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Rice (Oryza sativa) endosperm has two isoamylase (ISA) oligomers, ISA1 homo-oligomer and ISA1-ISA2 hetero-oligomer. To
examine their contribution to starch synthesis, expression of the ISA1 or ISA2 gene was differently regulated in various
transgenic plants. Although suppression of ISA2 gene expression caused the endosperm to have only the homo-oligomer, no
significant effects were detected on the starch phenotypes. In contrast, ISA2 overexpression led to endosperm having only the
hetero-oligomer, and starch synthesis in the endosperm was drastically impaired, both quantitatively and qualitatively,
because the starch was devoid of typical starch features, such as thermal and x-ray diffraction properties, and water-soluble
highly branched maltodextrins were accumulated. In the ISA2 overexpressed line, about 60% to 70% of the ISA1-ISA2 hetero-
oligomer was bound to starch, while the ISA homo- and hetero-oligomers from the wild type were mostly present in the
soluble form at the early milking stage of the endosperm. Detailed analysis of the relative amounts of homo- and hetero-
oligomers in various lines also led us to the conclusion that the ISA1 homo-oligomer is essential, but not the ISA1-ISA2
oligomer, for starch production in rice endosperm. The relative amounts of ISA1 and ISA2 proteins were shown to determine
the ratio of both oligomers and the stoichiometry of both ISAs in the hetero-oligomer. It was noted when compared with the
homo-oligomer that all the hetero-oligomers from rice endosperm and leaf and potato (Solanum tuberosum) tuber were much
more stable at 40�C. This study provides substantial data on the structural and functional diversity of ISA oligomers between
plant tissues and species.

Starch comprises linear and/or slightly branched
amylose and highly branched amylopectin. Amylo-
pectin has a distinct highly ordered structure called a
“tandem-cluster structure,” in which most of the side
chains are arranged in parallel and neighboring chains
form double helices (Kainuma and French, 1972).
Starch-debranching enzyme (DBE) has been consid-
ered to play an essential role in the synthesis of
amylopectin, possibly by trimming the shape of the
cluster (Ball et al., 1996). Higher plants and green algae
have two classes of DBEs, namely isoamylase (ISA)
and pullulanase (PUL). These enzymes can hydrolyze
a-1,6 glucosidic linkages in branched glucan, although

ISA cannot attack pullulan, while PUL can hardly
degrade glycogen. Plants generally have three types of
ISA isozymes (ISA1, ISA2, and ISA3) but have only
one PUL form. Numerous investigations on the bio-
chemical and genetic analyses of DBE mutants and the
molecular analysis of transgenic plants with modified
DBE gene expression have been performed. The loss of
ISA1 protein in these plants results in a tremendous
obstacle in the formation of starch granules in cereal
endosperms such as maize (Zea mays; James et al., 1995),
rice (Oryza sativa; Kubo et al., 1999), and barley (Hordeum
vulgare; Burton et al., 2002), Arabidopsis (Arabidopsis
thaliana) leaves (Delatte et al., 2005; Wattebled et al.,
2005), potato (Solanum tuberosum) tuber (Hussain et al.,
2003), and Chamydomonas cells (Mouille et al., 1996). In
these tissues or cells, starch was observed to be replaced
by a sort ofwater-soluble highly and randomly branched
polysaccharide devoid of the cluster structure called
phytoglycogen.

ISA2 by itself has no catalytic activity, owing to the
absence of the consensus peptide region essential for
enzymatic activity, but it contributes to the ISA activity
through association with the ISA1 protein to form the
ISA1-ISA2 protein complex (Hussain et al., 2003). How-
ever, it is unlikely that ISA3 forms amultimer with ISA1
or ISA2, but it exists as a monomer (Hishinuma et al.,
2004; Takashima et al., 2007).

ISA is involved in starch biosynthesis as the ISA1-
ISA2 hetero-oligomer in potato tuber (Hussain et al.,
2003) and Arabidopsis leaves (Delatte et al., 2005;

1 This work was supported by the Core Research for Evolutional
Science and Technology (grant to Y.N.), the Japan Science and
Technology Agency and the Japan Society for the Promotion of
Science (grant no. 20248002 to Y.N.), and the Program for the
Promotion of Basic and Applied Research for Innovations in Bio-
oriented Industry (grant to N.F.).

2 Present address: Plant Genomic Network Research Team, RIKEN
Plant Science Center, 1–7–22, Suehiro-cho, Tsurumi-ku, Yokohama,
Kanagawa 230–0045 Japan.

* Corresponding author; e-mail nakayn@akita-pu.ac.jp.
The author responsible for distribution of materials integral to the

findings presented in this article in accordance with the policy
described in the Instructions for Authors (www. plantphysiol.org) is:
Yasunori Nakamura (nakayn@akita-pu.ac.jp).

[W] The online version of this article contains Web-only data.
[OA] Open Access articles can be viewed online without a sub-

scription.
www.plantphysiol.org/cgi/doi/10.1104/pp.111.173435

Plant Physiology�, May 2011, Vol. 156, pp. 61–77, www.plantphysiol.org � 2011 American Society of Plant Biologists 61



Wattebled et al., 2005), where both the proteins exist
only as the hetero-oligomer. On the contrary, the endo-
sperm of rice and maize contains both the ISA1 homo-
oligomer and the ISA1-ISA2 hetero-oligomer (Utsumi
and Nakamura, 2006; Kubo et al., 2010). Although the
mechanism by which DBEs are involved in the synthe-
sis of amylopectin is still debatable, it is thought that
these enzymes play a crucial role in amylopectin bio-
synthesis by removing excess branches (Ball et al., 1996)
or improper branches (Nakamura, 2002) that interfere
with the formation of double helices of the cluster
chains of amylopectin (Nakamura, 2002) and crystalli-
zation of the starch (Myers et al., 2000).

