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Summary 

Zeins, the seed storage proteins of maize (Zea mays L.), are syn- 
thesized by membrane-bound polyribosomes and transported into 
the lumen of the endoplasmic reticulum in developing endosperm, 
where they assemble into protein bodies. To better understand the 
organization of protein bodies and the mechanism by which zeins 
are assembled, we have used immunolocalization to study their dis- 
tribution within isolated protein bodies. In sections stained with 
uranyl acetate and lead citrate, the protein body matrix consists of 
light- and dark-staining regions with the darker stain predominating 
at the periphery and the lighter stain in the central region. Immu- 
nogold staining of the storage proteins in isolated protein bodies 
reveals a distinct segregation with ct-zein localized in the light-staining 
region and [3- and 7-zein localized in the dark-staining regions. How- 
ever, the relative amounts and distribution of these proteins varies 
substantially among different protein bodies. These results indicate 
a more complex internal organization than has been previously ob- 
served, and suggest that spatial and/or temporal differences in zein 
synthesis account for this complexity. 
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Abbreviations." BSA = bovine serum albumin; IgG = immunoglobulin 
G; PB=phosphate buffer; SDS=sodium dodecyl sulfate; SDS- 
PAGE = sodium dodecyl sulfate-polyacrytamide gel electrophoresis; 
TTBS = Tween-20/tris-buffered saline; TBS-T = Tris-buffered saline/ 
Tween-20; TBS-T-B= Tris-buffered saline/Tween-20/bovine serum 
albumin. 

1. Introduction 

The storage proteins in maize seeds comprise a group 
of alcohol-soluble proteins called zeins. These proteins 
are synthesized in the developing endosperm between 
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10 and 40 days after pollination and constitute ap- 
proximately 50% of the total protein in the seed (LEE 
et al. 1976). Previous studies have shown that zeins are 
synthesized by membrane-bound polyribosomes and 
transported into the lumen of  the endoplasmic retic- 
ulum where they assemble into protein bodies (KI4oo 
and WOLF 1970, LARKINS and HURKMAN 1978). Al- 
though the mechanism of this assembly is unclear, it 
appears to be directed by interactions between zein 
proteins, since structures with physical characteristics 
similar to protein bodies form in Xenopus  laevis oocytes 
injected with zein mRNAs  (HURKMAN et al. 1981). 
When separated by SDS-PAGE, maize storage proteins 
are resolved into polypeptides of  Mr 27, 22, 19, 16, 14, 
and 10 kD (LARKINS et al. 1984). These proteins are 
traditionally fractionated according to their solubility 
in alcoholic solutions in the presence or absence of 
reducing agents such as [3-mercaptoethanol (LANDRY 
and MOUREAUX 1970). Because of variation in extrac- 
tion procedures, the nomenclature of  these proteins is 
somewhat complex (WALL and PAULIS 1975, WILSON 
1985). ESEN (1986) divided the proteins into groups 

designated a-, 13-, and y-zeins, that correspond to the 
Mr 22,000 and 19,000, the Mr 16,000 and 14,000, and 
the Mr 27,000 components,  respectively. In general, 
these three groups of proteins differ in the primary 
amino acid sequences, as deduced from cDNA clones 
(ARGOS et al. 1982, PEDERSEN et al. 1986, PRAT et al. 

1987). The Mr 10,000 protein is structurally different 
from the others and may constitute a distinct fourth 
group (J. MESSING, personal communication). 

Although each of the zein types has been isolated from 
protein bodies (HURKMAN et al. 1981, TORRENT et al. 

