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Amyloplast is the site of starch synthesis in the storage tissue of maize (Zea mays). The amyloplast stroma contains an
enriched group of proteins when compared with the whole endosperm. Proteins with molecular masses of 76 and 85 kD have
been identified as starch synthase I and starch branching enzyme IIb, respectively. A 112-kD protein was isolated from the
stromal fraction by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and subjected to tryptic digestion and amino
acid sequence analysis. Three peptide sequences showed high identity to plastidic forms of starch phosphorylase (SP) from
sweet potato, potato, and spinach. SP activity was identified in the amyloplast stromal fraction and was enriched 4-fold
when compared with the activity in the whole endosperm fraction. Native and sodium dodecyl sulfate-polyacrylamide gel
electrophoresis analyses showed that SP activity was associated with the amyloplast stromal 112-kD protein. In addition,
antibodies raised against the potato plastidic SP recognized the amyloplast stromal 112-kD protein. The amyloplast stromal
112-kD SP was expressed in whole endosperm isolated from maize harvested 9 to 24 d after pollination. Results of affinity
electrophoresis and enzyme kinetic analyses showed that the amyloplast stromal 112-kD SP preferred amylopectin over
glycogen as a substrate in the synthetic reaction. The maize shrunken-4 mutant had reduced SP activity due to a decrease of

the amyloplast stromal 112-kD enzyme.

In the developing endosperm of monocotyledon-
ous plants, starch granules are synthesized and de-
posited within the amyloplast (Lopes and Larkins,
1993; Nelson and Pan, 1995). The amyloplast is a
specialized plastid comprised of three distinct com-
ponents, the envelope, the starch granule, and a sol-
uble compartment known as the stroma (Lopes and
Larkins, 1993; Nelson and Pan, 1995). The identifica-
tion of the enzymes involved in the synthesis of the
starch granule is essential to understanding the struc-
ture and functionality of starch. The amyloplast
stroma of maize (Zea mays) contains a unique group
of proteins, some of which are enzymes involved in
starch biosynthesis (Yu et al., 1998). These enzymes
include starch synthase, starch branching enzyme,
and starch debranching enzyme (Yu et al., 1998). One
of the unique proteins in the stroma, whose abun-
dance is second only to the starch branching enzyme
IIb, has a subunit molecular mass of 112 kD (Yu et al.,
1998). The identification of this 112-kD protein was
the focus of the present investigation. Amino acid
sequence analysis of the amyloplast stromal 112-kD
protein revealed that this protein was a putative starch
phosphorylase (SP).
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SP catalyzes reaction 1 (Hanes, 1940a, 1940b). In the
synthetic direction, a Glc unit is transferred from
Glc-1-P to a growing primer, with release of inor-
ganic phosphate.

(Glc), + Glc-1-phosphate « (Glc),, , ; + Pi (reaction 1)

In the phosphorolytic direction, addition of inorganic
phosphate liberates a molecule of Glc-1-P. Higher
plant SP enzymes are classified into two types based
upon their molecular mass, subcellular localization,
and affinity for various a-glucans (Shimomura et al.,
1982; Steup, 1988). One type of SP is localized in
plastids (e.g. amyloplast and chloroplast) and has a
subunit molecular mass >100 kD. The plastidic SP
prefers a-glucans possessing long linear glucan
chains, such as amylopectin or maltodextrins. The
other type of SP is localized in the cytosol and has
a subunit molecular mass of approximately 90 kD.
The cytosolic SP exhibits a high affinity for highly
branched glucans such as glycogen.

Four different forms of SP have been characterized
from maize by Nelson and coworkers (Tsai and Nel-
son, 1968, 1969a). The four forms of SP differ in their
pH optima, primer dependence, and developmental
expression (Tsai and Nelson, 1968, 1969a). The major
form of SP has been purified to apparent homogene-
ity from maize kernels by Burr and Nelson (1975).
The purified enzyme is a dimer composed of identi-
cal subunits having a molecular mass of 112 kD (Burr
and Nelson, 1975). The purified enzyme has been
characterized with respect to its amino acid compo-
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sition, pyridoxal-5-phosphate content, and enzymo-
logical and kinetic properties (Burr and Nelson,
1975). In this paper we presented biochemical data
showing that the amyloplast stromal 112-kD protein
is indeed a SP enzyme.