Considering the fact that the stoichiometry of ISA1
and ISA2 in the ISA1-ISA2 hetero-oligomer of potato
and Arabidopsis is different from that of rice endo-
sperm (Ishizaki et al., 1983; Hussain et al., 2003;
Utsumi and Nakamura, 2006), studies on the impact
of a reduction or overexpression of the ISA1 or ISA2
gene in rice endospermwill provide us with important
insights into the contribution of ISA1 and ISA2 to
starch synthesis of cereal endosperm and, hence, into
the regulatory mechanism for the involvement of ISA
isozymes in starch biosynthesis. In this study, we have
mainly characterized the ISA1 homo-oligomer and the
ISA1-ISA2 hetero-oligomer not only from the endo-
sperm but also from the leaf of rice. The loss of ISA2
was found to have no effects on the starch phenotype
of rice kernels. In contrast, overproduction of ISA2
caused shriveled kernels. The results show that the
ISA1 homo-oligomer is indispensable for amylopectin
biosynthesis in rice endosperm, while the ISA1-ISA2
hetero-oligomer seems to be essential for starch syn-
thesis in leaf, although it is insufficient for normal
starch accumulation in the endosperm. These phe-
nomena indicate a case for the diversity of metabolic
regulation among plant species and/or tissues.

Recently, Kubo et al. (2010) claimed that either the
homo-oligomer or the hetero-oligomer is competent
for starch biosynthesis in maize endosperm, based on
the results obtained using maize ISA1 and ISA2 mu-
tants. However, the phenotypes caused by the lesion of
the ISA1 or ISA2 gene and the hypothesized functions
of both the ISA proteins in starch synthesis differ
between maize and rice endosperm. The comprehen-
sive studies here with protein-based analyses of the
ISA oligomers from a variety of rice transgenic lines
could provide further insights into the functions and
structure of both oligomers in plant tissues.

RESULTS

Construction of Binary Vectors for Transformation by

RNA Interference or Overexpression and Generation of
Transgenic Lines of Rice

To distinguish the functions of the homo- and hetero-
oligomers of ISA in rice plants, four kinds of DNA
constructs were designed in this study. The first con-

struct was synthesized so that the ISA1 gene expression
was suppressed by the RNA interference (RNAi)
method (Supplemental Fig. S1A). The second construct
was prepared to express the ISA1 gene in the ISA1-
deficient sugary-1 mutant line EM914 (Supplemental
Fig. S1C). In addition, to investigate the contribution of
ISA2 to the function of ISA for the synthetic rate and
structure of starch, vectors in which the expression of
the ISA2 gene was suppressed or overexpressed were
constructed (Supplemental Fig. S1, B and D) and intro-
duced into the callus from the wild-type japonica rice cv
Kinmaze or a pullulanase (pul)-null mutant generated
from the wild-type japonica rice cv Nipponbare (Fujita
et al., 2009).

It is known that ISA from rice endosperm yielded at
least three activity bands detected as blue bands on
native polyacrylamide gels containing amylopectin
(Fujita et al., 1999; Kubo et al., 1999). The bottom band
and both the middle and top bands were recently
assessed to correspond to the ISA1 homo-oligomer and
the ISA1-ISA2 hetero-oligomer, respectively (Utsumi
and Nakamura, 2006). The use of an ISA1 suppression
vector resulted in a complete loss of ISA activity (Fig.
1A) and ISA1 protein (Fig. 1B). The amounts of ISA1
protein in isa2 and isa2/pul lines were at the same level
as those in the wild type or the pul mutant (Fig. 1B).
However, RNAi-mediated ISA2 gene suppression caused
the transformants to have the ISA1 homo-oligomer ac-
tivity but to lose the hetero-oligomer activity com-
pletely in endosperm (Fig. 1A). When the ISA2 gene
was overexpressed, the ISA2 protein level was ele-
vated (Fig. 1C) and the ISA activity was detected only
in the hetero-oligomer, not in the ISA1 homo-oligomer
(Fig. 1A), although the ISA1 protein level was signif-
icantly reduced in the transformed lines (Fig. 1B). The
sugary-1 mutant line EM914 restored its capacity to
produce starch in the endosperm by incorporating the
normal ISA1 gene (Fig. 2A). These results indicate that
all four transformation vectors functioned in the en-
dosperm of the transgenic lines as planned.

Phenotypic Changes in Kernel Morphology and
Production in Transgenic Lines

The ISA2 suppressed (isa2) lines had the same
plumped seeds as the wild type, while the ISA1
suppressed (isa1) lines had shriveled kernels at matu-
rity (Fig. 2A). The kernel morphology of the trans-
formants was unaffected when ISA2 gene expression
was inhibited. In contrast, overexpression of the ISA2
gene brought about a dramatic reduction in kernel size
in the dry seed (Fig. 2A), and the transformants
contained less than 50% of the starch in the kernel,
while the content of soluble sugars, including malto-
dextrins (MD), malto-oligosaccharides (MOS), and
simple sugars, increased by about 8-fold when com-
pared with the host cv Kinmaze (Table I). The whole
region of the developing endosperm of the ISA2 over-
expressed line Wxa:ISA2-6-4 was stained with iodine
solution, suggesting that both insoluble and soluble
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glucans were present in whole endosperm cells (Fig.
2B). We actually measured the amounts of insoluble
glucans and soluble sugars in the different portions of
the endosperm (Supplemental Fig. S2) and found that
the above-mentioned idea was the case in the ISA2
overexpressed line. In contrast, phytoglycogen was
localized in the inner region of the endosperm while
starch was present in the outer region in the seed of a
sugary-1mutant line, EM41 (Fig. 2B). When the normal
rice ISA1 gene was introduced into another sugary-1
mutant line, EM914, where starch is almost completely
replaced by phytoglycogen in the endosperm, a trans-
formed line, Wxa:ISA1-9-2, produced plenty of starch
but not phytoglycogen with the plumped kernel (Fig.
2A, bottom column).