1986), little attention has been given to their organi- 
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zation within protein bodies. It is possible that once 
inside the lumen of the rough endoplasmic reticulum 
these proteins are distributed uniformly in the protein 
body. Alternatively, structural differences among the 
zeins may cause them to segregate into discrete regions 
within the protein body. 7-Zein was shown to be lo- 
calized at the periphery of isolated protein bodies, al- 
though no ultrastructural differences were observed 
(LuDzwD et al. 1984). The quantitative variation of the 
three zein types within the population of protein bodies 
has not been examined, nor has the effect of location 
within the endosperm on protein body composition. 
To better understand the organization and distribution 
of the zeins within protein bodies, we have used im- 
munogold staining with antibodies directed against the 
a-, [3-, and 7-zeins. This has enabled us to determine 
the location and distribution of these proteins within 
protein bodies isolated from developed maize endo- 
sperm. In general, the a-zeins occur in the central region 
of the protein body with the [3- and ?-zeins located 
primarily at the periphery. This staining pattern cor- 
relates with the light- and dark-staining regions ob- 
served in material post-stained with uranyl acetate and 
lead citrate. However, the amount and distribution of 
these proteins varied substantially among different pro- 
tein bodies. 

2. Materials and Methods 

2.1. Sources 

Bovine serum albumin (BSA), Tris (Trizma base), Tween-20, and 
chloroauric acid were from Sigma Chemical Co., St. Louis, MO. 
Goat antirabbit IgG was from Miles Scientific, Naperville, IL. LR 
White resin was from Structure Probe, Inc., West Chester, PA. All 
other chemicals were reagent grade. 

2.2. Purification of  Zein Proteins 

Embryos were removed from mature kernels of the maize inbred 
line W64A and the endosperms were pulverized to a fine meal in a 
ball mill. The meal was stirred in cold acetone (40 ml/g) for 2 hours 
to remove lipids, and dried by washing with anhydrous ether. The 
a-, 13-, and "~-zein fractions were isolated from the meal according 
to ESEN (1986). Residual ct-zein was removed from the [3-zein fraction 
by gel filtration through a column of Sephadex G-75 as described 
by PmLLIeS and McCLuRE (1985). 

2.3. Preparation of  Antisera and IgG Purification 

Individual zein fractions were dissolved at a concentration of 500 lag/ 
gl in 6 M urea containing 2% (v/v) ~-mercaptoethanol, emulsified 
with an equal volume of Freund's complete adjuvant, and injected 
subcutaneously into multiple sites of individual New Zealand White 
rabbits. Each rabbit received a second series of injections with 
Freund's incomplete adjuvant as emulsifying agent two to three 
weeks after the primary inoculation. In each instance, 500 gg of 
protein was used for the primary inoculation and 200 lag for the 

secondary inoculation. The rabbits were bled from the marginal ear 
vein two to three weeks after the secondary inoculation, and serum 
was prepared from the blood by standard methods (CooPER 1977). 
IgG was purified from serum essentially as described by PALMITER 
et al. (1971) except that chromatography through a Sephadex G-25 
column was substituted for the final dialysis step. 

2.4. Gel Electrophoresis and Western Blot Analysis 

SDS-PAGE was performed according to LAEM~aL1 (1970) in sepa- 
rating gels which contained 13.5 % (w/v) polyacrylamide. For western 
blot analysis, proteins were transferred from SDS gels to nitrocel- 
lulose (Schleicher and Schuei1, Keene, NH) with the glycine electrode 
buffer of TowBI• et al. (1979) in a BioRad TransBlot apparatus 
(BioRad, Richmond, CA). Electroblotting was performed at 250 mA 
for 2 hours at 4 ~ After transfer to nitrocellulose, the filters were 
agitated for 30 minutes in TTBS (10 mM Tris, pH 7.4, 140 mM 
NaC1, 0.15% (v/v) Tween 20) that contained 3% (w/v) nonfat dry 
milk, transferred to a solution of zein-specific antiserum that had 
been diluted 1 : 1000 in TTBS/3% milk, and incubated overnight 
with agitation. After the filters were washed in three changes of 
TTBS over a period of 45 minutes, protein bands reacting with zein- 
specific rabbit antibodies were identified by reaction with a goat 
anti-rabbit IgG horseradish peroxidase conjugate (BioRad) accord- 
ing to the manufacturer's specifications. 

