleurone layer showing protein bodies stained with potassium permangan- 
ate (Fig. 5a) is compared to a similar piece of tissue which has no stain other than the 
electron-dense deposits of lead phosphate located at the sites of enzyme activity (Fig. 5b). 
The close similarity of the electron-dense deposits of the two electron rmcrographs suggests 
that phytase activity appears to be associated with the fine structure around the protein 
bodies. 

DISCUSSION 

From Fig. 1 it is evident that the fine structure IS separated from the rest of the particle 
by sonication in alcohol. Figure Id illustrates that one somcation is insuthcient to completely 
disrupt all of the larger particles. It should be noted, however, that some of the fine structure 
can be stripped from the particles by this first treatment. From these results it appears that 
sonication takes off the tine structure in stages. The first 40 set treatment probably removes 
most of it and breaks some of the smaller particle membranes (Fig. lc), leaving the larger 
protein bodies intact with membrane only (Fig. Id). The second and third sonications 
disrupt the remaining membranes releasing storage protein(s) into the alcohol. 

Hordein, the major reserve protein of barley, has been de&d by its solubility in 75 % 
alcohol based on the historical terminology of Osbome?6 The data obtamed by immuno- 
chemical analysis (Figs. 3 and 4) indicate that hordein may now be classifkd as an 
‘aleurin’. The site of storage of glutelin(s), the other reserve protein of barley, cannot be 

I6 T. B. OSBORNE, J. Am. Chem. Sot. 17,539 (1895). 
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determmed from the results described here and is still unknown. It may possibly be cyto- 
plasmic as is the conarachin in peanut.‘2 

At least seven proteins (albumms and globulins) were detected by mmmnoelectrophoretm 
analysis of the isolated fine structure, according to their anugerucities and their electro- 
phoretic mobihues. This plus the earher finding of two acid hydrolases, phytase and pro- 
tease, associated with the protem bodies m barley6 suggests that this fine structure may 
contam some or all of the enzyme activities associated wrth these particles. The electron 
nucroscopic localization of phytase activity in the fine structure (Fig. 5) would tend to 
support this. It should be noted in Frg. 2 that the patterns of proteins from the isolated 
protem bodies and from the fine structure obtained from them are very much alike. This is a 
clear mdlcauon that there was no serious destruction of the protems by three 40-set sonica- 
tions in alcohol, and confirms the findings of Prudhommel’ regarding sonication m aqueous 
and non-aqueous media. 

Protein bodies from various seeds are known to contam a high amount of phytate1*8*Q 
The earher results on isolated protein bodies of barley6 indicated that phytate might be 
located in this fine structure It was proposed that the darker alternate layers could be phyttc 
acid rendered electron-dense by the osmium bmding to phytate anions. However, if this 
were so, somcauon should concentrate the phytic acid in the fine structure fraction. Phos- 
phorus analysis of the two fractions after sonication shows the phosphorus content to be 
highest in the hordem fraction. This, plus the observation that the hordem fraction constr- 
tutes a maJor part of the protein bodies (about 70 %), suggests that this fraction contams the 
malor proportion of the phosphorus. This apparent high phosphorus content m the hordein 
fraction does not rule out the proposal that phytate 1s stored m the fine structure, but it 
opens the possibility that phytate in barley protem bodies is also distrrbuted with the 
hordein and does not exist in specific areas as globolds, the concentrated forms of phytate m 
peanut* and cottonseed protem bodies Q Saio et al’* have shown protein-phytic acid 
bmdmg m soybean, and Tombs1 has demonstrated that the phytic acid m soybean is 
presumably bound to glycimn. It is also possible that sonmatron splits parts of the fine 
structure releasing some phytate into solution in 75% ethanol, and the in vitro evidence 
obtained here on the very small quantities of material available may not describe the in viva 
conditions exactly Therefore, a specific ate of phytate storage in barley protein bodies can- 
not be conclusively stated from these data. 

EXPERIMENTAL 

Matenais and Met& 

Seedsource. Barley seeds, two row, Hordeurn v&are, var. Kema, were a gift from the Carl&erg Brewery 
Research Laboratory, Copenhagen, Denmark 

Isobzon of protein bodies. Protem bodres were Isolated by a combmatron of buffer-extra&on and 
centnfugatron over sucrose gradtents as prevrously descnbedP For phosphate analy818 the protem bodres 
were rinsed m isotomc sodmm chloride, and the precrpitate of centnfuged protem bodrea drred for three days 
over PaOs m a dessicator. 

