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Starch granules from maize (Zea mays) contain a characteristic
group of polypeptides that are tightly associated with the starch
matrix (C. Mu-Forster, R. Huang, J.R. Powers, R.W. Harriman, M.
Knight, G.W. Singletary, P.L. Keeling, B.P. Wasserman [1996] Plant
Physiol 111: 821–829). Zeins comprise about 50% of the granule-
associated proteins, and in this study their spatial distribution
within the starch granule was determined. Proteolysis of starch
granules at subgelatinization temperatures using the thermophilic
protease thermolysin led to selective removal of the zeins, whereas
granule-associated proteins of 32 kD or above, including the waxy
protein, starch synthase I, and starch-branching enzyme IIb, re-
mained refractory to proteolysis. Granule-associated proteins from
maize are therefore composed of two distinct classes, the surface-
localized zeins of 10 to 27 kD and the granule-intrinsic proteins of
32 kD or higher. The origin of surface-localized d-zein was probed
by comparing d-zein levels of starch granules obtained from ho-
mogenized whole endosperm with granules isolated from amylo-
plasts. Starch granules from amyloplasts contained markedly lower
levels of d-zein relative to granules prepared from whole en-
dosperm, thus indicating that d-zein adheres to granule surfaces
after disruption of the amyloplast envelope. Cross-linking experi-
ments show that the zeins are deposited on the granule surface as
aggregates. In contrast, the granule-intrinsic proteins are prone to
covalent modification, but do not form intermolecular cross-links.
We conclude that individual granule intrinsic proteins exist as
monomers and are not deposited in the form of multimeric clusters
within the starch matrix.

It has long been known that starch granules contain
bound polypeptides, with protein levels of isolated starch
granules from maize (Zea mays) ranging from 0.3 to 1.0%
based upon measurement of N2 (May, 1987). A recent
study by our laboratory demonstrates that isolated starch

granules from maize contain several dozen strongly bound
polypeptides (Mu-Forster et al., 1996). The granule-
associated proteins include starch-biosynthetic enzymes
such as the waxy protein, SSI, and SBEIIb. These polypep-
tides are not removed from intact starch granules by pro-
tease treatment or detergent washing; therefore, they are
believed to bind to the starch and to become irreversibly
entrapped within the starch matrix.

Based upon staining intensities of polypeptides extracted
from the starch granule (Mu-Forster et al., 1996), approxi-
mately one-half of the granule-associated proteins in maize
consist of low-molecular-mass polypeptides ranging be-
tween 10 and 27 kD. These bands fall within the size range
displayed by the zein storage proteins, however, the spatial
distribution of these polypeptides within the starch gran-
ule is unknown. Zeins have been defined as alcohol-soluble
proteins that occur principally in protein bodies of maize
endosperm and that may or may not require reduction
before extraction (Wilson, 1991). The association of zeins
with starch granules during endosperm development
would not be expected because zein genes do not contain
transit peptides that would target these proteins through
the amyloplast envelope into the amyloplast stroma.

The objective of this study was to establish the topology
of granule-associated zeins in starch granules from maize
endosperm. To accomplish this, it was necessary to distin-
guish between surface-localized and internalized polypep-
tides. Our working hypothesis defines polypeptides local-
ized at the starch granule surface as those that are
susceptible to hydrolysis upon treatment of intact granules
with exogenous proteases. Conversely, internal granule
proteins are defined as those that (a) become susceptible to
proteolysis only following thermal disruption of the starch
matrix, and (b) resist extraction by 2% SDS at room tem-
peratures (Denyer et al., 1993; Rahman et al., 1995; Mu-
Forster et al., 1996).

In this study we were able to distinguish between
surface-localized and internalized granule-associated poly-
peptides in starch granules from maize endosperm by use
of the thermophilic protease thermolysin. Thermolysin is

1 This research was supported in part by the U.S. Department of
Agriculture National Research Initiative (grant nos. 91-37304-6579
and 95-02531), ExSeed Genetics, the Center for Advanced Food
Technology, and the New Jersey Agricultural Experiment Station
with State and Hatch Act Funds.

2 Present address: Monsanto Co., 800 North Lindbergh Boule-
vard, St. Louis, MO 63167.

* Corresponding author; e-mail wasserman@aesop.rutgers.edu;
fax 1–732–932– 6776.