2.5. Isolation and Fixation of  Protein Bodies 

Protein bodies were isolated from 18-day post-pollination kernels of 
W 64 A by sucrose density gradient centrifugation as previously de- 
scribed (LARKINS and HURKMAN 1978). After the upper portion of 
the gradient was removed with a Pasteur pipet, the region containing 
protein bodies was removed, and approximately 500 lal were added 
to an ultracentrifuge tube containing ice-cold fixative. All steps prior 
to infiltration with plastic were performed on ice or at 4 ~ The 
primary fixative consisted of 1% (v/v) glutaraldehyde and 4% (w/ 
v) freshly prepared formaldehyde in PB (50 mM KHzPO4/Na2HPO4, 
pH 7.0). Samples were gently mixed and pelleted by centrifugation 
at 20,000 rpm for 30 minutes in a SW 41 rotor (Beckman Instruments 
Inc., Palo Alto, CA). After centrifugation, the fixative was decanted, 
and the pellet was washed for five minutes with PB. The pellets were 
then washed three times with distilled water and post-fixed for two 
hours in 2% (w/v) osmium tetroxide in PB. Samples were dehydrated 
in a graded ethanol series, 20 minutes each, in 10, 30, 50, 70, 90, 
and then 100%. After an additional 20 minutes in fresh 100% 
ethanol, samples were progressively infiltrated with LR White resin 
in ethanol, with 20 minutes steps in 25, 50, 75, and then 100% LR 
White resin. Fresh resin was added two additional times, and samples 
were polymerized in open molds at 60 ~ in a sealed oven purged 
with nitrogen. After 18 hours, samples were removed from the molds 
and thin sections were cut on a Reichert ultramicrotome. Sections 
were collected on copper grids coated with formvar and carbon for 
immunocytochemical staining. 

2.6. Preparation of  Colloidal Gold Conjugates 

Goat anti-rabbit immunoglobulin (IgG) was compIexed to colloidal 
gold as described by RoTr~ (1982). Briefly, chloroauric acid was 
reduced with a saturated solution of white phosphorus in diethyl 
ether. Goat anti-rabbit IgG was dialyzed against 2 mM sodium bo- 
rate, pH 9.0, as described by DE MAY (1984). The amount of antibody 
required to stabilize the colloidal gold was determined by titration, 
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Fig. 1. Immunospecificity of ct-, 13-, and 7-zein antisera. (A) Five gg of zeins extracted with 70% ethanol plus I% 13-mercaptoethanol fiom 
mature endosperm of W64A (lane 1), or 10 gg of endosperm protein extracted with 1% SDS containing 1% ~3-mercaptoethanol were separated 
by SDS-PAGE and stained with Coomassie blue (B). Two gg each of purified c~-, [3-, and 7-zein were separated by SDS-PAGE and stained 
with Coomassie blue. C-E Twenty ng of purified c~-zein (lane 1), ]3-zein (lane 2), ~/-zein (lane 3), or 40 ng of total endosperm protein were 
separated by SDS-PAGE and transferred to nitrocellulose for immunodetection as described in Materials and Methods. The western blots 
were reacted with antisera specific for the ct-zein (C), 13-zein (D), and 7-zein (E) 

Fig. 2. Electron micrograph showing a low magnification field of protein bodies isolated from developing maize endosperm. Section stained 
with uranyl acetate and lead citrate. Membrane fragments, a few organelles, and other cell debris are found among the protein bodies. 
x 13,000. Bar= 1 gm 
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and a 20% excess was added. After stabilization, the colloidal gold 
was incubated with 10% (w/v) bovine serum albumin (BSA) and 
pelleted, The pelleted conjugates were separated by centrifugation 
in a 10-30% linear glycerol gradient containing 20 mM Tris-HCl, 
150 mM NaC1, 1% (w/v) BSA, and 20 mM sodium azide (SLOT and 
GEUZE 1981). After centrifugation for 45 minutes at 41,000 rpm in 
a SW-41 rotor, one-ml fractions were collected. The gold conjugates 
were stored at 4~ and remained stable for several months. Gold 
conjugates were diluted to a pale pink color immediately before use. 