RESULTS

Identification of the 112-kD Amyloplast Stroma
Protein as an SP

The maize amyloplast stroma contains a character-
istic group of proteins that are enriched when com-
pared with whole endosperm (Yu et al., 1998; Fig. 1).
The 76- and 85-kD proteins have been identified as
starch synthase I and starch branching enzyme IIb,
respectively, and the 81-kD protein has been identi-
fied as a heat shock cognate (Yu et al.,, 1998). The
identity of the 112-kD protein, the abundance of
which is second only to the 85-kD protein, was the
focus of this work. The amyloplast stromal fraction
was isolated from maize endosperm and subjected to
SDS-PAGE. The 112-kD protein was isolated by elec-
troelution from the polyacrylamide gel and subjected
to N-terminal and internal amino acid sequence anal-
yses. Unambiguous amino acid sequences were ob-
tained for the N terminus and for three internal pep-
tide fragments (Fig. 2). These sequences were
compared with sequences of the plastidic and cyto-
solic forms of SP from potato, the only species where
sequences of both SP forms have been published. The
amino acid sequences of the three internal fragments
derived from the maize 112-kD protein closely
aligned with internal sequences of the plastidic form
of SP from potato tuber (Fig. 2). On the other hand,
only peptides 1 and 3 of the 112-kD protein aligned
with sequences of the cytosolic form of SP from po-
tato tuber (Fig. 2). The sequence of peptide 2 of the
112-kD protein is found in the central portion of
plastidic SP enzymes commonly referred to as the
insertion sequence (Lin et al., 1991; Mori et al., 1991).
The insertion sequence is thought to reflect the affin-
ity of plastidic SP enzymes for a-glucan substrates
(Mori et al., 1993). The three peptides of the 112-kD
protein also aligned closely with sequences from the
plastidic SP enzymes from potato leaf (Sonnewald et
al., 1995), sweet potato (Lin et al., 1991), and spinach
leaf (Duwenig et al., 1997a). The N-terminal amino
acid sequence of the 112-kD protein was unique and
did not align with the N terminus of the plastidic SP
enzymes or with any sequences in the GenBank
database.

To examine the hypothesis that the 112-kD protein
was a SP enzyme, the protein was isolated from an
SDS-polyacrylamide gel and subjected to immuno-
blot analysis using anti-SP antibodies raised against
the plastidic SP of potato (Brisson et al., 1989). Indeed
these antibodies recognized the isolated 112-kD pro-
tein (Fig. 1B). Moreover, the anti-SP antibodies rec-
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Figure 1. SDS-PAGE analysis of the endosperm and amyloplast stro-
mal fraction and immunoblot analysis of endosperm, amyloplast
stromal, and granule fractions. A, Samples (30 ug) of the endosperm
(En) and amyloplast stromal fraction (Am) were subjected to SDS-
PAGE followed by Coomassie Blue staining. The molecular mass
standards from top to bottom are myosin (200 kD), B-galactosidase
(116.2 kD), phosphorylase b (97.4 kD), bovine serum albumin (66.2
kD), ovalbumin (45 kD), and carbonic anhydrase (31 kD). B, A
sample (0.1 pg) of the isolated 112-kD protein and samples (30 ug)
of the endosperm, amyloplast stromal, and granule fractions were
subjected to immunoblot analysis using anti-SP antibodies. C, Sam-
ples (30 ung) of the endosperm, amyloplast stromal, and granule
fractions were subjected to immunoblot analysis using anti-starch
synthase | antibodies. A portion of the immunoblots is shown in B
and C. The position of the 112-kD protein is indicated in A and B,
and the position of starch synthase I (SSI) is indicated in C. The data
shown in each A through C is representative of two independent
experiments.

ognized the 112-kD protein in the endosperm and
amyloplast stromal fraction (Fig. 1B). The relative
abundance of the immunoreactive 112-kD protein in
the endosperm and amyloplast stromal fraction was
similar to that observed for the Coomassie Blue-
stained 112-kD protein in these fractions (Fig. 1A).
These antibodies did not recognize any other pro-
teins in the endosperm and amyloplast stromal frac-
tion of maize.