Abbreviations: DAP, days after pollination; SBEIIb, starch-
branching enzyme IIb; SSI, starch synthase I.

Plant Physiol. (1998) 116: 1563–1571

1563



well suited for this purpose because it is highly active at
starch-gelatinization temperatures, and has also been
shown to effectively hydrolyze hydrophobic proteins lo-
cated at the surfaces of chloroplasts and other subcellular
organelles (Cline et al., 1984; Xu and Chitnis, 1995). Upon
extended incubation of intact starch granules with thermo-
lysin at subgelatinization temperatures, we found that
zeins were selectively removed from the starch granule
surface. All other granule-associated polypeptides re-
mained inaccessible to proteolytic attack or to extraction by
2% SDS, unless the starch matrix was first disrupted by
gelatinization. Our results distinguish between the surface-
localized and granule-intrinsic proteins of maize en-
dosperm, and establish that zeins are localized at the
starch-granule surface. In addition, cross-linking experi-
ments were conducted to determine nearest-neighbor rela-
tionships among zein subunits localized at the granule
surface and granule intrinsic polypeptides localized within
the starch matrix.

MATERIALS AND METHODS

Kernels of maize (Zea mays, inbred line B73) were col-
lected from ears of greenhouse-grown plants at 18 to 21
DAP, frozen in liquid N2, and stored at 280°C. Industrial
wet-milled starch inbred line W64 suspended in steeping
solution was provided by Cerestar USA (Hammond, IN).
Unless otherwise indicated, the steeping solution was re-
moved by repeated aqueous washing, and washed gran-
ules were air dried. Where indicated, laboratory-isolated
granules prepared from cv B73 as described by Mu-Forster
et al. (1996) were utilized. Antibodies to SSI, SBEIIb, and
waxy protein were previously described (Mu et al., 1994;
Mu-Forster et al., 1996). A polyclonal antibody recognizing
maize d-zein (10 kD) was a generous gift from Dr. Joachim
Messing (Rutgers University, New Brunswick, NJ). Ther-
molysin (protease type X from Bacillus thermoproteolyticus;
EC 3.4.24.4) was obtained from Sigma.

Starch Granule and Amyloplast Isolation

Starch granules were isolated by low-speed centrifuga-
tion as described (Mu et al., 1994; Mu-Forster et al., 1996).
Amyloplasts were isolated from cv B73 endosperm har-
vested at 15 DAP as previously described (Denyer et al.,
1996), with BSA omitted from the amyloplast isolation
medium. Ten grams of endosperms was obtained by hand
dissection, placed in a tilted Petri dish containing an amy-
loplast isolation medium consisting of buffer A (0.8 m
sorbitol, 1 mm EDTA, 1 mm KCl, 2 mm MgCl2, 2 mm DTT,
and 50 mm Hepes, pH 7.5), and incubated on ice for 30 min.
A wide-bore pipette was used to slowly aspirate the cloudy
liquid to a round-bottom centrifuge tube. Endosperms
were re-immersed in buffer A and sliced in half with a
razor blade. The resultant extract was transferred to a
centrifuge tube using a pipette with its tip covered with a
piece of cheesecloth to filter out large particles. A yellow
amyloplast-enriched pellet was recovered by centrifuga-
tion at 36g for 10 min. The pellets were washed three times
with buffer A and lysed in buffer B (10% glycerol, 10 mm

EDTA, 1.25 mm DTT, and 50 mm Tris/HCl, pH 7.0) con-
taining 0.3% Triton X-100. The clear, soluble fraction recov-
ered by centrifugation (15,000g for 30 min) as amyloplast
lysate was not further used in this study. SDS-PAGE was
conducted, and no evidence was found to indicate that use
of 0.3% Triton X-100 caused the release of any of the zeins
into the lysis buffer. Amyloplast-derived granule-bound
proteins were then extracted by boiling the pellets for 15
min in 200 mL of SDS-PAGE sample buffer (3% SDS, 5%
b-mercaptoethanol, 10% glycerol, and 62.5 mm Tris/HCl,
pH 6.9).