2.7. Quantitation and Sizing of Colloidal Gold Conjugates 

The diameter of the various fractions of colloidal gold conjugates 
was determined with a LeMont OASYS image analysis system 
(LeMont Scientific, State College, PA). Micrographs of protein bod- 
ies immunostained with a-zein antibody followed by goat anti-rabbit/ 
colloidal gold were enlarged 215,000 times, and the mean diameter 
of the gold conjugates was determined. Additionally, the number of 
gold particles bound per square micron was determined for several 
fractions. 
Most sections were immunostained with colloidal gold with a mean 
diameter of 5 nm, since the labelling density was higher than with 
larger diameter gold particles. 

2.8. Immunocytochemical Staining 

Thin sections were stained by a technique modified from TITUS and 
BECKER (1985). Grids were floated section-side down, on 30 gl drops 
of reagents on a sheet of dental wax. All incubations were done at 
room temperature. Incubations and washes were done in 20 mM 
Tris-HC1, pH 8.2, containing 500 mM NaCI and 0.3% (v/v) Tween- 
20 (TBS-T). Grids were incubated for 10 minutes in TBS-T con- 
taining 1% (w/v) BSA (TBS-T-B). Grids were blotted and incubated 
for 2 hours in primary antibody (typically diluted 1 : 500) in TBS- 
T-B. The grids were blotted and incubated for 10 minutes in TBS- 
T-B, and washed by immersion for 1 minute in 60 ml of stirred TBS- 
T. After washing, grids were blotted and incubated for 1.5 hours in 
the colloidal gold/goat anti-rabbit solution diluted in TBS-T-B. After 
incubation in the colloidal gold conjugate, grids were blotted and 
incubated in two successive drops of TBS-T for 10 minutes each. 
Grids were rinsed in distilled water adjusted to pH 8.2 with NaOH 
and blotted dry. Sections were post-stained for 5 minutes in 2.5% 
(w/v) aqueous uranyl acetate, rinsed three times with distilled water, 
blotted dry, and examined with a Philips EM-400. 

3. Results 

3.1. Preparation and Characterization of Antibodies 

Using the procedure of ESEN (1986), we have prepared 
protein fractions corresponding to the Mr 22,000 and 

19,000 a-zeins, the Mr 16,000 and 14,000 13-zeins, and 
the Mr 27,000 7-zeins. These fractions are essentially 
free of cross-contaminating proteins. When injected 
into rabbits, these preparations elicit antibodies that 
react specifically with each of the three protein fractions 
(Fig. 1). Antibodies directed against the a-zeins react 
specifically with the Mr 22,000 and Mr 19,000 proteins 
with essentially no cross-reactivity with the other stor- 
age protein components (Fig. 1 C, lanes 1-4). Anti- 
bodies against the 13-zein fraction are specific for the 
Mr 16,000 and Mr 14,000 proteins (Fig. 1 D, lanes I -  
4), although in gels that contained high concentrations 
of total zein protein, some cross-reactivity with the 7- 
zein is detected (data not shown). Similarly, antibodies 
directed against the 7-zein react specifically with this 
protein (Fig. 1 E, lanes 1-4), but low levels of cross- 
reactivity are observed with the Mr 16,000 13-zein in 
gels containing large amounts of total zein. 

3.2 Structure and Internal Organization of Protein Bod- 
ies 

The majority of the protein bodies isolated from the 
inbred line W64A are nearly spherical structures rang- 
ing from 0.3 to 1.3 gm in diameter, with most falling 
between 0.8 and 1.2 gm (Fig. 2). Some protein bodies 
have irregular or more complex profiles (Figs. 8, 16, 
17, 27, and 33), but these are distinctly in the minority. 
These organelles, which are formed within cisternae of 
rough-surfaced endoplasmic reticulum (RER), retain 
a coating of ribosomes on their surface (all figures). 
The distribution of ribosomes is irregular, but typical 
polysome configurations are observed on most protein 
bodies (e.g., Figs. 5-7) and are especially clear in tan- 
gential sections (Figs. 7 and 9). 
When the protein bodies are embedded in LR White 
resin and stained with uranyl acetate and lead citrate, 
as they are in this study, they reveal a more distinctive 
internal organization than those previously observed 
following embedment in epoxy resins (K~oo and WOLV 
1970, LARKINS and HURKMAN 1978). The most obvious 
difference is the appearance of light- and dark-staining 