Effects of Changes in ISA1 and ISA2 Gene Expression on
the Composition of ISA Oligomers

To evaluate the functions of the ISA1 homo-oligomer
and the ISA1-ISA2 hetero-oligomer in starch synthesis

of rice endosperm, we examined in detail the relative
amounts of these oligomers using various transform-
ants having different levels of ISA1 and ISA2 proteins.
In addition to the ISA2 overexpressed line (Wxa:ISA2-5-
4) and the ISA1 low-expressed line (Wxa:ISA1-9-2), an
ISA1 antisense line (G5a-1) was used because the ISA1
protein amount in endosperm of the linewas reduced to
about 6% of the wild type, but it could produce a great
amount of starch-like glucans in its seed (Fujita et al.,
2003), while the ISA1 protein amount in Wxa:ISA1-9-2
was about 56% of the wild-type level (data not shown).

Figure 3A shows the relative activities of three major
ISA bands in the zymogram. Owing to the low ISA1
protein level, the activity of the homo-oligomer was
markedly lower in Wxa:ISA1-9-2 than in the wild type.
The normal phenotype in the seed of the Wxa:ISA1-9-2
line (Fig. 2A) suggests that the ISA activity level of the
wild type is much higher than the amount required for
starch production in the rice endosperm and that the
excess of ISA activity does not inhibit the starch
synthesis in rice endosperm. Most of the ISA activity

Figure 1. The activity of ISA and protein levels of ISA1 and ISA2 in the endosperm of transgenic lines and their wild-type host rice
cv Kinmaze and Nipponbare. A, Aliquots (14 mL) of each of the crude enzyme extracts (total of 30 mL) prepared from a maturing
endosperm at DAF15 were loaded onto a native polyacrylamide (5%) gel containing 0.4% (w/v) potato tuber amylopectin. After
electrophoresis, the gel was incubated in 50mM citrate-phosphate buffer (pH 6.0) containing 50mM 2-mercaptoethanol for 1 h at
30�C and stained with iodine solution (1% I2/0.1% KI). The position of each activity band by the hetero-oligomer (Hetero-ISA),
the homo-oligomer (Homo-ISA), pullulanase (PUL), or plastidial phosphorylase (Pho1) is shown. B and C, Aliquots (14 mL) of
each of the crude enzyme extracts (total of 30 mL) prepared from a maturing endosperm were subjected to SDS-PAGE, and the
protein amount of ISA1 (B) or ISA2 (C) was detected by immunoblot analysis with polyclonal antibody raised against ISA1 or
ISA2, respectively, purified from rice maturing seed (Utsumi and Nakamura, 2006). Note that in B, the ISA1 protein could not be
detected in the crude extract from the ISA1 suppressed lines by this method, whereas in the crude extract from Kinmaze (the wild
type), ISA2 suppressed lines and ISA2 overexpressed lines (Wxa:ISA2) could be detected. In C, the ISA2 protein was detected only
in the ISA2 overexpressed lines, as shown by asterisks on that band.
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was accounted for by two hetero-oligomer bands in
both ISA1 antisense and ISA2 overexpressed lines (Fig.
3A). To measure the homo-oligomer activity, if any, the
incubation time was prolonged up to 3 h at 30�C in
both lines. It was noted that with the increase in the
enzymatic reaction time, the ISA1 homo-oligomer
band was apparent in the ISA1 antisense line, while
no activity band was detected in the ISA2 overex-
pressed line even after the 3-h incubation (Fig. 3B),
indicating that the antisense line, but not the overex-
pressed line, had a small amount of the homo-oligo-
mer. As shown in Figure 3B, trace levels of activity
bands were sometimes visible at the extreme top of the
zymogram, although these bands were observed es-
pecially when the incubation time was prolonged and
a large amount of the purified ISA protein was applied
to the native gel. We presume that these bands oc-
curred due to the aggregation of the protein complex,
because the ISA protein complex is very hydrophobic
in nature. It is possible that this phenomenon was a
kind of artifact, because this band was not detected

when the freshly prepared crude enzyme extract was
used for the zymogram analysis.

The ISA proteins were purified using anion-ex-
change and hydrophobic chromatography. The ISA
oligomers were almost purified, and the A280 roughly
corresponded to the ISA protein amount (Fig. 3C).
Although the wild-type endosperm had both the
homo- and hetero-oligomers, the ISA2 suppressed
line (isa2-1-1) contained only the homo-oligomer.How-
ever, the ISA2 overexpressed line (Wxa:ISA2-6-4) pos-
sessed the only hetero-oligomer. These results suggest
that the relative amounts of the ISA1 and ISA2 proteins
determine the ratio of the homo-oligomer to the hetero-
oligomer, consistent with the in vitro experiment in
which the purified recombinant ISA1 and ISA2 pro-
teins were mixed with various ratios, as described
below (Fig. 3E).