Protease Digestion of Starch Granules

Unless otherwise indicated, proteolytic digestion mix-
tures contained 50 mg (dry weight) of isolated starch gran-
ules, 100 mg of thermolysin, and 5 mm CaCl2 in a volume of
1 mL. Hydrolysis was conducted at 64°C, or as indicated,
for defined intervals, and reactions were terminated by the
addition of EDTA to 20 mm (Cline et al., 1984; Xu and
Chitnis, 1995). Starch granules were recovered by centrif-
ugation at 13,000g for 5 min. Residual thermolysin was
removed by five successive washings with water. Proteins
were extracted as described below. Controls contained
buffer in place of thermolysin.

Protein Cross-Linking

Protein cross-linking was based upon a free radical cou-
pling reaction using caffeic acid and potassium peroxymo-
nosulfate (Oxone, Aldrich) (Gibson et al., 1994). Unless
otherwise indicated, reaction mixtures contained 1 g (dry
weight) of isolated starch granules in 1 mL of solution
composed of caffeic acid at a concentration of 2.0 mm and
potassium peroxymonosulfate at a concentration of 0.5
mm. Reactions were conducted at 55°C for 24 h and resid-
ual reagents were removed by five successive washings
with water. Proteins were then extracted as described be-
low. Controls contained water in place of the cross-linking
reagents.

Protein Extraction and Analysis

Granule-associated proteins were recovered by extract-
ing starch granules with SDS-PAGE sample buffer (20 mL
of buffer per milligram dry weight of granule). Mixtures
were then boiled for 15 min and cooled to room tempera-
ture, and annealed starch was removed by centrifugation at
13,000g for 15 min. Extracted proteins were analyzed by
SDS-PAGE using 9 to 18% gradient gels (Porzio and Pear-
son, 1976) and were visualized by double-staining with
Coomassie blue and silver (Integrated Separation Systems,
Hyde Park, MA) or by immunoblotting (see below). Unless
otherwise indicated, each lane was loaded with total pro-
tein extracted from 5 mg of isolated starch granules.

For immunoblotting, proteins were electrophoretically
transferred from SDS gels to nitrocellulose membranes
(Schleicher & Schuell) in 0.1% SDS, 100 mm Gly, and 10 mm
Tris/HCl, pH 8.0 (Towbin et al., 1979; Harlow and Lane,
1988). The membranes were soaked for at least 1 h in TBS-T
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(0.15 m NaCl, 0.1% Tween 20, and 10 mm Tris/HCl, pH 7.4)
containing 1% BSA to block nonspecific binding sites. The
membranes were then washed with TBS-T once for 15 min
and twice for 5 min. Antiserum (30 mL; 1:10,000 dilution)
was then added and incubated for 1 h with gentle shaking.
Following three more washes with TBS-T, blots were incu-
bated with horseradish peroxidase-conjugated goat anti-
rabbit IgG (Bio-Rad) at 1:6,000 dilution for 1 h. Blots were
then washed three times with TBS-T and were visualized
using alkaline phosphatase (Fig. 3) or with enhanced
chemiluminescence (Amersham) (Figs. 4–7).

N2 content of the starch was determined using a modi-
fied Kjeldahl method (American Association of Cereal
Chemists, 1995). Protein content of starch granules was
obtained by multiplying percent N2 content by a factor of
5.7 (Tkachuk, 1969).

RESULTS

Effect of Thermolysin on Starch Granule
Protein Composition

Isolated starch granules were subjected to thermolysin
digestion at 64°C for 4 h. Granule-associated polypeptides
were extracted and analyzed by SDS-PAGE (Fig. 1). Con-
trols were subjected to identical heating and wash steps,
however, thermolysin was omitted. Thermolysin digestion
resulted in the selective removal of a group of low-
molecular-mass proteins ranging between 10 and 27 kD.
The 22- and 27-kD polypeptides, which were negatively
stained with silver, corresponded to the positions of a- and
g-zein. In contrast, the prominent 60-kD granule-bound SSI

(waxy protein), the 76-kD SSI, and the 85-kD SBEIIb re-
mained intact following thermolysin digestion of intact
granules under these conditions. However, when the starch
matrix is disrupted by heating at 70° or higher, these
polypeptides are readily proteolyzed by thermolysin, as
would be consistent with an internal localization (Mu-
Forster et al., 1996).