A protein extract was prepared from starch gran-
ules isolated from the amyloplast fraction and sub-
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112 kD N-terminus SVASDRDVQGPVSPAEGLZPS
112 KD - peptide 1 AVAHDVPIPGYK

Plastidic SP, potato tuber 26 AVAYDVPIPGYK

Cytosolic SP, potato tuber 224 ALAYDVPIPGYR

112 kD - peptide 2 ILDNADLPASVAELTFVEK
Plastidic SP, potato tuber 434 I LENFDLPSSVAELTFTIK

112 kD - peptide 3 VVFVPDYNVSVAEALIZPASTE
Plastidic SP, potato tuber 724 VVFVPDYNVSVAELLTIPASD
Cytosolic SP, potato tuber 646 VVFVPNYNVSVAEMLTIZPGS SE

Figure 2. Amino acid sequences of the amyloplast stromal 112-kD protein and alignment with amino acid sequences of
plastidic and cytosolic forms of potato SP. The isolated 112-kD protein was subjected to SDS-PAGE. The protein was then
transferred to polyvinylidene difluoride paper and subjected to N-terminal amino acid sequence analysis. Another sample
of the protein was digested with trypsin, three peptides were isolated, and subjected to amino acid sequence analysis.
Sequences of the N terminus and from three internal peptides of the 112-kD protein were aligned with published sequences
of plastidic SP (Nakano and Fukui, 1986; Nakano et al., 1989) and cytosolic SP (Mori et al., 1991) from potato tuber. The
numbers in the figure represent the residue numbers that begin with the indicated published sequences.

jected to immunoblot analysis using the anti-SP an-
tibodies. These antibodies did not recognize any
proteins in the granule fraction (Fig. 1B). Immunoblot
analysis of the endosperm, amyloplast stromal, and
granule fractions using anti-starch synthase I anti-
bodies was performed as positive control. As de-
scribed previously (Mu et al., 1994; Mu-Forster et al.,
1996; Yu et al., 1998), starch synthase I was enriched
in the amyloplast stroma when compared with the
whole endosperm and also associated with the starch
granule (Fig. 1C).

The whole endosperm and amyloplast stromal
fractions were assayed for SP activity. The specific
activity of the enzyme in the amyloplast stromal
fraction (0.6 umol min~ ' mg~ ') was 4-fold greater
than the activity in the whole endosperm fraction
(0.15 umol min~ ! mg™'). These two fractions were
also subjected to native PAGE in the presence of
either 12 mg/mL amylopectin or 24 mg/mL glyco-
gen. Following electrophoresis, the SP activity in the
polyacrylamide gel was measured by iodine staining.
A major positively stained band was observed in gels
containing amylopectin or glycogen from each frac-
tion. The SP activity band was enriched in the amy-
loplast stromal fraction when compared with the
whole endosperm fraction. A duplicate polyacryl-
amide gel was not stained with iodine. A gel slice
corresponding to the position of the major iodine-
stained band was minced with a razor blade into
small pieces. This sample was then subjected to SDS-
PAGE followed by immunoblotting with anti-SP an-
tibodies. This analysis showed that the anti-SP anti-
bodies recognized a 112-kD protein that was present
in the native polyacrylamide gel band that possessed
SP activity. Taken together, these data provided ev-
idence that the 112-kD protein that was enriched in
the amyloplast stromal fraction was a plastidic SP.
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Levels of the 112-kD SP during Maize
Endosperm Development

We examined the temporal expression of the
112-kD amyloplast stroma SP during endosperm de-
velopment. Whole-endosperm fractions were iso-
lated from maize harvested 9 to 24 d after pollination
(DAP). This time interval corresponds with the time
when starch is synthesized in maize endosperm (Tsai
and Nelson, 1968; Ozbun et al., 1973). SP activity was
measured within native polyacrylamide gels contain-
ing glycogen by iodine staining and the 112-kD SP
protein was analyzed by immunoblotting using the
anti-SP antibodies. SP activity and the amyloplast
stromal 112-kD protein were present 9 DAP and
persisted through 24 DAP. As a positive control,
immunoblot analysis was used to examine the levels
of the 76-kD starch synthase I during endosperm
development. As described previously (Mu et al.,
1994), the levels of starch synthase I did not change
significantly from 9 to 24 DAP.