Figs. 3-12. Diverse staining patterns observed in isolated protein bodies post-stained with uranyl acetate and lead citrate. All x 42,000. Figs. 3 
and 4. Protein bodies consisting of dark-staining matrix with lighter-staining locules. Ribosomes (arrows). Bar = 0.5 gm. Fig. 5. Peripheral 
layer of dark-staining material with embedded iocules of lighter material. Fig. 6. Discontinuous pattern of dark material. Polyribosomes 
(arrow). Fig. 7. Concentric pattern of dark material (left). Tangential view (right) showing pattern of peripheral dark material and polysomes 
on surface of the protein body. Fig. 8. Irregular lobed profile of protein body with large central segment and smaller satellite globules at 
edge. Fig. 9. Near tangential section of protein body showing polyribosome pattern. Fig. 10. Large protein body with thin peripheral layer 
of dark-staining material containing lighter-staining locules. Note dark-staining islands near center of the protein body. Fig. 11. Protein body 
with discontinuous peripheral layer of dark-staining material. Note preferential association of polyribosomes with the peripheral dark material. 
Fig. 12. Common form of protein body from maize endosperm, consisting mostly of light-staining matrix. Only sparse amounts of the dark- 
staining material are evident 
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Figs, 3-12 



Figs. 13-18. Protein bodies stained with anti-a-zein followed by goat anti-rabbit colloidal gold, demonstrating localization of a-zein. Fig. 13. 
Several protein bodies in a pellet, demonstrating the specific labelling pattern for a-zein and the low background labelling that was characteristic 
of these specimens, x40,000. Bar=0.5 gm. Fig. 14. Labelling pattern in which the gold marker is distributed uniformly throughout the 
protein bodies, x 55,000. Bar = 0.5 ~m. Fig. 15. Gold marker distributed through the light-staining matrix but nearly absent from the peripheral 
darker-staining portion of the protein body. x 55,000. Figs. 16 and 17. Colloidal gold is clustered over the light-staining locules in the protein 
bodies but not the darker-staining matrix, x 55,000. Fig. 18. Distribution of  colloidal gold over the light staining matrix but not over the 
peripheral dark portion or the darker inclusions near the center of the organelle, x 55,000 



Figs. 19-27. Protein bodies stained with anti-[3-zein followed by goat anti-rabbit colloidal gold, demonstrating localization of ~-zein. Fig. 19. 
Gold localization over the dark-staining peripheral band and some of the central dark inclusions, x 55,000. Bar=0.5 gm. Fig. 20. Tangential 
section intercepting periphery of protein body. Figs. 21 and 22. Small protein bodies with peripheral dark-staining material. Note central 
inclusion labelled by colloidal gold in Fig. 22. x 55,000. Fig. 23. Small protein body with concentric pattern of dark material and gold label. 
x ~5,000. Fig. 24. Neighboring protein bodies with differing amounts of [3-zein. The gold label lies mostly over the dark-staining material. 
x 55,000. Fig. 25. Protein bodies containing light-staining locules embedded in dark-staining matrix that bears the gold label, x 64,000. 