It is therefore clear that starch granules isolated from
maize endosperm contain two distinct groups of granule-
associated proteins. The low-molecular-mass proteins of 10
to 27 kD possessing the characteristic banding pattern of
zeins (Larkins et al., 1984; Wilson, 1991) represent polypep-
tides located at or near the starch granule surface. How-
ever, the group that required granule disruption to expose
internalized proteins to protease attack is comprised of
proteins that are intrinsic to the starch granule. In maize all
of the granule-associated polypeptides of 32 kD or higher
fall within this group.

To establish that the low-molecular-mass proteins re-
moved from the starch granule surface were in fact mem-
bers of the zein family, immunoblotting was conducted
using antibodies recognizing g-zeins (16 or 27 kD) and
d-zeins (10 kD). Using enhanced chemiluminescence, the
d-zein antibody strongly recognized d-zein, which runs at
10 kD, and a doublet of polypeptides at approximately 27
to 30 kD. Immunoblotting directly demonstrated that each
of these polypeptides were completely digested by thermo-
lysin (Fig. 1B). A similar digestion pattern was obtained
with antibodies recognizing the g-zeins (data not shown).
These results clearly establish that digestion of intact starch
granules with thermolysin results in the selective hydroly-
sis of zein proteins.

Analysis of residual N2 shows that thermolysin removed
about 50% of total granule-associated protein (Table I). The
protein content achieved after thermolysin digestion, based
on N2, was generally reduced by 40 to 60%, depending
upon the temperature of hydrolysis. The protein content of
laboratory-isolated or commercial wet-milled corn starches
generally ranges from 0.3 to 1% (Hoseney, 1994). These
residual N2 levels provide a measurement of the matrix-
embedded, intrinsically bound granule proteins that re-
main inaccessible to proteolytic digestion.

Figure 1. Laboratory-isolated starch granules were incubated at
64°C for 4 h in the absence (2) or presence (1) of thermolysin as
described in “Materials and Methods.” A, SDS-PAGE; B, immunoblot
probed with antibodies recognizing the 10-kD d-zein.

Table I. Protein content of untreated and deproteinized maize
starches

Starch granules were incubated with thermolysin at a concentra-
tion of 0.4 mg mg21 in 5 mM CaCl2. Hydrolysis was conducted at 64
or 50°C for 4 h. The granules were washed five times with water to
remove residual thermolysin and then air dried. Control starches
were treated in parallel at each temperature with thermolysin omitted.

Temperature

Protein

ReductionControl
granules

Proteolyzed
granules

°C % dry wt %

50 0.33 6 0.03a 0.14 6 0.02 58 6 4
64 0.24 6 0.03 0.13 6 0.02 46 6 5

a Values are the average of three measurements.
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Effect of Ca21

Thermolysin has an absolute requirement for Ca21

(Feder et al., 1971; Tajima et al., 1976). Therefore, the effects
of this divalent cation on starch granule surface deprotein-
ization by thermolysin were investigated. Proteolysis
would not be expected to occur in the absence of exoge-
nous Ca21, and this was the case since thermolysin failed to
exert its proteolytic effect in the absence of Ca21 (Fig. 2,
lanes 2 and 3). When Ca21 levels were increased to 0.5 mm
or higher (Fig. 2, lanes 7–9), the zeins were removed in their
entirety. It should be noted that thermolysin digestion of
starch granules prepared by wet milling did not require the
addition of exogenous Ca21. Full-surface deproteinization
occurred even in the absence of exogenous Ca21 (data not
shown). This could have been due to use of hard water
during the commercial milling process, which could pro-
vide sufficient levels of Ca21 to activate thermolysin. When
wet-milled starch granules were washed with 20 mm EDTA
to chelate divalent cations prior to incubation with thermo-
lysin, reactions then became Ca21 dependent, with the
complete removal of surface polypeptides occurring at 0.5
mm Ca21 (data not shown).