Affinity of the 112-kD Stroma SP for
Amylopectin and Glycogen

The affinity of the 112-kD amyloplast stromal SP
for a-glucans was examined by affinity electrophore-
sis (Takeo, 1984). The amyloplast stromal fraction
was subjected to native PAGE in the presence of
varying concentrations of a-glucan immobilized
within the gel. Following electrophoresis, SP activity
was measured by iodine staining. Immunoblot anal-
ysis confirmed the identity of the SP activity bands as
the amyloplast stromal 112-kD SP enzyme. The ad-
dition of increasing concentrations of amylopectin to
polyacrylamide gels resulted in a dose-dependent
decrease in the mobility of SP activity (Fig. 3A). This
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Figure 3. Dependence of the relative mobility of the 112-kD stromal
SP on the concentration of amylopectin and glycogen upon affinity
electrophoresis. Samples (30 pg) of the amyloplast stromal fraction
were subjected to native PAGE in the presence of the indicated
concentrations of amylopectin (A) and glycogen (B). Following elec-
trophoresis, SP activity was measured by iodine staining. The relative
mobility was calculated by dividing the migration of the activity band
by the migration of the dye front. The inset of A and B contains a
portion of the native gels showing the relative mobility of SP. The
data shown in A and B is representative of two independent
experiments.

demonstrated that the enzyme bound to its a-glucan
substrate within the polyacrylamide gel (Shimomura
and Fukui, 1980; Takeo, 1984). The dissociation con-
stant (K;) of the enzyme for amylopectin was calcu-
lated to be 0.43 mg/mL. The addition of glycogen to
polyacrylamide gels also resulted in a dose-
dependent decrease in the electrophoretic mobility of
SP activity (Fig. 3B). The dissociation constant for
glycogen was 17 mg/mL. The decrease in electro-
phoretic mobility of the SP enzyme in the presence of
amylopectin and glycogen was specific. These
a-glucans did not affect the electrophoretic mobility
of 0.2 mg/mL bovine serum albumin.

Dependence of the 112-kD Stroma SP Activity on
Amylopectin and Glycogen

The dependence of the 112-kD amyloplast stroma
SP activity on amylopectin and glycogen was exam-
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ined using a saturating concentration of Glc-1-P (20
mmM). SP exhibited typical saturation kinetics with
respect to amylopectin (Fig. 4A). The V. was 0.58
pmol min~' mg !, and the apparent K,, value
for amylopectin was 0.13 mg/mL. The enzyme
displayed saturation kinetics for glycogen (Fig. 4B).
The V., was 0.63 umol min~' mg™~ ' and the appar-
ent K, value for glycogen was 0.45 mg/mL.