To determine the protein ratio of ISA1 to ISA2 in the
ISA oligomers, both proteins were measured by im-
munoblot analysis using antibodies raised against
ISA1 and ISA2 purified from rice endosperm (Utsumi

Figure 2. Iodine staining of the cross-sections of
kernels from Kinmaze (the wild type), EM41
(sug-1 mutant), the pul null mutant, and trans-
genic lines. A, Iodine-stained cross-sections of the
dry kernels. B, Iodine-stained cross-sections of the
maturing kernels harvested at DAF30.
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and Nakamura, 2006). In this experiment, the ISA
oligomers were fractionated into the homo fraction,
the first hetero fraction, and the second hetero fraction
separated by Ether-5PW chromatography. Figure 3D
shows that in the wild type, the homo fraction in-
cluded almost only ISA1 protein, while the first hetero
fraction had much more ISA1 protein when compared
with ISA2 protein. In contrast, the ISA2 amount was
similar to the ISA1 amount in the first hetero fraction
from the ISA1 antisense line (Fig. 3D). It was noted that
in the ISA2 overexpressed line, the amount of ISA2
protein was rather higher than that of ISA1 protein in
the first hetero fraction, whereas the reverse was true
in the second hetero fraction (Fig. 3D). The ratios of the
protein amount of ISA2 to that of ISA1 in the first
hetero fractions of the wild type, the antisense line,
and the overexpressed line were calculated to be about
0.22, 0.77, and 1.58, respectively, while that in the
second hetero fraction of the overexpressed line was
found to be approximately 0.84, by comparing the
relative intensities of both the protein bands detected
with Coomassie Brilliant Blue staining with those with
immunoblot detection (Supplemental Fig. S3).
To reveal the relationship between the relative

amounts of ISA1 and ISA2 proteins and the activity
of the hetero-oligomer, in vitro experiments were
carried out by incubating different amounts of recom-
binant ISA2 protein with the fixed amount of recom-
binant ISA1 protein. With the increase in the ISA2
protein, activities in the bottom hetero-oligomer band
increased, followed by the top hetero-oligomer band
(Fig. 3E), and the activities toward amylopectin
slightly increased while those toward phytoglycogen

dramatically increased (Fig. 3F), indicating that the
catalytic properties of the ISA complex vary by the
stoichiometry of ISA1 and ISA2 proteins.

Effects of Changes in ISA2 Gene Expression on the
Levels of Other Starch Synthetic Enzymes

We examinedwhether the overexpression of the ISA2
gene affected the levels of enzymes involved in starch
biosynthesis. The transcript levels of starch synthase
(SS) isozymes (SSI, SSIIIa, and SSIVb), the protein
amounts of starch-branching enzyme (BE) isozymes,
BEI and BEIIb, and the activities of BEIIa as well as BEI
and BEIIb in the ISA2 overexpressed line were similar
to those in the wild type (Supplemental Fig. S4). The
activities of PUL and plastidial phosphorylase were
decreased to some extent by the transformation (Fig.
1A). In summary, it is unlikely that other starch syn-
thetic enzymes could markedly influence the pheno-
typic changes, if any, in the ISA2 transformants.

Scanning Electron Microscopy Observations of Starch
Granules or Insoluble Glucan Granules

The scanning electron microscopy (SEM) images
showed that Kinmaze formed similar sizes of polyg-
onal starch granules with sharp edges and a smooth
surface (Fig. 4A). The ISA2 suppressed lines (isa2-1-1
and isa2/pul-3-4) and the pul mutant had a morphol-
ogy of starch granules similar to that of Kinmaze. On
the contrary, the ISA2 overexpressed lines (Wxa:ISA2-
3-9 and Wxa:ISA2-6-4) had various sizes of insoluble
glucan granules with irregular shapes and a rough

Table I. Carbohydrate contents in kernel and kernel weight of the wild type and transformants

Means and SD were calculated from triplicate assays from three independent preparations.

Line Starch/Insoluble Glucans Soluble Sugarsa Kernel Weight

mg kernel21

Kinmaze 15.8 6 0.9 0.08 6 0.01 20.1 6 1.1
isa1-8-11 2.4 6 0.5 3.92 6 0.72 10.7 6 1.0
isa2-1-1 15.6 6 1.3 0.05 6 0.00 20.2 6 2.8
isa2-7-3 14.4 6 0.9 0.05 6 0.01 20.0 6 1.0
isa2-9-7 15.0 6 1.0 0.04 6 0.00 20.7 6 1.8
Wxa:ISA2-3-9b 7.1 6 0.7 0.58 6 0.04 10.2 6 1.2
Wxa:ISA2-6-4b 7.3 6 0.9 0.62 6 0.05 10.4 6 0.9
Wxa:ISA2-9-4b 6.9 6 0.7 0.65 6 0.06 10.5 6 1.1
Nipponbare 16.5 6 0.7 0.03 6 0.00 21.7 6 1.5
pul mutant 14.7 6 0.9 0.03 6 0.01 21.5 6 1.2
isa1/pul-1-2 1.5 6 0.3 3.91 6 0.71 9.6 6 1.1
isa1/pul-2-1 1.4 6 0.5 3.78 6 0.28 9.7 6 0.8
isa1/pul-3-6 1.3 6 0.4 4.09 6 0.28 10.3 6 0.9
isa2/pul-1-7 13.5 6 2.1 0.07 6 0.02 19.3 6 1.1
isa2/pul-3-4 10.7 6 0.5 0.09 6 0.02 17.2 6 1.2
isa2/pul-7-1 16.2 6 0.3 0.07 6 0.01 20.1 6 3.0
Taichung 65 15.3 6 0.4 0.25 6 0.01 21.0 6 1.3
EM914 0.6 6 0.1 6.68 6 0.13 12.5 6 0.6
Wxa:ISA1-9-2 12.8 6 1.3 0.35 6 0.02 18.9 6 0.9

aSoluble sugars contained MD, MOS, and simple sugars. bThe contents of starch and soluble sugars
of Wxa:ISA2-3-9, Wxa:ISA2-6-4, and Wxa:ISA2-9-4 lines were measured using kernels at DAF40.
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surface in the endosperm, containing many more
small granules. A marked change in the granular
structure in the ISA2 overexpressed line was also
observed in the micrograph of the surface of the
cross-section of the kernel (Fig. 4B). The dramatic
changes in starch granule morphology were also
found in an ISA1 suppressed line (isa1-8-11; Fig. 4A),
as seen in the sugary-1 mutant (Wong et al., 2003).