Origin of Granule-Associated d-Zein

Since zein cDNAs do not contain plastid transit peptides
(Pedersen et al., 1982, 1986; Liu and Rubinstein, 1992) and
zeins are predominantly associated with protein bodies
(Lending and Larkins, 1989), we hypothesized that the
association of zeins with starch granules results from in-
teractions of protein bodies with starch granules during

kernel disruption. If this hypothesis is correct, we reasoned
that starch granules isolated from amyloplasts should con-
tain decreased levels of zeins relative to starches isolated
from kernels or whole endosperm. To test this hypothesis,
amyloplasts were purified from immature maize using a
gentle mechanical-release method (Tetlow et al., 1996; Den-
yer et al., 1996), and starch granules were then isolated. As
a control, starch granules were also isolated by grinding
hand-dissected endosperm using a mortar and pestle fol-
lowed by a series of aqueous washes. Proteins from the
resultant granules were then extracted with hot SDS and
separated by SDS-PAGE. Immunoblots demonstrated that
starch granules from purified amyloplasts contained sig-
nificantly less d-zein relative to starch granule proteins
isolated from the 15-DAP maize endosperm (Fig. 3, lanes 1
versus 2). This finding provides direct evidence that in
undisrupted kernels, the bulk of the d-zein is located out-
side of the amyloplast, indicating that the association of the
zeins with the starch granules is likely to originate from
protein bodies that are disrupted under the harsh condi-
tions of kernel grinding and homogenization. We speculate
that the residual amount of d-zein associated with the
amyloplast-derived starch may reflect a limited amount of
envelope breakage during amyloplast isolation, despite
precautions to minimize physical handling.

Association of d-Zein with Starch Granules during
Endosperm Development

The d-zein content of starch granules was investigated
over the course of endosperm development (Fig. 4). When
normalized per unit weight of starch, levels of SBEIIb (Fig.
4A), SSI (Fig. 4B), and the waxy protein (Fig. 4C) remained
constant over the course of kernel development (Mu-
Forster et al., 1996). In contrast, d-zein levels, which were
relatively low at 15 and 20 DAP, exhibited a sharp increase
between 20 and 25 DAP (Fig. 4D). d-Zein levels remained
constant between 25 and 35 DAP. This increase in d-zein
content could be a consequence of amyloplast envelope
breakage during the developmental process, providing a

Figure 2. Laboratory-isolated starch granules were incubated with
thermolysin at the Ca21 levels indicated (lanes 5–9). Lane 1 is a
control with no additions. Lanes 2 through 9 each contained 0.1%
thermolysin; however, in lane 2, starch granules were washed with 5
mM EDTA prior to the addition of thermolysin. In lane 3, starch
granules were incubated with thermolysin in the presence of 5 mM

EDTA. Lane 4 is a zero-time control containing thermolysin, but with
both EDTA and Ca21 omitted. Lanes 5 through 9 contained Ca21 at
the levels indicated with EDTA omitted. Proteins remaining associ-
ated with the starch granules were then extracted and analyzed by
SDS-PAGE.

Figure 3. Immunoblot probed with the d-zein antibody. Lane 1,
Proteins extracted from 2.5 mg of starch isolated from purified amy-
loplasts of 15-DAP W64 maize. Lane 2, Proteins extracted from 2.5
mg of starch isolated from 15-DAP W64 maize endosperm. Lane 3,
Protein extracted from thermolysin digested starch from 15-DAP
W64 endosperm. The blot was developed colorimetrically using
alkaline phosphatase.
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means for protein bodies to interact with exposed granule
surfaces as the process of starch deposition and grain fill-
ing proceeds.

Differential Cross-Linking Patterns of Surface-Bound
d-Zein and Granule-Intrinsic Proteins

Patterns of starch granule-associated proteins after cross-
linking were determined following free-radical-based
cross-linking conducted in the presence of the phenolic
compound caffeic acid, which has been shown to cross-link
isolated zeins (Gibson et al., 1994). This method is based
upon the intercalation of the monophenolic compound caf-
feic acid with proteins (Loomis and Bataile, 1966; McManus
et al., 1981; Mason and Wasserman, 1987), followed by in
situ cross-linking initiated by the addition of potassium
peroxymonosulfate (Gibson et al., 1994). Both reagents are
small enough to diffuse within the pores and amorphous
regions of the starch granule (Appelqvist and Debet, 1997).
Following the noncovalent complexation of caffeic acid
with granule-associated proteins, the potassium peroxy-
monosulfate induces a reaction that results in the formation
of covalent complexes between adjacent species. As with
bifunctional cross-linking agents, intermolecular com-
plexes are formed between neighboring polypeptides. Al-
ternatively, if a single polypeptide is internally cross-
linked, intramolecular cross-links such as hairpin loops
would result. In contrast to bifunctional reagents that may
or may not bind to form noncovalent complexes with pro-
tein, the apparent affinity of the granule-associated pro-
teins for phenolics such as caffeic acid is believed to pro-
vide a driving force for diffusion and equilibration of the
phenolic compound within the starch granule.