Analysis of the 112-kD Stroma SP in the
shrunken-4 Mutant

The maize shrunken-4 mutant kernel contains one-
third as much starch as the wild-type kernel, result-
ing in its shriveled, opaque phenotype (Tsai and
Nelson, 1969b; Burr and Nelson, 1973). We prepared
extracts from wild-type and shrunken-4 mutant en-
dosperms of 30 DAP and measured SP activity. As
described previously (Tsai and Nelson, 1969b), the
specific activity of SP in the extract of the shrunken-4
mutant was reduced (66%) when compared with the
SP activity from wild-type endosperm. The reduced
SP activity in the shrunken-4 mutant has been attrib-
uted to a deficiency for pyridoxal-5-phosphate
within the cell (Burr and Nelson, 1973). Pyridoxal-5-
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Figure 4. Dependence of SP activity on the concentration of amyl-
opectin and glycogen. SP activity was measured as a function of the
indicated concentrations of amylopectin (A) and glycogen (B). The
concentration of Glc-1-P was maintained at 20 mm. The curves
drawn were the result of the analysis of the data according to the
Michaelis-Menten equation. The insets shown in A and B are double
reciprocal plots of the data. The lines drawn in the insets are the
result of a least-squares analysis of the data. The data shown in A and
B is representative of two independent experiments carried out in
duplicate.
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Figure 5. Levels of the 112-kD stromal SP in the shrunken-4 mutant.
A, Samples (30 ug) of the endosperm fraction from wild-type (WT)
and the shrunken-4 (sh-4) mutant were subjected to native PAGE in
the presence of 24 um glycogen. Following electrophoresis, SP ac-
tivity was measured by iodine staining. B, The isolated 112-kD
protein (0.1 ug) and samples (60 ug) of the endosperm fraction from
wild-type (WT) and the shrunken-4 (sh-4) mutant were subjected to
SDS-PAGE followed by Coomassie Blue staining. C, The isolated
112-kD protein (0.1 ug) and samples (30 pg) of the endosperm
fraction from wild-type and the shrunken-4 mutant were subjected to
immunoblot analysis using anti-SP antibodies. A portion of the poly-
acrylamide gels (A and B) and the immunoblot (C) is shown, and the
position of the 112-kD stromal SP is indicated in the figure. The data
shown in A through C is representative of two independent
experiments.

phosphate is a cofactor of SP (Burr and Nelson, 1975).
The addition of pyridoxal-5-phosphate to the assay
mixture of the shrunken-4 mutant did not affect the
level of SP activity. We questioned if the reduction in
SP activity in the extract derived from the shrunken-4
mutant was due to the presence of an enzyme inhib-
itor or the loss of an enzyme activator. Extracts from
the endosperms of wild-type and shrunken-4 mutant
were mixed, incubated for 20 min, and then assayed
for SP activity. The SP activity of the mixture was the
average of the specific activities of the SP assayed
from each extract separately. These data suggested
that the lower SP activity in the shrunken-4 mutant
endosperm was not due to effector molecules.

We questioned whether the reduction of the SP
activity in the shrunken-4 mutant was due to the level
of the 112-kD stromal SP. Equal amounts of the en-
dosperm fractions of the wild-type and shrunken-4
mutant were subjected to native PAGE followed by
the measurement of SP activity by iodine staining. A
positively stained band was observed in the gel con-
taining the sample that was derived from the
shrunken-4 mutant. This activity band migrated to the
same position as the 112-kD stromal SP from the
wild-type control (Fig. 5A). Scanning densitometry of
the SP bands on the polyacrylamide gels showed that
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the activity in the shrunken-4 mutant was reduced by
50%. The amount of the 112-kD stroma SP in the
shrunken-4 mutant endosperm was also examined by
SDS-PAGE followed by Coomassie Blue staining
(Fig. 5B) and by immunoblot analysis using anti-SP
antibodies (Fig. 5C). This analysis showed that the
level of the 112-kD stroma SP was reduced by 50% in
the shrunken-4 mutant when compared with the wild-
type control.

DISCUSSION

In maize non-photosynthetic sink tissue, starch bio-
synthesis occurs in the amyloplast (Lopes and Lar-
kins, 1993; Nelson and Pan, 1995). Some starch bio-
synthetic enzymes are localized exclusively in the
starch granule (e.g. granule bound starch synthase [;
Nelson and Chourey, 1978; Macdonald and Preiss,
1985), whereas some are localized exclusively in the
amyloplast stroma (e.g. starch debranching enzyme;
Yu et al., 1998). In addition, some starch biosynthetic
enzymes are localized in both locations (e.g. starch
synthase I and starch branching enzyme IIb; Mu-
Forster et al., 1996; Yu et al., 1998). In this study we
identified the maize amyloplast stromal 112-kD pro-
tein as a plastidic SP enzyme localized in the stroma.
The classification of this SP as a plastidic enzyme was
based on the following data. SP activity was associ-
ated with the 112-kD protein enriched in the amylo-
plast stroma. The 112-kD protein exhibited amino
acid sequence identity with sequences of known
plastidic SP enzymes. The 112-kD protein reacted
with specific antibodies raised against the potato
plastidic SP. We hypothesize that the amyloplast
stromal 112-kD plastidic SP is the same enzyme orig-
inally purified from maize kernels by Burr and Nel-
son (Burr and Nelson, 1975). At the time of this
earlier work the localization of the SP enzyme puri-
fied by Burr and Nelson (Burr and Nelson, 1975) was
not known, nor were SP enzymes classified as being
plastidic or cytosolic.

