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ABSTRACT Cereal Chem. 75(4):480-483

The starch granule of maize contains a characteristic set of tightly bound A 15 amino acid N-terminal sequence from the 47-kDa polypeptide was
polypeptides. Granule-associated polypeptides are typicaly extracted from identical to the predicted N-terminus of the Wx protein. Further analysis
starch granules by heating starch granule suspensions at 90-100°C in a  revealed that each immoreactive polypeptide between 47 and 32 kDa was
detergent such as SDS. Solubilized proteins are recovered by centrifugaheat-induced fragmentation product of the Wx protein. i@onsl for the
tion and analyzed by gel electrophoresis. Previously identified tightly bounelxtraction of granule proteins were evaluated. Our results demonstrate that
granule intrinsic proteins consist of the 85-kDa starch-branching enzymgranule proteins are effectively released by mild extraction (10-min incuba-
IIb, the 76-kDa starch synthase |, and the 60-kD waxy (Wx) protein, alstion at 72°C). Relative to the Wx protein, starch synthase | and starch branch-
known as granule-bound starch synthase |. However, SDS extracts framg enzyme llb were less susceptible to thermal fragmentation. These
starch granules of maize also contain a cluster of proteins ranging in magsults demonstrate that the 85-, 76-, and 60-kDa polypeptides are authentic
between 47 and 32 kDa In this study, we analyzed this group of granulgranule-intrinsic proteins, and that the majority of polypeptides between
associated proteins and found tath was remnized by the Wx antibody. 47 and 32 kDa are artifacts of high-temperature granule extraction procedures.

Starch granules from maize endosperm are composed of =<98-99%  gation and analyzed by gel electrophoresis. The length of the boiling
starch, 0.3-0.6% protein, and 0.1-0.6% lipid. Granule-associatestep used to extract the Wx protein has varied, with durations of
proteins are important physiologically because of their functiond—2 min (Echt and Schwartz 1981, Shure et al 1983, Nakamura et al
in granule formation. These proteins are also important for indug995), 5 min (Echt and Schwartz 1981), and 10 min (Mu et al 1994,
trial application because they influence starch purity and functionMu-Forster et al 1996) reported.
ality (Appelqgvist and Debet 1997). To gain further insight into starch granule structure and function,

Starch granule-associated proteins are classified as either surfamne laboratory has been interested in the characterization of granule-
proteins or intrinsic proteins. Surface proteins are defined as polgssociated proteins from maize endosperm. In addition to the Wx
peptides at the granule surface, and granule-intrinsic proteins goeotein, SSI, and SBEIIb, our laboratory (Mu-Forster et al 1996) and
embedded within the starch matrix. Operationally, surface proteinsthers (Yamamori and Endo 1996) have routinely observed three
are defined as polypeptides that are susceptible to proteolytic degraajor low molecular weight intrinsic polypeptides of 47, 33, and
dation or to removal by washing with 2% SDS at subgelatinizatioB2 kDa. We sought to identify these polypeptides to determine
temperatures (Denyer et al 1993, Rahman et al 1995, Mu-Forster etndiether they have a function in starch biosynthesis. Our approach
1996). The surface proteins in maize are predominantly zeins, whieteas to purify each of these polypeptides and to identify them by
appear to result from the adhesion of protein bodies afteamino acid sequence analysis followed by cloning and sequence
amyloplast envelope rupture (Mu-Forster and Wasserman 1998nalysis of each corresponding full-length cDNA. During the course
The surface-localized zeins are readily removed using the proteagkthis study, we observed that the N-terminus of the 47-kDa poly-
thermolysin. Because intrinsic proteins are embedded within thgeptide exhibited complete identity to the N-terminus of the Wx
granules, they only become susceptible to proteolysis upon disruprotein. This led us to investigate the origin of the granule associ-
tion of the starch matrix during gelatinization. ated 47-kDa polypeptide as well as the closely migrating polypep-

Maize (Mu-Forster et al 1996) and wheat (Rahman et al 1995)de doublet band of 33-32 kDa. We hypothesized that these low
each contain a characteristic group of granule-associated polypapolecular weight polypeptides were induced by the heating
tides. In maize, three common granule-associated polypeptides, eatbp used to extract granule proteins. In this study, we dem-
of which is involved in starch biosynthesis, have been observednstrated that the granule-associated polypeptides of 47, 33,
These are the 60-kDa waxy (WXx) proteins, also known as granulend 32 kDa are thermal fragmentation products of the Wx protein.
bound starch synthase | (GBSSI), the 76-kDa bound form of starc@onditions leading to the thermal fragmentation of granule-associ-
synthase | (SSI), and the 85-kDa bound form of starch branchireged proteins are described.
enzyme IlIb (SBEIlIb). While the Wx protein is exclusively associa-
ted with the starch matrix, SSI and SBEIIb also exist as soluble MATERIALSAND METHODS
forms in the amyloplast stroma (Mu-Forster et al 1996).