Bar= 0.5 pro. Fig. 26. Tangential section of protein body (top). Distribution of gold label over dark-staining peripheral material (bottom) 
and sparingly over light-staining inclusions in central portion. • 64,000. Fig. 27. Concentric pattern of staining and gold labelling (top). 
Peripheral localization of gold label over dark-staining material (bottom). Also note virtual absence of gold label in the protein bodies at 
left and right, x 55,000 
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regions within the protein bodies. The matrix appears 
granular and amorphous throughout but is distinctly 
organized into the two differently staining phases. 
Often, but not always, the polyribosomes appear to be 
preferentially associated with the darker-staining pe- 
ripheral regions of a protein body (Fig. 11). 
A wide range of staining patterns is observed within 
the protein body matrix. The smaller protein bodies 
consist largely of the darker-staining material and con- 
tain discrete pockets of light-staining matrix (Figs. 3 
and 4). Among the larger protein bodies, the dark- 
staining material is usually observed along the periph- 
ery. Sometimes the dark material forms a substantial 
continuous peripheral layer with pockets of light-stain- 
ing matrix embedded in it (Fig. 5). More commonly, 
the dark matrix occupies a thin layer at the periphery 
(Figs. 10 and 11). Discontinuous patterns of dark ma- 
terial range from the fragmented form in Fig. 6 to the 
concentric pattern in Figs. 2 and 7. We often see evi- 
dence of one or more nodules of dark-staining material 
near the center of the protein bodies (Figs. 2, 6, 7, 10, 
12, 18, 22, 24, 29, and 31). Some protein bodies do not 
show any evidence of dark-staining matrix (Fig. 12). 
Because all these patterns, and others, are observed, it 
is apparent that no single form represents the typical 
protein body. However, the most common morphology 
within a population is one which has only a thin, pe- 
ripheral region of dark-staining matrix material, as 
shown in Figs. 2, 11, and 12. 

3.3. Localization of a-Zein 

Localization of c~-zein is generally limited to the light- 
staining areas of the protein bodies. Because the sec- 
tions treated with antibodies and colloidal gold are 
post-stained only with uranyl acetate and not lead ci- 
trate, the differentiation of light and dark areas in these 
micrographs is not as pronounced as in Figs. 2-12 
where both stains are used. Many protein bodies are 
uniformly labelled (Fig. 14), exhibiting morphology 
similar to those in Fig. 12. In others, a peripheral, dark- 

staining ring does not bind colloidal gold (Figs. 15 and 
18), nor do the majority of dark, internal inclusions 
(Fig. 18), representing forms similar to those in Figs. 5 
and 10. Still others contain light-staining pockets which 
bind colloidal gold amid a dark-stanining matrix which 
has little or no gold label (Figs. 16 and 17), representing 
the staining pattern seen in Figs. 2 and 3. 

3.4. Localization of ~-Zein 

The localization of 13-zein is complementary to a-zein. 
The dark-staining areas of the protein bodies are la- 
belled, while the light regions contain little or no col- 
loidal gold. 13-Zein is commonly found in a peripheral 
band (Figs. 19, 21, 22, 26, and 27) and in the central 
inclusions (Figs. 19, 22, and 24). Oblique sections 
through the peripheral ring show the distribution of f3- 
zein in tangential view (Figs. 20 and 26). In protein 
bodies with more complicated arrangements of dark- 
and light-staining regions, the dark areas are predom- 
inantly stained (Figs. 23-25 and 27). Some protein bod- 
ies show essentially no label (Fig. 27, left and right). 
The variety of antibody staining patterns is greatest for 
~3-zein, and adjacent protein bodies sometimes contain 
strikingly different amounts of this protein (Fig. 24). 

3.5. Localization of 7-Zein 

7-Zein shows a localization pattern similar to [3-zein 
(Figs. 28-32), with nearly all the label located within 
the dark-staining areas. The labelling density within 
dark-staining regions is generally lower for ~, than for 
J3-zein, although it may not be evident from the par- 
ticular selection of micrographs used in this article. 
Also, a larger proportion of the population shows little 
or no labelling for 7-zein (as in Fig. 28, right). 