Thermal Properties and X-Ray Diffraction Patterns of

Starch Granules

Thermal properties of the starch granules analyzed
by using differential scanning calorimetry showed that
gelatinization onset temperature was 53.3�C for Kin-
maze but slightly lower (46.0�C–50.2�C) for ISA2 sup-
pressed lines (Supplemental Table S2). However, it is

Figure 3. Activities, protein amounts, and some properties of ISA1
homo-oligomers (Ho) and ISA1-ISA2 hetero-oligomers (He) from the
endosperm of transgenic lines and their wild-type host cv Kinmaze or
Nipponbare and from recombinant ISA1 and ISA2 proteins. A, ISA
activity detection on the native polyacrylamide gel (containing 0.4%
potato tuber amylopectin) of the crude enzyme extract prepared with
75 mL of solution A containing 50 mM imidazole-HCl (pH 7.4), 8 mM

MgCl2, 50 mM 2-mercaptoethanol, and 12.5% (v/v) glycerol from three
maturing kernels at the mid milking stage of the ISA1 low-expressed
line (Wxa:ISA1-9-2), the ISA1 antisense line (G5a-1), the ISA2 overex-
pressed line (Wxa:ISA2-6-4), and wild-type cv Nipponbare. The same
aliquot (2.5 mL) of the sample was applied onto each lane. The
enzymatic reaction was run at 30�C for 1.5 h, and the activity was
detected as described in Figure 2. Lane 1, Nipponbare; lane 2, Wxa:
ISA1-9-2; lane 3, G5a-1; lane 4, Wxa:ISA2-6-4. B, Activities of ISA1
homo-oligomer and the ISA1-ISA2 hetero-oligomer in maturing endo-
sperm from G5a-1, Wxa:ISA2-6-4, and Nipponbare. The ISA prepara-
tion including both homo- and hetero-oligomers was partially purified
from 5 g of maturing kernels using anion-exchange column chroma-
tography and concentrated to 400 mL. The same aliquot (3 mL) of the
sample was applied into each lane. The enzymatic reactions were run
for 1, 1.5, 2, and 3 h as shown. The other conditionswere the same as in

Figure 2. Lane 1, Nipponbare; lane 2, G5a-1; lane 3, Wxa:ISA2-6-4. C,
The protein amounts of the ISA1 homo-oligomer and the ISA1-ISA2
hetero-oligomer in the fractions of hydrophobic chromatography. The
ISA preparations prepared from 20 g of maturing kernels from Kinmaze,
isa2-1-1 (the ISA2 suppressed line), and Wxa:ISA2-6-4 by anion-ex-
change chromatography were subjected to TSKgel Ether-5PW chroma-
tography, as described in “Materials and Methods.” The horizontal axis
indicates the elution time (min). The two peaks eluted from 25 to 35
min and from 37.5 to 45 min in the chromatogram corresponded to the
ISA1 homo-oligomer and the ISA1-ISA2 hetero-oligomer, respectively
(Utsumi and Nakamura, 2006). D, The detection of ISA1 and ISA2
protein amounts by immunoblot analysis. Proteins in 5 g of maturing
kernels fromWxa:ISA2-6-4, G5a-1, and wild-type (WT) cv Nipponbare
were fractionated into the homo-oligomer fraction, the first hetero-
oligomer fraction (He1), and the second hetero-oligomer fraction (He2)
using Ether-5PW chromatography and concentrated to 250 mL. The
same aliquot (8 mL) of the sample was applied onto each lane of the
SDS-PAGE gel. Immunoblot analysis was performed using both the
antibodies raised against purified rice ISA1 and ISA2, as described in
“Materials and Methods.” E, Native PAGE/activity staining of the
recombinant OsISA mixture containing different amounts of purified
OsISA1 and OsISA2 proteins. Two micrograms of each of the purified
OsISA1 proteins was added with various amounts (0, 0.2, 1.0, 2.0, 4.0,
10, and 20 mg of protein; corresponding to lanes 2–8, respectively) of
purified OsISA2 protein in the buffer solution consisting of 50 mM

imidazol-HCl (pH 7.4), 10 mM dithiothreitol, 12.5% glycerol, and 0.1 M

NaCl in a total volume of 100 mL, whereas only the purified OsISA2
protein (4.0 mg) for lane 1 was suspended in the same buffer solution.
The solutions were incubated at 0�C overnight, and a portion (18 mL) of
each was loaded onto the native gel containing 0.4% potato tuber
amylopectin. After chromatography, ISA activities were detected as
blue bands by staining the gel with iodine solution. F, ISA activities
toward amylopectin and phytoglycogen of the mixture containing
different amounts of purified OsISA1 and OsISA2 proteins. The mix-
tures including different amounts of purified OsISA1 and/or OsISA2
proteins as above (E) were incubated in 100 mL of the buffer solution
containing 50 mM MES-NaOH (pH 6.0) and 0.5 mg of rice amylopectin
or rice phytoglycogen at 30�C for 10 min. DBE activity was determined
by measuring the amount of reducing ends increased after the DBE
reaction according to the method described by Utsumi et al. (2009).
The numbers on the horizontal axis correspond to the lanes in E. The
activity was expressed as relative values when the activities of OsISA1
(2 mg) only toward amylopectin or phytoglycogen (lane 2) were
estimated to be 100%.
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striking that the parameters of thermal properties
were not determined for the ISA2 overexpressed lines
(Fig. 5A; Supplemental Table S2), indicating a drastic
change in the physicochemical properties in the insol-
uble glucans.
X-ray diffraction pattern, which is one of the char-

acteristics of normal starch granules as seen in Kin-
maze, almost disappeared in the insoluble glucans
from the ISA2 overexpressed lines (Fig. 5B).