The analysis of granule-associated proteins has become a standardernels of maizedea mays, inbred line B73) were collected from
analytical tool used to characterize Wx mutants of various starclears of greenhouse-grown plants at 18-21 days after pollination,
bearing crops (Echt and Schwartz 1981, Shure et al 1983, Nakamti@zen in liquid N, and stored at80°C. Antibodies to SSI, SBElIIb,
et al 1995). Granule-intrinsic proteins are typically isolated byand Wx protein were previously described (Mu et al 1994, Mu-Forster
boiling starch granules in SDS, which is added to solubilize starclet al 1996, Mu-Forster and Wasserman 1998). Thermolysin (prote-
associated proteins (Denyer et al 1993, Rahman et al 1995, Mase type X fronBacillus thermoproteolyticus, EC 3.4.24.4) was
Forster et al 1996). Solubilized proteins are recovered by centrifwbtained from Sigma Chemical Co., St. Louis, MO.

Starch granules were isolated by low-speed centrifugation as
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to 20 mM (Cline et al 1984, Xu and Chitnis 1995). Starch granules RESULTS

were recovered by centrifugation at 13,000 for 5 min. Re-

sidual thermolysin was removed by five successive washing&nalysisof Starch Granule Proteins

with water. Proteins were extracted as described below. Con- Granule-intrinsic proteins are typically released from the starch

trols contained buffer in place of thermolysin (Mu-Forster andmatrix by gelatinization of starch granules in 3% SDS. In our previous

Wasserman 1998). studies (Mu-Forster et al 1996, Mu-Forster and Wasserman 1998)
Granule-associated proteins were recovered by suspending 50 migtein extraction was routinely performed by heating the starch

(dwb) of starch granules with 1 mL of extraction buffer (60 m granules by boiling for 10 min. Granule extracts from maize starch

Tris/HCI, pH 6.9, supplemented with 3% SDS, P¥mercapto- prepared in this manner yield a characteristic pattern of polypep-

ethanol, and 10% glycerol). Granule suspensions were then inclides (Mu-Forster et al 1996). The three prominent polypeptides at

bated at either 72°C or boiling, as indicated under each experimeBb, 76, and 60 kDa represent SBEIlIb, SSI, and Wx protein (Fig. 1).

Based on the results shown in Figs. 1 and 2, recommended extr&ranule extracts from maize prepared by us (Mu et al 1994, Mu-

tion conditions for minimization of heat-induced fragmentation are~orster et al 1996) and other laboratories (Yamamori and Endo 1996)

72°C for 10 min. Extraction mixtures were then cooled to roomhave shown that maize granule extracts also commonly yield strong-

temperature, and annealed starch was sedimented by centrifudy@staining bands at 47, 33, and 32 kDa. The polypeptides running

tion at 13,000 xg for 15 min. Extracted proteins were anal- <30 kDa are zeins that are located at the starch granule surface

yzed by SDS-PAGE using 12% gels (Porzio and Pearson 197Mu-Forster and Wasserman 1998). It has been demonstrated that

Each lane was loaded with Bl of the granule extract. Poly- these hydrophobic surface proteins are readily removed from the

peptides were visualized by immunoblotting or by double-stainstarch granule surface by treatment with thermolysin at subgel-

ing with Coomassie blue and silver (Integrated Separation Systinization temperatures.

tems, Hyde Park, MA). Our approach for establishing the identity of additional granule-
For immunoblotting (Harlow and Lane 1988), proteins wereintrinsic proteins was to electropurify selected polypeptides from

electrophoretically transferred from SDS gels to nitrocelluloseexcised gel bands and obtain N-terminal amino acid sequence infor-

membranes (Schleicher and Schuell, Keene, NH) in 0.1% SD$®ation. Due to its relative abundance, the 47-kDa polypeptide was

100 nM glycine, and 10 i Tris/HCI, pH 8.0 (Towbin et al 1979, the first protein analyzed. The 15 amino acid sequence (Ala-Ser-Ala-

Harlow and Lane 1988). The membranes were soaked for &ly-Met-Asn-Val-Val-Phe-Val-Gly-Ala-Glu-Met-Ala) was obtained.