Since zein monomers are highly prone to associate, we
would expect zein subunits to form cross-linked species
that do not revert to monomers in the presence of reducing
agent. Following extraction of proteins from starch gran-
ules and immunoblot analysis, extensive intermolecular
cross-linking was observed, as followed by the formation
of DTT-resistant complexes. Using the d-zein antibody, the
10- and 27-kD immunoreactive species sharply declined at
a caffeic acid level of 1 mm and at a potassium peroxymo-
nosulfate level of 0.25 mm (Fig. 5, lane 5). The decline of the
10- and 27-kD immunoreactive species was accompanied
by formation of cross-linked species with apparent masses
of 18, 30, 38, 47, and 57 kD. With further increases in
cross-linking agent concentration (Figs. 5 and 6), or tem-
perature (Fig. 6), this marked shift toward multimer for-
mation continued. High temperatures could disrupt hydro-
gen bonds within zein clusters, causing them to become
more accessible to cross-linking reagents. We were unable
to detect cross-link formation between d-zein and internal
granule-associated proteins such as the waxy protein, SSI,
or SBEIIb.

Using this approach, we then sought to determine
whether internal granule proteins were also subject to
cross-linking under these conditions. This information is
important because it provides a means to establish whether
granule-intrinsic proteins are deposited as individual
monomers or as clusters within the granule. Polypeptide
profiles from SDS extracts of cross-linked starch granules
were therefore further analyzed with antibodies to SBEIIb
(Fig. 7A), SSI (Fig. 7B), and the waxy protein (Fig. 7C). Our
results show that cross-linking profiles of the granule in-
trinsic proteins differed markedly from the zeins in that (a)
individual monomeric subunits did not disappear, and (b)
intermolecularly cross-linked species containing the waxy

Figure 4. Immunoblots of proteins derived from starch granules were
prepared using antibodies recognizing SBEIIb (A), SSI (B), the waxy
protein (C), and d-zein (D). cv B73 was harvested at 5-d intervals
beginning at 15 DAP. Starch granules were recovered from the
endosperm as described in “Materials and Methods” (Mu-Forster et
al., 1996). Each lane contained the total protein extracted from 5 mg
of isolated granules.

Figure 5. Immunoblots were probed using antibodies recognizing
d-zein. Lane 1 is a control with no cross-linking reagents added. In
lanes 2 through 7, 1-g samples of starch granules were incubated
with cross-linking reagents as follows: Caffeic acid levels, 0.02, 0.1,
0.2, 1, 2, and 10 mM, respectively; and potassium peroxymonosulfate
levels, 0.005, 0.025, 0.05, 0.25, 0.5, and 2.5 mM, respectively. Each
lane contained the total protein extracted from 5 mg of isolated
granules.
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protein, SSI, or SBEIIb were not generated with increased
concentrations of cross-linking reagents. From these obser-
vations we conclude that the individual granule-intrinsic
proteins are not situated in close enough proximity to
enable intermolecular cross-linking.

The results of this cross-linking study show that granule-
associated d-zein was highly subject to the formation of
intermolecular cross-linked species, whereas the granule-
intrinsic proteins did not form covalently linked multi-
meric species under the same conditions. This leads us to
conclude that the surface zeins occur in the form of aggre-
gates and that the starch granule-intrinsic proteins are
independently distributed within the starch granule ma-
trix. However, similar cross-linking profiles would have
also been generated if the cross-linking agents had been
unable to penetrate the starch granule matrix. This latter
possibility was readily excluded because the upward shifts
in electrophoretic mobility observed in Figure 6 provided
strong evidence that the reagents were able to penetrate
within the granule matrix. Moreover, the starch granule
contains amorphous interior channels positioned roughly
in the radial direction (Fannon et al., 1992; Gallant et al.,
1997), which are permeable to solutes of a Mr of 1000 or less
(Appelqvist and Debet, 1997).