A characteristic property of plastidic SP enzymes is
their preference for a-glucans having long linear glu-
can chains. For example, the plastidic SP enzymes
from potato tuber (Liddle et al., 1961), spinach leaf
(Shimomura et al., 1982), and sweet corn (Lee and
Braun, 1973) prefer amylopectin as a substrate to
glycogen, which is a more highly branched a-glucan.
Indeed the maize amyloplast stromal 112-kD SP pre-
ferred amylopectin as a substrate when compared
with glycogen. The K,, value for amylopectin in the
synthetic direction of the SP reaction was 3.4-fold
lower than that of glycogen. Moreover, the Ky for
amylopectin as determined by affinity electrophore-
sis was 40-fold lower than that of glycogen.

The maize shrunken-4 mutant is characterized by
having one-third as much starch and one-third as
much soluble protein as the wild-type kernel (Tsai
and Nelson, 1969b; Burr and Nelson, 1973). Nelson
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and coworkers (Tsai and Nelson, 1969b; Burr and
Nelson, 1973) have shown that the SP activity in
maize endosperm is reduced in the shrunken-4 mu-
tant. Moreover, the activities of other starch biosyn-
thetic enzymes, including ADP-Glc pyrophosphory-
lase and starch synthase, are also reduced in the
shrunken-4 mutant (Akatsuka and Nelson, 1966). The
total amount of pyridoxal-5-phosphate in the en-
dosperm of the shrunken-4 mutant is reduced 8-fold
when compared with wild-type endosperm (Burr
and Nelson, 1973). Burr and Nelson (1973) have sug-
gested that the decrease in SP activity in the mutant
is due to a deficiency of its cofactor pyridoxal-5-
phosphate. In the present work the addition of
pyridoxal-5-phosphate to the assay system for SP
activity of the mutant did not affect the activity. The
fact the enzyme activity could not be restored with
pyridoxal-5-phosphate could result from the instabil-
ity and/or degradation of SP in the extract due to the
deficiency of the cofactor. Indeed the reduced SP
activity in the shrunken-4 mutant could be attributed
to a decrease of the amyloplast stromal 112-kD SP
enzyme. Additional studies will be required to deter-
mine whether the decrease of the amyloplast stromal
112-kD SP in the shrunken-4 mutant was due to an
increase in enzyme turnover or due to a decrease in
enzyme expression. The decrease in SP activity in the
shrunken-4 mutant did not appear to result from the
presence or absence of effector molecules based on
results of mixing extracts of mutant and wild-type
endosperms.

SP was once considered the predominant enzyme
catalyzing starch chain elongation in maize en-
dosperm (Tsai and Nelson, 1968, 1969a). However,
interest in SP as a major starch biosynthetic enzyme
had declined with the discovery of ADP-Glc pyro-
phosphorylase (Akatsuka and Nelson, 1966; Ozbun
et al., 1973). Over the past three decades most efforts
to characterize the flow of carbon from Glc-1-P to
starch have focused on ADP-Glc pyrophosphorylase,
starch synthase, starch branching enzyme, and starch
debranching enzyme (Smith et al., 1997). Antisense
experiments used to reduce plastidic SP in potato leaf
(Sonnewald et al., 1995) and cytosolic SP in potato
tuber (Duwenig et al., 1997b) have shown little effect
on starch synthesis or degradation. Thus the major
route of starch synthesis occurs via the ADP-Glc
pyrophosphorylase-starch synthase pathway (Smith
et al., 1997).