Analysis of Amylopectin and Insoluble Glucan Structure
by the Fluorophore-Assisted Carbohydrate
Electrophoresis Method

The fine structure of amylopectin in endosperm
starch or glucan granules was examined by determin-

ing the chain-length distribution of amylopectin us-
ing the fluorophore (8-amino-1,3,6-pyrenetrisulfonic
acid)-assisted carbohydrate electrophoresis method
(Morell et al., 1998). The insoluble glucans of the
ISA2 suppressed lines having wild-type Kinmaze
and the pul mutant as backgrounds showed a similar

Figure 4. SEM of starch and insoluble glucan granules in the endo-
sperm of transgenic lines and their wild-type host rice cv Kinmaze. A,
SEM of starch and insoluble glucan granules purified from mature
kernels of Kinmaze, the pulmutant, isa1-8-11, isa2-1-1,Wxa:ISA2-6-4,
and isa2/pul-3-4. Bars = 5 mm. B, SEM of cross-sections of maturing
kernels of Kinmaze and Wxa:ISA2-6-4 harvested at DAF30. Bars =
10 mm.

Figure 5. Physicochemical properties of insoluble glucans in ISA2
overexpressed lines. A, Differential scanning calorimetric curve of
purified starch or insoluble glucans in endosperm of ISA2 overex-
pressed lines (Wxa:ISA2-6-4 and Wxa:ISA2-3-9) and its wild-type host
cv Kinmaze. B, X-ray diffraction pattern of purified starch or insoluble
glucans in the endosperm of Wxa:ISA2-6-4, Wxa:ISA2-3-9, and Kin-
maze.
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chain profile as wild-type amylopectin (Fig. 6). In
contrast, a marked change in the fine structure oc-
curred in the insoluble glucans of the ISA2 overex-
pressed lines. The chain profiles showed a higher
proportion of short chains of degree of polymerization
(DP) 6 to 14 and a lower proportion of intermediate
chains of DP 15 to 23 and long chains of DP $ 37 (Fig.
6). Since the extent of the decrease in the long chains of
DP $ 37 was pronounced, the peak (DP 35–50) found
in the normal amylopectin was missing in the insolu-
ble glucans (Supplemental Fig. S5).

Time-Dependent Changes in the Content of Insoluble

Glucans and Soluble Sugars in the ISA2 Overexpressed
Transformant during the Course of
Endosperm Development

To characterize the effects of ISA2 gene overexpres-
sion on starch and the related sugar metabolism,
contents and structures of the insoluble glucan (starch)
and soluble sugars were measured during the course
of endosperm development. Figure 7A shows that the
fresh weights of kernels from the wild type and the

Figure 6. Changes in the chain-length distribution of amylopectin or insoluble glucans purified frommature kernels of Kinmaze,
the pul null mutant, and transgenic lines. Differential plots are shown by subtracting the molar percentages of MOS with DP6 to
DP55 from amylopectin or insoluble glucans of the individual lines from those of the corresponding transformed line. Values are
means from the measurement of triplicate samples.
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ISA2 overexpressed line started to increase at 3 d after
flowering (DAF3) of the seed and then were saturated
at about DAF30, although the weight of the overex-
pressed line kernel was the same until DAF15 but then
dropped to be about 80% of that of the wild type.
Although the insoluble glucan content per kernel of
the transformant increased during the early to mid
developmental stages up to about DAF20, it did not
increase thereafter, and it was less than 50% of that of
the former (wild type) at the mature stage (Fig. 7B). On

the contrary, the content of the soluble sugar fraction in
the transformant was markedly higher than that of the
wild type (Fig. 7C). It is noted that in the wild type, the
soluble fraction increased until DAF12 to DAF15 but
gradually decreased after DAF15, while in the trans-
formant, the soluble fraction continued to increase
until DAF30 and then was saturated.

To examine the phenomenon in more detail, we
focused on an analysis of the events that occurred at
the early stage of endosperm development. First, the
soluble fraction prepared from the kernels harvested
at DAF15 was further fractionated into MD, MOS, and
simple sugars. The simple sugars were found to be
mainly composed of Suc, Glc, and Fru in all the
preparations examined. The amounts of Suc and Glc
were higher by approximately two and five times,
respectively, in the transformant kernel than those in
the wild type, whereas the Fru content was unchanged
between the two sources (Table II).

Second, water-soluble MD, MOS, and simple sugars
were fractionated by using size-permeation HPLC col-
umns, as shown in Figure 8. The MD in the wild type
showed two major peaks, with the molar sizes of about
98 (fraction 7) and 2.3 (fraction 22) kD, while that in the
ISA2 overexpressed line contained two major peak frac-
tions of approximately 107 (fraction 6) and 3.4 (fraction
20) kD (Fig. 8A). The amount ofMDwas greatly higher in
the transformant than in the wild type (Fig. 8A; Table II).