least 1 hr in 0.18 NaCl and 10 vl Tris/HCI, pH 7.4, sup- This was unexpected because analysis of this sequence revealed

plemented with 0.1% Tween-20 and 1% bovine serum anti-

body (TBST). The membranes were then washed once with

TBST for 15 min and twice for 5 min. Antiserum was then Ethanal  Thermalysin

added at 1:100,000 dilution, and membranes were incubatec Contral  yoshed  Trested

for 1 hr with gentle shaking. After three more washes with TBST, | [ B2 1

blots were incubated with horseradish peroxidase conjugated goe bl T R R

anti-rabbit IgG (Bio-Rad, Richmond, CA) at 1:5,000 dilution 5 T

for 1 hr. Blots were then washed three times with TBST and

visualized using enhanced chemiluminescence (ECL) (Amer- 11§ -

sham, Arlington Heights, IL). a7 -
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Fig. 2. Starch granules untreated (lanes 1 and 2), ethanol-washed (lanes 3
: A and 4), or thermolysin-digested (lanes 5 and 6). Starch granule suspensions
10 20 40 B0 90 120 2 5 10 20 60120 extracted at 100°C (lanes 1, 3, and 5) or 72°C (lanes 2, 4, and 6). Three
Incubation Time {min) sets of samples were incubated in parallel for 4 hr at 55°C. Two sets were

incubated in buffer alone and the third set contained thermolysin. After this
Fig. 1. Starch granule suspensions extracted at 72°C (lanes 1-6) or 100ft@ubation, one of the buffer-incubated sets and the thermolysin-treated
(lanes 7-12). Solulized proteins separated by SDS-PAGE. Durations ofset (lanes 5 and 6) were subjected to agueous washing. The second buffer-
each extraction are indicated. Imnoblots were probed using antibodies incubated set (lanes 3 an 4) was washed three times with 70% ethanol.
recognizing the Waxy protein (1:200,000 dilution), SSI (1:200,000 dilu-After these treatments, solubilized proteins were separated by SDS-PAGE,
tion), and SBEIIb (1:100,000 dilution) as indicated. and stained with Coomassie Blue and silver. M = molecular mass markers.
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complete sequence identity with the N-terminus of the Wx protein and 4). Moreover, apparent yields of SBEIIb, SSI, and Wx protein
(Klosgen et a 1986). In addition, we noted earlier that the 47-kDa  were not significantly reduced by lowering extraction temperatures
polypeptide, as well as those at 33-32 kDa, were clearly recognized from 100 to 72°C. Thus, thermolysin treatment in conjunction

by the Wx antibody. with a 10-min extraction at 72°C yielded an extract composed
principally of SBEIlIb, SSI, and Wx protein. Consequently, these
Thermal Fragmentation of Starch Granule Proteins three polypeptides represent the primary intrinsic polypeptides of

The finding of a common N-terminus in both the 47-kDa poly-starch granules from maize endosperm.
peptide and the Wx protein prompted us to investigate whether the
47-kDa polypeptide was induced by heating during the extraction DISCUSSION
step. To further investigate the relationship between the 47-kDa frag-
ment and the Wx protein, immunoblots using antibodies to the Wx Starch granule-bound proteins have been of great interest due to
protein were obtained (Fig. 1). The 47-kDa polypeptide was clearltheir importance in the starch synthesis (Martin and Smith 1995,
recognized by the Wx antibody. In addition, polypeptides of 50Wasserman et al 1995, Smith et al 1997) and starch granule func-
49, 42, 39, 37, 33, and 32 kDa were clearly detected when startihnality (Appelgvist and Debet 1997). It was previously shown that
granules were extracted by boiling for 5 min or longer. maize starch granules contain a broad range of tightly associated
Because starch granule extractions are routinely conducted at higtoteins, with masses ranging between 85 and 10 kDa (Mu et al 1994,
temperature, it seemed possible that the polypeptides recognized My-Forster et al 1996, Yamamori and Endo 1996). However, it had
the Wx antibody were thermal fragmentation products. Thereforaot been possible to distinguish surface polypeptides from intrinsic
a time course experiment in which the temperature and duration pblypeptides. Furthermore, the formation of Wx protein fragmen-
extraction was varied was conducted. The extraction temperature tation products had been observed (Rahman et al 1995), but the
72°C was chosen because this is slightly above the gelatinizatiamigin of these products was unknown. The need to classify these
temperature of common maize starch. The time course study cogranule-associated proteins prompted us to investigate the identity
firmed that the Wx protein is indeed highly susceptible to timeof the granule-intrinsic proteins of maize and the nature of their
dependent thermal fragmentation. At 72°C, the effect of heatingssociation with the starch granule.
became evident after 40 min (Fig 1, top panel, lane 3). The 47-, Before this study, the identities of only three prominent granule-
33-, and 32-kDa fragments were the first new fragments to appedantrinsic proteins, SBEIIb, SSI and Wx, were known (Mu-Forster
At 100°C, fragmentation of the Wx protein was detected duringt al 1996). In addition, the identity of the surface-associated poly-
incubations as brief as 2 min. By 20 min, significant fragmentapeptides between 30 and 10 kDa as zeins had been established
tion was clearly detected, with at least seven fragmentation produdfglu-Forster and Wasserman 1998). However, the identity of the tight-
observed. At 100°C, the appearance of these fragmentation produlstsissociated granule polypeptides between 50 and 30 kDa remained
correlated with the loss of the 60-kDa parent Wx protein (Fig. 1, tofo be explored. We therefore adopted a multistep approach to inves-
panel, lanes 10-12). tigate the origin and identity of these proteins. First, thermolysin
The susceptibility of SSI and SBEIIb to thermal fragmentatiortreatment proved essential for effective removal of the surface-
was also investigated. At 72°C, the 76-kDa SSI was only minimallyocalized polypeptides. Second, the importance of minimizing
degraded. However, evidence of fragmentation became apparent afiexnule extraction temperatures was taken into consideration. Accord-
1.5 hr. When extracts were prepared by boiling, complete disappedngly, by demonstrating that the 47-, 33-, and 32-kDa proteins were
ance of the 76-kDa polypeptide occurred between 20 min and 1 tirermal breakdown products of the 60-kDa Wx protein, this study
(Fig. 1, middle panel, lanes 10 and 11). Moreover, a faint putativerovided a strategy for eliminating artifacts during granule extraction
breakdown product 6f68 kDa was formed after 20 min. and for pinpointing the authentic starch granule-intrinsic proteins.
SBEIIb exhibited greater stability against thermal fragmentation Of the three predominant granule-intrinsic polypeptides from
at 72°C than either SSI or Wx protein (Fig. 1, bottom panel). Aftemaize, the Wx protein was most prone to thermal fragmentation.
2 hr at 72°C, no obvious loss of SBEIIb was observed. However, &elative to SSI and SBEIlIb, why is Wx protein more susceptible?
100°C, it behaved similarly to SSI with regard to its tendency td@ne possible mechanism for thermal fragmentation is deamidation
form thermal fragmentation products. These results indicate that of glutaminyl and asparaginyl residues (Scotchler and Robinson
the three major starch granule-associated polypeptides studied, tH@&74). It is noted that a 20°C increase in temperature can result in