There has been a renewed interest in the SP en-
zyme. cDNAs encoding the plastidic forms of SP
enzymes have been isolated and characterized from a
variety of higher plants (Steup, 1988). Studies with
potato (Brisson et al., 1989; St-Pierre and Brisson,
1995), spinach (Duwenig et al., 1997a), and pea (van
Berkel J et al., 1991) have shown that the expression
of plastidic SP genes correlates with starch biosyn-
thesis. The fact that the 112-kD SP enzyme was en-
riched in the amyloplast stroma where other starch
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synthetic enzymes are localized supports the hypoth-
esis that SP may play some role in starch biosynthe-
sis. Takaha et al. (1998) have recently suggested that
disproportionating enzymes may work in conjunc-
tion with SP for starch synthesis via the SP phospho-
rolytic reaction in the context of the “discontinuous
synthesis model” or the “glucan-trimming model”
(Ball et al., 1996; Myers et al., 2000). According to the
model (Ball et al.,, 1996; Myers et al., 2000) pre-
amylopectin molecules are trimmed by the starch
debranching enzyme. The short chain malto-oligo-
saccharides liberated in the trimming reaction are
converted to longer chain glucan molecules by the
action of disproportionating enzymes (Takaha et al.,
1998). The longer-chain glucan molecules can then be
utilized by SP via the phosphorolytic reaction to
generate Glc-1-P. In turn, the Glc-1-P may be utilized
by ADP-Glc pyrophosphorylase for the synthesis of
starch. Recent studies have shown that the phospho-
rolytic reaction of SP is in fact stimulated by the
presence of disproportionating enzymes (Colleoni et
al., 1999). It is clear that additional studies are needed
to establish the physiological role of SP enzymes in
starch metabolism. The identification of the maize
amyloplast stromal 112-kD protein as a plastidic SP
enzyme provides a foundation for future studies.

MATERIALS AND METHODS
Materials

All chemicals were reagent grade. Amylopectin, glyco-
gen, bovine serum albumin, Glc-1-P, 2-(N-morpholino)-
ethanesulfonic acid, Triton X-100, ferrous molybdate, and
pyridoxal-5-phosphate were from Sigma (St. Louis). Pro-
tein assay reagent, electrophoresis reagents, molecular
mass standards, polyvinylidene difluoride paper for pro-
tein sequencing, and immunochemical reagents were from
Bio-Rad (Hercules, CA). Nitrocellulose paper for immuno-
blotting was from Schleicher & Schuell (Keene, NH). The
enhanced chemiluminescence direct labeling and detection
system was from Amersham Pharmacia Biotech (Uppsala).
Pro-Blue PAGE stain was from Owl Separation Systems
(Woburn, MA). The shrunken-4 mutant maize ears of 30
DAP were provided by ExSeed Genetics (Ames, IA).

Preparation of Endosperm and Amyloplast Fractions

The endosperm fraction was prepared from Dent inbred
maize (Zea mays cv B73) that were field grown and har-
vested at 9, 12, 15, 18, 21, and 24 DAP. Endosperms were
obtained from maize ears by manual removal of embryos
and pericarp. Cell extracts were prepared from en-
dosperms as described by Yu et al. (1998). The amyloplast
stromal fraction was isolated from endosperms of 15 DAP
(Yu et al.,, 1998). The purity of the amyloplast stromal
fraction was assessed using appropriate marker enzymes
(Yu et al., 1998). Starch granules were isolated from amy-
loplasts as described previously (Yu et al., 1998). Granule-
associated proteins were isolated by extracting starch gran-
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ules with SDS-PAGE sample buffer (20 uL buffer mg ~' dry
weight granule). Mixtures were then boiled for 15 min and
cooled to room temperature. Annealed starch was removed
by centrifugation at 13,000g for 15 min (Mu et al., 1994;
Mu-Forster et al., 1996).