The structural feature of MD was examined in more
detail. When the molar amount of each MOS labeled
with the fluorescent probe 8-amino-1,3,6-pyrenetrisul-
fonic acid at its reducing end was analyzed by capil-
lary electrophoresis before and after treatment of the
MD fraction with a bacterial ISA, the amount of MOS
was greatly accelerated after the treatment in all the
MD fractions analyzed (Supplemental Fig. S6), indi-
cating that branched dextrins accounted mostly for the
MD fraction. In the wild type, the high-molecular-
mass MD fraction (fractions 6 and 7) had fewer short
chains and more long chains when compared with the
low-molecular-mass MD fractions (fractions 21 and 22),
while in the transformant, the chain-length distribu-
tion pattern for the high-molecular-mass MD fraction
(fractions 6 and 7) was similar to that for the low-
molecular-mass MD fraction (fractions 21 and 22; Fig.
8, B and C). It was noted that the MD in the ISA2
overexpressed line had a different chain profile from
that from insoluble glucan in the transformant or the
wild type (amylopectin) or phytoglycogen from the
sugary-1 mutant (Fig. 8C).

Third, it was found that at DAF5, there were both
types of ISA oligomers in the wild type, whereas only
the ISA hetero-oligomer was detected in the ISA2
suppressed line (Supplemental Fig. S7A), indicating
that the effects of ISA2 overexpression could be ob-
served at the early developmental stage of endosperm.

Fourth, the chain profile for the insoluble glucans
from endosperm at DAF5 was similar to that of the
insoluble glucan prepared from mature seeds (Sup-
plemental Fig. S7, B and C).

Figure 7. Changes in the fresh weight of the kernel and amounts of
insoluble glucans and soluble sugars in the endosperm during the
course of endosperm development of the ISA2 overexpressed trans-
genic line and its wild-type host cv Kinmaze. White circles, Wxa:ISA2-
6-4; black squares, Kinmaze. A, Fresh weight of the kernel. B, The
amount of insoluble glucans or starch in the kernel. C, The amount of
soluble sugars including MD, MOS, and Glc in the kernel of Kinmaze
and Wxa:ISA2-6-4. The starch or insoluble glucans and soluble sugars
in the kernel were separated by centrifugation (3,000g, 4�C, 10 min),
and the carbohydrates were quantified by measuring the released Glc
after digestion with amyloglucosidase and a-amylase. The carbohy-
drate contents were calculated as Glc equivalents from triplicate assays
of two independent preparations.
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In summary, the phenotypic changes generated by
overexpression of the ISA2 gene occurred from the
very early stage of endosperm development, and these
phenotypes were distinct when compared with any
other rice mutants and transformants so far analyzed
by our group.

The Association of ISA Oligomers with Starch Granules

during Endosperm Development in ISA2 Overexpressed
Transformants and the Wild Type

To elucidate how the presence of the only ISA1-ISA2
hetero-oligomer devoid of the ISA1 oligomer inhibits
the efficient activity of starch synthesis in the endo-
sperm, the protein was fractionated into the soluble
fraction, the starch granule loosely bound fraction, and
the starch granule tightly bound fraction according to
the method described by Fujita et al. (2006), and the
partitioning of the amount of ISA1 protein into the
three fractions was determined by immunoblot anal-
ysis (Fig. 9, A and B). We found that the ISA1 protein
was present in both the soluble and loosely bound
fractions but not in the tightly bound fraction. The
protein amount in the soluble fraction accounted for
about 95% of the total protein amount in the endo-
sperm of the wild type at DAF5 (Fig. 9C), while in the
ISA2 overexpressed line, it was only 45% (Fig. 9D).
These results suggest that the ISA1-ISA2 hetero-oligo-
mer is easily bound to starch granules, resulting in low
or no capacity of the protein for starch synthesis.

We also examined the changes in the affinities of
starch synthetic enzymes for glucan granules caused
by transformation. Although the amount of granule-
bound SSI in the loosely bound fraction of the ISA2
overexpressed line was higher than that of the wild
type, the amounts of SSI, BEI, and BEIIb proteins in the
loosely bound fraction as well as the tightly bound
fraction were present at the same levels as those in the
wild type (Supplemental Fig. S8).

The Composition of ISA Oligomers in Rice Leaf and
Potato Tuber and the Heat Stability of ISA1

Homo-Oligomer and ISA1-ISA2 Hetero-Oligomer

It is important to compare the composition and
properties of ISA oligomers from various sources and
to analyze whether some plant tissues such as rice leaf
have both homo- and hetero-oligomers. First, in an

attempt to examine the presence of homo- and/or
hetero-oligomers, the partially purified ISA fraction
was prepared from rice green leaf or potato tuber by
using HPLC. During these HPLC procedures, the ISA
activity was always eluted as a single peak. Figure 10A
illustrates that rice leaf had only two ISA1-ISA2 het-
ero-oligomer bands, but not the homo-oligomer band,
in the zymogram, with the two heteromer migrating
bands agreeing with those of the rice endosperm in
terms of their mobilities on the gel. Although potato
tuber is known to have only hetero-oligomer (Hussain
et al., 2003), two activity bands with much lower
mobility were detected on the native gel when com-
pared with the rice ISA hetero-oligomers (Fig. 10A).

Second, the heat stability of the ISA oligomerwas tested
by incubating the partially purified ISA preparations at
40�C. Incubation for 20 min caused a complete loss of the
activity of rice endosperm ISA1 homo-oligomer, whereas
all the hetero-oligomers from rice endosperm, rice leaf,
and potato tuber demonstrated these activities to a large
extent, although the hetero-oligomer top band was
slightly more resistant to high temperature than the
hetero-oligomer bottomband (Fig. 10B). Figure 10C shows
that the rice endosperm homo-oligomer was inactivated
when it was incubated at 40�C for 10 min, while the rice
hetero-oligomers with different ISA1-ISA2 ratios from the
ISA1 antisense line, the ISA2 overexpressed line, and the
wild type weremostly stable even if incubated at 40�C for
at least 30 min, indicating that all the hetero-oligomers
were stable at 40�C.