Wx protein is the most prone to thermal fragmentation. a fivefold reduction of polypeptide half-life due to deamidation
reactions (Scotchler and Robinson 1974). The 47-kDa fragment did
Granule-Intrinsic Polypeptide Composition not appear until 40 min during extraction at 72°C but was evident

Based on the above findings, we hypothesized that combinedter 2 min at 100°C, which is generally consistent with this notion.
elimination of both granule surface proteins and heat-induced frag- A second explanation could involve differential binding affin-
mentation products would yield a starch consisting of only threéies of the three polypeptides with starch granules. The Wx proteins
primary intrinsic polypeptides—SBElIb, SSI, and Wx protein. There-are entirely granule-bound, while 76-kDa SSI and 85-kDa SBEIIb
fore, laboratory-isolated starch was subjected to thermolysin digeare distributed between soluble fractions and the starch granule
tion to remove surface proteins (Mu-Forster and Wasserman 199@Ylu-Forster et al 1996). Calculations show #@®% of total endo-
and proteins were then extracted at 72°C (Fig. 2). sperm SSI is granule-bound, whereas 50% of total endosperm

Figure 2 shows protein extracts from either untreated starcBBEIlIb is granule-bound (Mu-Forster et al 1996). It could be
granules (lanes 1 and 2), ethanol-washed starch granules (lanespg&culated that maize Wx protein has more starch-binding domains
and 4), or thermolysin-digested starch granules (lanes 5 and @&hnd a greater binding affinity for starch than either SBEIIb or SSI
For each sample, granule extracts were prepared by heating mbteins. If the Wx protein binds to the starch at multiple domains,
either 100 or 72°C for 10 min. granule expansion during severe heating could place added physi-

Figure 2 (lanes 5 and 6) demonstrates that thermolysin digesti@al stress on this polypeptide during granule gelatinization, leading
effectively depleted the bulk of the low molecular weight surfacdo fragmentation at multiple sites. It will, therefore, be important to
polypeptides. In extracts prepared at 100°C, thermal fragmentatiatetermine whether the mechanism by which the Wx protein inter-
products are clearly evident. However, extraction at 72°C preventextts with the starch matrix is unique relative to SBEIIb and SSI.
the formation of these products and resulted in a solubilized proteldentification of the starch-binding domains of each of the three
fraction consisting predominantly of just three polypeptides: SBEIllbgranule-associated polypeptides should provide the means to better
SSI, and Wx protein. Thermolysin treatment was considerably momgnderstand binding interactions between starches and proteins and
effective than ethanol washing (Fig. 2, lanes 5 and 6 vs. lanestBe effects of such interactions on starch functionality.
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