Electrophoresis, Amino Acid Sequence
Analyses, and Immunoblotting

Affinity electrophoresis (Shimomura and Fukui, 1980;
Takeo, 1984; Duwenig et al., 1997a) was performed with
7.5% (w/v) polyacrylamide tube gels in the absence or
presence of the indicated glucan substrates at 4°C. Electro-
phoresis was performed for 1 h at 3 mA per tube, and then
for 3 h at 5 mA per tube. Following electrophoresis, gels
were soaked in 100 mmM citrate-NaOH buffer (pH 6.0) for
1 h. The tube gels were then incubated for 2 h at 37°C in a
reaction mixture containing 100 mm citrate-NaOH buffer
(pH 6.0) and 20 mm Glc-1-P. SP activity was identified as
blue-staining bands in the tube gels after a 3- to 5-min
incubation with 10 mm I, and 14 mm KI. In an alternate
manner, electrophoresis was carried out in 8% (w/v) poly-
acrylamide slab gels.

SDS-PAGE (Laemmli, 1970; Porzio and Pearson, 1976)
was performed with 9% to 18% (w/v) gradient slab gels.
Proteins on SDS-polyacrylamide gels were visualized with
Pro-Blue stain. Molecular mass standards were myosin
(200 kD), B-galactosidase (116.2 kD), phosphorylase b (97.4
kD), bovine serum albumin (66.2 kD), ovalbumin (45 kD),
and carbonic anhydrase (31 kD).

The 112-kD amyloplast stromal protein was eluted from
SDS-polyacrylamide gel slices using an electroeluter (mod-
el 422, Bio-Rad) according to the instructions provided by
the manufacturer. The electroeluted protein was then sub-
jected to SDS-PAGE and transferred to polyvinylidene di-
fluoride paper (Matsudaira, 1987). The N-terminal amino
acid sequence of a protein sample was determined by
automated Edman degradation. Another sample of the pro-
tein on the polyvinylidene difluoride paper was digested
with trypsin and the resulting peptide fragments were
purified by HPLC. Selected peptides were subjected to
amino acid sequence analysis. The trypsin digestion and
the amino acid sequence analyses were performed at the
Macromolecular Structure Facility of Michigan State
University.

Immunoblot analyses (Haid and Suissa, 1983) were per-
formed with anti-SP antibodies raised against the plastidic
form of potato SP (Brisson et al., 1989) and with anti-starch
synthase I antibodies raised against maize soluble starch
synthase I (Mu et al.,, 1994). The anti-SP antibodies and
anti-starch synthase antibodies were used at dilutions of
1:5,000 and 1:100,000, respectively. Protein bands were
identified on immunoblots using the enhanced chemilumi-
nescence direct labeling and detection kit. The density of
bands was quantified by scanning densitometry. Immuno-
blot signals were in the linear range of detection.
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Enzyme Assays and Protein Determination

SP activity was measured in the synthetic direction. The
reaction mixture contained 100 mm 2-(N-morpholino)-
ethanesulfonic acid buffer (pH 6.0), 20 mm Glc-1-P, the
indicated concentration of glucan substrate, and enzyme
protein in a total volume of 0.1 mL. The reaction mixtures
were incubated at 37°C for 45 min and were terminated by
addition of 0.05 mL 0.4 N H,SO,. The amount of inorganic
phosphate released from Glc 1-P was determined by a
molybdate-based colorimetric assay (Fiske and Subbarow,
1925). All assays were conducted in duplicate and were
linear with time and protein concentration. A unit of SP
activity was defined as the amount of enzyme that cata-
lyzed the formation of 1 umol of product/min. Specific
activity was defined as units per milligram of protein.
Protein concentration was determined by the method of
Bradford (1976) using bovine serum albumin as the stan-
dard. Buffers (e.g. containing Triton X-100) that were iden-
tical to those containing protein samples were used as
blanks.

Calculation of K4 and Analysis of Kinetic Data

The Ky of SP for amylopectin and glycogen were based
on the relative mobility of the enzyme after affinity elec-
trophoresis (Takeo, 1984). Kinetic data were analyzed with
the EZ-FIT enzyme kinetic model-fitting program accord-
ing to the Michaelis-Menten equation. EZ-FIT uses the
Nelder-Mead Simplex and Marquardt/Nash nonlinear re-
gression algorithms sequentially and test for the best fit of
the data among different kinetic models (Perrella, 1988).
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