Figure 7, A through C, shows that SBEIIb, SSI, and the
waxy protein each exhibited a gradual but steady increase
in mass as levels of the cross-linking agents were increased.
The introduction of covalent bonds within these proteins
could arise by two means. Intramolecular hairpin loops,
such as the kind induced by classical bifunctional reagents,
are known to impede the migration of proteins in denatur-
ing gels (Griffith, 1972; McIntosh, 1992). Alternatively, the
increased apparent mass could be due to simple modifica-

tion of the proteins by incorporation of caffeic acid groups.
These results provide strong evidence to indicate that the
individual granule intrinsic proteins are separately en-
trapped within the starch granule matrix and do not exist
as multimeric clusters. To our knowledge, this result pro-
vides the first experimental evidence to verify the sche-
matic model of independently distributed starch-granule
proteins, as depicted in a recent review (Martin and Smith,
1995).

DISCUSSION

This study demonstrates that starch-granule-associated
proteins in maize may be divided into two categories based
upon the susceptibility of individual proteins to proteolytic
attack. One group consists of internalized proteins intrin-
sically associated with the starch granule matrix. The
granule-intrinsic proteins become accessible to protease
digestion only after the starch granules are gelatinized
(Mu-Forster et al., 1996). A second group consists of
protease-accessible proteins located at the starch granule
surface. These polypeptides are virtually all zeins and con-
stitute approximately 50% of total granule-associated N2

content. d-Zein readily forms multimeric species when sub-
jected to cross-linking (Figs. 5 and 6). In contrast, the trend
toward decreased electrophoretic mobility observed with
the granule-intrinsic proteins is indicative of either cova-
lent modification or intramolecular cross-link formation
(Fig. 7). The inability to form intermolecular cross-links
within the granule-intrinsic proteins clearly demonstrates
that individual proteins embedded within the starch ma-
trix do not exist in clustered form.

The finding that individual granule intrinsic proteins are
separately entrapped within the starch granule matrix and

Figure 7. Immunoblots were probed using antibodies recognizing
SBEIIb (A), SSI (B), and the waxy protein (C). Lane arrangements and
cross-linking reagent levels are identical to Figure 5.

Figure 6. Immunoblots were probed using antibodies recognizing
d-zein as described in Figure 5. Reaction temperatures: Lanes 1
through 3, 25°C; lanes 4 through 6, 55°C. Lanes 1 and 4 are controls
incubated in the absence of cross-linking reagents. Concentrations of
caffeic acid: lanes 2 and 5, 2 mM; lanes 3 and 6, 10 mM. Concen-
trations of potassium peroxymonosulfate: lanes 2 and 5, 0.5 mM;
lanes 3 and 6, 2.5 mM.
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do not exist as multimeric clusters is consistent with exist-
ing models of starch granule structure. In a starch cross-
linking study (Kasemsuwan and Jane, 1994), phosphorus
oxychloride was used for in situ cross-linking of starch
granules. 31P-NMR spectroscopy was used to differentiate
between phosphomonoesters and diesters. In conjunction,
gel-filtration chromatography was used to demonstrate
that no cross-links were formed among amylose, and that
amylose only formed cross-links with amylopectin. The
study concluded that amylose molecules are randomly in-
terspersed within the amylopectin matrix. Analogous to
amylose, the current results demonstrate that starch gran-
ule proteins do not appear to exist in the form of bundles
or clusters.

A comparison of maize with other species shows that
some granule-intrinsic polypeptides are common to a
range of plants. For example, the 60-kD waxy protein is
found in starch granules from virtually all monocots and
many dicots. Wheat (Rahman et al., 1995; Takaoka et al.,
1997) and maize (Mu-Forster et al., 1996) contain the 76-kD
SSI, the 85-kD SBEIIb, and a 32-kD polypeptide of un-
known identity (Rayas-Duarte et al., 1995), each of which is
embedded within the starch matrix. In pea, the granule-
bound SSII and SBE are also intrinsic proteins (Denyer et
al., 1993). Prior to this study, the granule surface-bound
proteins of maize were not known. The surface-bound
proteins of maize starch granules are distinct from the
surface proteins of wheat. Starch granules from wheat
contain a surface-localized 15-kD polypeptide referred to
as puroindoline or friabilin, which is extractable with 1%
SDS or 50% isopropanol at room temperature (Greenwell
and Schofield, 1986; Schofield and Greenwell, 1987; Morri-
son et al., 1992; Jolly et al., 1993; Morris et al., 1994). This
study provides direct evidence that polypeptides of this
class are not found at the surface of starch granules from
maize. Since granule-surface proteins arise in part from
processes that disrupt amyloplast envelope integrity, and
the nature of storage proteins varies greatly, granule-
surface proteins may show large interspecies variations.