3.6. Controls 

In all the preparations prepared by immunocytochem- 
ical staining, colloidal gold markes are limited almost 
exclusively to the protein bodies (Fig. 13). Where mem- 
branes, organelles, or other cellular materials are pres- 

Figs. 28-32. Protein bodies stained with anti-7-zein followed by goat anti-rabbit colloidal gold, demonstrating localization of 7-zein. All 
x 55,000. Fig. 28. Two protein bodies, showing extremes in labelling density for 7-zein. The label on the protein body at left is mostly over 
subtly dark-staining material. Bar = 0.5 gm. Fig. 29. Gold label over peripheral dark-staining material and few of the dark inclusions in the 
central region. Fig. 30. Distribution of gold label over the dark-staining matrix but not the lighter-staining locules. Fig. 31. Concentric pattern 
of staining and gold labelling pattern coinciding with pattern of dark-staining material 

Fig. 33. Control treatment in which the section was treated with preimmune serum instead of anti-zein antibody before goat anti-rabbit 
colloidal gold. x 55,000 

Fig. 34. Illustration of the level of background labelling over non-protein body organelles in a protein body fraction. The unlabelled organelles 
are endoplasmic reticulum (ER) and mitochondrion (M) among protein bodies (P). The section was stained with anti-c~-zein followed by 
goat anti-rabbit colloidal gold. x 55,000. Bar= 0.5 ~tm 
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Figs. 28-34 
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ent among the protein bodies, background labelling is 
extremely low (Fig. 34). When nonimmune or preim- 
mune serum is used instead of the primary antibody, 
the background or nonspecific labelling is very low, 
even over the protein bodies (Fig. 33). 

4. Discussion 

The ultrastructural examination of isolated protein 
bodies described here reveals a population of diverse 
sizes with variable internal organization. The majority 
of protein bodies consist of two distinct staining re- 
gions. The variations in staining patterns and the di- 
versity of sizes are representative of protein bodies in 

situ, since we observe similar protein bodies and stain- 
ing patterns in intact tissue prepared for electron mi- 
croscopy by similar methods (unpublished data). It is 
likely that the differentiation of the light and dark areas 
is enhanced by embedment in LR White instead of 
epoxy resin. However, our main consideration for using 
LR white resin is the level of specific labelling with 
antibodies, which is several times greater than that 
observed with epoxy resin (unpublished data). 
Polysomes appear to be pref?rentiaily associated with 
the darker-staining areas of protein bodies, although 
we can only speculate about why this occurs. Possibly, 
the [3- and ~/-zeins accumulate in the protein body after 
the a-zein. Therefore, most of the ribosomes are lo- 
calized next to regions where high levels of [3- and 7- 
zein are being synthesized in the 18-day post-pollina- 
tion samples we studied. This correlates with the ob- 
servation that a-zein mRNAs can be detected much 
earlier (12 days after pollination) than ~- and 7-zeins 
(MARKS et al. 1985). However, the significance of the 
increase in polysomes associated with the dark-staining 
regions can be confirmed only by analysis of protein 
bodies and the associated polysomes a~ various stages 
of development. 
In previous studies, maize endosperm protein bodies 
were generally observed to have a finely granular, uni- 
formly stained matrix (KHoo and WOLF 1971, BURR 
and BURR 1976, LARKINS and HURKMA~ 1978). How- 
ever, at later stages of development (50-day post-pol- 
lination), KHOO and WOLF (1971) noted many protein 
bodies with dark-staining projections extending into 
the interior. The nature of this dark-staining material 
was not examined further. 
Dark-staining inclusions similar to those described here 
have been reported by ADAMS and NOVELL~E (19751 in 
protein bodies from sorghum endosperm. TAYLOR 
et al. (1984) found that extraction of sorghum protein 