Sotdcution procedure 0 01 g of uolated protem bodies were somcated for 408ec mtervals at 20 Kc/set 
in 2 0 ml 75 % ethanol in a MSB dismtegrator at 6”. The samples were sonlcated three times. After the first 
4O-set treatment a preclprtate of assocrated partrcles was formed immeduUely after somcatron was stopped 
The supematant fled was decanted from thrs precrprtate (precrp~tate I) and the unclear supematant solution 
centnfuged for 15 mm at 2600 g to yield a second precrpuate (pmciprtate II) and a clear alcoholic supernatant 
solutron. The two pmcrprtates were saved and the 8omcatron procedure was repeated on preciprtate I twice 
more. After the thud somcation nearly all of the protein bodes were drsmtegrated; the three alcohohc 

I7 R. 0. P~UDHOMM~, Acta Chrm. Hung 23,469 (1960). 
I8 K Sluo, E KOYAMA and T. WATANABE, Agrz. BIOI Chem 32,448 (1968). 
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supematant soluuons and the three prectpnates (precrpnate II) were combmed separately, and the super- 
natants were freeze drred. For phosphate analysts, precrpnate II was drred for 3 days over PzOs 111 a desstca- 
tor Before selectmg 75 % ethanol as the medmm for somcation, 0.2 M NaCl was used. Prehmmary tests 
by immunoelectrophomtrc analysts of the precrpttate and the supematant solution rdentd%d hordein m 
both; a small part of the hordem bemg soluble m salt solutrons r9 Smce sonicauon in aqueous or dtlute salt 
solutrons was reported to destroy certam enxymes and protems, r7 alcohol was subsequently used excluswely 
for the somcation eets. 

preparation of samples for electron mrcroscopy. The tsolated protem bo&es and the protein body fractrons 
were fixed m glutaraldehyde and stamed wtth osnuc acrd as described earlier 6 For potassmm me 
stainmg, 1 mm piece of aleurone layer from dormant barley seeds were ftxed m glutaraldehyde, rmsed m 
but&, and then stamed in 2% aq. RMnOd for 30 mm. The preces were then washed well m water, de- 
hydrated, and embedded for electron nucroscoptc analysrs.‘j 

LocaZzzutwn of phytuse uctwrty Dormant barley seeds were soaked m tee water for 1 hr to soften the 
ttssue. l-mm pieces were dissected from the aleurone layer under a bmocular nncroscope, mcubated in 
0 5 % soduun phytate m pH 50 acetate butfer 20 mm, transferred to 0 5 % lead acetate at pH 5 0 for 20 mm, 
washed well m water to remove soluble lead tons, then &ted m 4 2 % glutaraldehyde m pH 7.2 veronal buffer 
for 2 hr at 4”. The pieces of ttssue were then rmsed free of glutaraldehyde wrth the same buffer but wrth no 
further metal staming other than the uranyl acetate-lead c&ate poststszmng of the thm sections for electron 
microscopic analysisP 

Preparatron of mmmeru Serum agamst total barley proteins was prepared by subcutaneous m,~ectrons 
of the protems into rabbits seven times at weekly mtervals 2o Two weeks after the last lqlectron the ammals were 
bled The anugens for lqlection consisted of a crude freexedrred albumm-globulm preparation m Freund’s 
complete adJuvant 

The spectftc antrhordem serum was a grft from the Carl&erg Brewery Research Laboratory, Copen- 
hagen. The hordem used for these ~ecuons was extracted from barley wtth 75 % ethanol. Posstble albumms 
and globuhns were removed by extractmg thrs rsolated crude hordem pmparatton by salt solution The 
serum was prepared m the same way as for antitotal barley, usmg acettc acrd to drssolve the hordem. The 
antthordem serum showed no precrpttm lines when tested agamst the albummglobuhn fractton from barley. 
Antisera were stored at -20” unttl used 

Zmmunochemxal unulyses. Immunoelectrophoretrc analysis of the fracttons was camed out accordmg to 
Grabar and Wdhamsr4 as mod&d by Scheidegge? usmg the LRB-apparatus. The protems were first 
separated by electrophomsts m a 125 % agarose gel buffered wrth 0 05 M veronal, pH 8.2, and electrophore 
srs was camed out for 3 hr at 4” m a gradient of about 6 Vcm-r. For the analyses by double dnfusron the 
same gels and but&s were used. The unmunoditfustons were complete after 3 days at 4”. For the muno- 
assays, 5 mg of mtact protem bodres were ground m a mortar and m the cold with 0 250 ml buffer (0 1 M 
phosphate, 0 4 M NaCl, pH 6 6) for 5 mm. The somcated fracttons were suspended m 100 pl of the same 
butfer. 

Phosphorus determrnatwn Total phosphorus contents of the samples were determined by Bartlett’s 
procedure 22 
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