Thermolysin has long been used as an analytical tool for
biochemical studies of membrane topology because it ef-
fectively hydrolyzes peripheral membrane proteins located
at phospholipid/aqueous interfaces (Cline et al., 1984; Xu
and Chitnis, 1995). To our knowledge, this is the first
utilization of thermolysin at a protein-carbohydrate/aque-
ous interface. Thermolysin is ideally suited for hydrolysis
of zeins because it cleaves at domains containing bulky
hydrophobic or aromatic residues such as Ile, Leu, Val, Ala,
Met, and Phe. Figure 8A shows the location of numerous
thermolysin cleavage sites in the polypeptide chain of
d-zein, and a corresponding hydropathy plot (Fig. 8B).

Zeins are formally defined as alcohol-soluble storage
proteins that accumulate as disulfide-/hydrophobically
linked aggregates in protein bodies localized within the
endosperm, and that may comprise up to 60% of total
endosperm protein (Wilson, 1987). Genetic and biochemi-
cal studies strongly rule out the possibility that zeins are
amyloplast components. Our data showing that the zein
content of starch granules recovered from isolated amylo-
plasts is markedly reduced relative to starch granules from

homogenized whole endosperm further supports this con-
clusion (Fig. 3).

The temporal association of d-zein with the starch gran-
ule appears to be independent of the onset or duration of
d-zein biosynthesis. In an expression study, transcripts for
the 10-kD d-zein were observed at 12 DAP and peaked at 15
to 18 DAP (Kirihara et al., 1988). However, granule-
associated zeins peaked at approximately 25 DAP (Fig. 4).
It is unlikely that this rise could be due to a sudden
increase in the rate of zein synthesis. More likely, increases
in granule-associated zeins could be indicative of amylo-
plast envelope breakage during the later stages of starch
deposition. However, the extent to which amyloplast en-
velope rupture may occur during kernel development and
the factors that influence envelope integrity are unknown.

The subunit composition of the granule-associated zeins
generally reflects the zein composition of the endosperm-
localized protein bodies. The a- and the g-zeins are be-
lieved to constitute more than 90% of the total zein content,
and these two zeins are also the predominant species as-
sociated with the starch granule (Esen, 1987; Wilson, 1991).
Consistent with their levels within the protein body, the d-
and b-zeins are present in lesser amounts. Although the
various zeins appear to be differentially distributed within
endosperm-localized protein bodies (Lending and Larkins,
1989; Geetha et al., 1991), sufficient information does not
exist at this time to conclude whether the subunit compo-
sition of the granule-bound zeins closely parallels the dis-
tribution of zein subunits at the surface of maize protein
bodies. Because zein subunits assemble into multimeric
networks via disulfide-linkages and various types of non-
covalent interactions, one would expect that zeins are de-
posited on the starch granule surface in the form of mul-

Figure 8. A, Amino acid sequence. Double underlines denote ther-
molysin recognition sites, which are generally rich in Leu and Met
(Kirihara et al., 1988). B, Hydropathy plot (Kyte and Doolittle, 1982).
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timeric clusters, and this was confirmed by the chemical
cross-linking experiments (Figs. 5 and 7).

In summary, this study provides a direct demonstration
of the interaction of a distinct class of polypeptides, con-
sisting in large part of zeins, with the starch granule sur-
face. Moreover, granule-intrinsic proteins appear to be ran-
domly interspersed within the starch matrix. These surface
proteins appear to be sequestered from the starch, whereas
the amyloplast envelope remains intact but adheres to the
starch granule upon physical disruption of endosperm tis-
sue and subsequent rupture of the envelope. An effective
enzymatic process for the removal of surface proteins pro-
vides a means to further characterize the molecular prop-
erties of the starch granule surface. Moreover, since the
granule-intrinsic proteins are unaffected by thermolysin
treatment, surface protein removal could greatly simplify
the purification and characterization of polypepeptides lo-
cated within the granule interior.
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