bodies, as well as maize protein bodies, with alcoholic 
solutions removed most of the contents, leaving behind 
a proteinaceous network that could be extracted when 
reducing agents were added to the solvent. From these 
experiments they concluded that the proteinaceous net- 
work corresponded to cross-linked kafirin in sorghum 
protein bodies and zein II (typically a mixture of a- 
and [3-zein) in maize protein bodies. Our results suggest 
that the proteinaceous network observed by TAYLOR 
et al. (1984) corresponds to aggregates of the [3- and 
3,-zeins. Furthermore, it seems likely that the network 
of proteins found in sorghum protein bodies are also 
cystine-rich, cross-linked proteins. 
LEUDEV~D et al. (1984) used immunogold affinity la- 
belling to determine the location of the Mr 27,000 zein 
protein (glutelin II, 7-zein) in protein bodies. Their 
results were similar to those presented here, as u 
was localized primarily in the peripheral areas of iso- 
lated protein bodies embedded in Lowicryl. However, 
they did not observe the heterogeneity reported here 
in the distribution of this protein among the protein 
body population. 
The specificities observed for antibodies directed 
against the a-, [3-, and 7-zeins are consistent with what 
is known about the structures of these proteins. Based 
on primary sequences deduced from cDNA and geno- 
mic clones, the ~- and 7-zeins constitute two structur- 
ally distinct groups of proteins (AROOS et aL 1982, 
PRATet al. 1987), and antibodies directed against them 
would not be expected to cross-react. However, [3- and 
~{~zeins share structural similarities. There are matches 
of 10 residues each between amino acids 34 to 49 of 
the Mr 14,000 [3-zein and amino acids 112 to 125 of 
the ~,-zein: amino acids 61 to 73 of the Mr 14,000 [3- 
zein and 130 to 141 of the 7-zein also have 10 matching 
residues (PEDERSE~,T e~ aL 1986). Even greater homol- 
ogy exists between the amino acid sequence of the Mr 
16,000 [3-zein and the 7-zein (PRAT et aL 1987). There- 
fore, a degree of cross-reactivity might be expected with 
the [3- and 7-zeins and polyclonal antisera directed 
against them. But in spite of the similarities in primary 
amino acid sequences of these proteins, we observed a 
significant degree of specificity with antisera directed 
against each of these protein fractions (Fig. l). 
Because the protein bodies are isolated from a ho- 
mogenate of total maize endosperm, we do not know 
the extent to which the variation in their protein com- 
position reflects differences in proteins synthesized in 
different regions of the endosperm. Certain regions of 
maize endosperm contain more protein than others, 
and differences in cellular structure of normal and mu- 
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tant maize genotypes have been reported (WOLF et aL 

1969). It is possible that the synthesis of certain types 
of zeins is more prevalent in some regions of the en- 
dosperm than others. Experiments using procedures 
similar to those described here are in progress to resolve 
this question. 
Protein bodies in the endosperm of maize and sorghum 
differ from those in other cereals, such as wheat (PAR- 
KER and HAWES 1982), barley (CAMERON-MILLS and 
YON WEa'TSTEIN 1980), and oats (SAT~O et al. 1983), as 
they occur within the lumen of the rough endoplasmic 
reticulum (LARKINS and HURKMAN 1978, TAYLOR 
et al. 1985) rather than in the vacuole. In rice, protein 
bodies which contain prolamines are found in the lu- 
men of the rough endoplasmic reticulum, while the 
globulin (glutelin) forms protein bodies within the vac- 
uole (KRISHNAN et aL 1986). The mechanisms respon- 
sible for the transport and assembly of cereal prolamine 
proteins into protein bodies in different parts of the 
cell are unknown, but they presumably relate to transit 
sequences within the proteins themselves (KELLY 1985). 
Interactions between the a-, J3-, and 3~-zeins may be 
responsible for their assembly into protein bodies and 
retention within the rough endoplasmic reticulum 
rather than transport to other subcellular structures. 
When only the smaller molecular weight 13-zein was 
synthesized in transgenic tobacco plants, the protein 
was transported into the vacuolar protein bodies rather 
than being retained in the rough endoplasmic reticulum 
(HOFFMAN et  aL 1987). 
This study reveals substantial variation in the orga- 
nization of protein bodies in developing endosperm of 
maize. An understanding of the basis of this variation 
should provide valuable information regarding the 
process by which protein bodies are assembled during 
seed development. 13- and 3,-zein may play a regulatory 
role in determining the size of a protein body. Exper- 
iments in which different combinations of zein mRNAs 
are translated in Xenopus laevis oocytes indicate that 
]3- and ,/-zeins, in addition to a-zein, are required to 
produce protein bodies with a density similar to those 
isolated from endosperm (unpublished observations). 
We are now using immunocytochemical techniques to 
investigate both the spatial and temporal events leading 
to the formation of protein bodies in vivo. 
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