DISCUSSION

Changes in ISA Gene Expression Affected Amylopectin

Biosynthesis in Rice Endosperm

It is known that rice (Utsumi and Nakamura, 2006)
and maize (Kubo et al., 2010) endosperms have two
types of ISA oligomers, the ISA1 homo-oligomer and
the ISA1-ISA2 hetero-oligomer, whereas there is only
the hetero-oligomer in potato tuber (Hussain et al.,
2003; Bustos et al., 2004) and Arabidopsis leaf (Delatte
et al., 2005; Wattebled et al., 2005, 2008; Streb et al.,
2008). The reason for this apparent discrepancy be-
tween plant sources and the molecular structures,
such as the stoichiometry and functions and/or phys-
iological significance of both oligomers, remains to be

Table II. Carbohydrate contents in maturing kernels harvested at DAF15

Means and SD were calculated from triplicate assays from two independent preparations.

Line Starch/Insoluble Glucans MD + MOS Glc Fru Suc

mg kernel21

Kinmaze 8.0 6 1.1 0.05 6 0.02 0.03 6 0.01 0.01 6 0.00 0.26 6 0.04
isa1-8-11 1.0 6 0.2 2.27 6 0.49 0.10 6 0.01 0.02 6 0.01 0.46 6 0.08
isa2-1-1 7.0 6 3.0 0.02 6 0.01 0.03 6 0.00 0.01 6 0.01 0.20 6 0.03
isa2-7-3 6.7 6 2.6 0.03 6 0.01 0.03 6 0.01 0.01 6 0.00 0.23 6 0.01
Wxa:ISA2-3-9 4.4 6 0.5 0.35 6 0.03 0.14 6 0.02 0.02 6 0.00 0.55 6 0.05
Wxa:ISA2-6-4 6.5 6 0.5 0.27 6 0.01 0.15 6 0.03 0.01 6 0.01 0.51 6 0.10
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resolved. One of the limitations in such studies is the
difficulties in purifying the ISA oligomers from plant
tissues. In addition, the available plant materials hav-
ing different amounts of the homo-oligomer and/or
hetero-oligomer and different compositions of ISA1
and ISA2 in the hetero-oligomers were limited in the
previous studies. Thus, to date, no comprehensive
analyses on a protein basis have been performed.
Several basic questions arise. First, which oligomers
are essential for starch biosynthesis in rice endosperm?
Second, what are the differences in the properties and
structure between both oligomers? Third, what deter-
mines the relative amount of the homo-oligomer to the
hetero-oligomer and the stoichiometry of both ISAs in
the hetero-oligomer? Fourth, what is the relationship
between the stoichiometry and the properties of each
form of the hetero-oligomer if there are multiple forms
in the hetero-oligomer? Fifth, what is the physiological
significance of the fact that the cereal endosperm has
both homo- and hetero-oligomers but the other tissues
so far examined possess only the hetero-oligomer? To
answer these questions, our investigations were per-
formed using various rice transgenic lines in which

expression of the ISA1 and ISA2 genes was differently
regulated in the endosperm. In the isa1 and isa2 lines,
expression of the ISA1 and ISA2 genes was almost
completely inhibited, respectively (Fig. 1). In the en-
dosperm of the isa1 lines including phytoglycogen
instead of starch, all the ISA oligomers were lacking
(Fig. 1), while the endosperm of the isa2 lines had only
the homo-oligomers (Fig. 1) but could synthesize
starch almost similarly to the wild type (Figs. 2A and
4A; Table I). It is striking to find that overexpression of
the ISA2 gene caused transformants (Wxa:ISA2-6-4 and
Wxa:ISA2-3-9) to have only hetero-oligomers (Figs. 1A
and 3, A and B) and brought about a dramatic decrease
in the rate of starch synthesis and abnormal starch
structure (Figs. 2, 4, 5, and 6; Table I).

The Features of Phenotypes in the ISA2
Overexpressed Line

To our knowledge, the biochemical events and/or
phenotype that occurred in the ISA2 overexpressed line
are specific in many ways among the starch mutants
and transformants of rice so far reported, even when

Figure 8. Gel filtration HPLC and structural anal-
yses of soluble MD, MOS, and simple sugars in
developing endosperm harvested at DAF10 of
ISA2 overexpressed line, ISA1 suppressed line,
and their wild-type host cv Kinmaze. MD, MOS,
and simple sugars from rice kernels were pre-
pared as described in “Materials and Methods.”
A, Gel filtration chromatographs of the soluble
sugar fractions including MD, MOS, and simple
sugars in the kernels of Wxa:ISA2-6-4 and Kin-
maze. Phytoglycogen purified from the rice
sugary-1 mutant line EM914 was also applied as
a control. Their Glc contents were measured by
the enzymatic assay method after treatment with
glucoamylase. Numbers in the figure indicate
fractions of the chromatographs. B, Chain-length
distribution of MD, MOS, and amylopectin from
Kinmaze and phytoglycogen after treatment with
Pseudomonas ISA. The fractions used were ob-
tained from the chromatograph shown in A. C,
Chain-length distribution of the fractions of MD,
MOS, and insoluble glucans from Wxa:ISA2-6-4
and phytoglycogen after treatment with Pseudo-
monas ISA. The fractions used were obtained
from the chromatograph shown in A.
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compared with those found in sugary-1 mutants of rice
(Nakamura et al., 1997; Kubo et al., 1999, 2005). For
example, the insoluble glucans prepared from the ISA2
overexpressed line almost lost the thermal properties
measured by differential scanning calorimetry (Fig. 5A;
Supplemental Table S2) and showed no clear x-ray
diffraction pattern (Fig. 5B), irrespective of the granular
structure (Fig. 4). These results seem to be remarkable
when compared with our previous reports showing
that sugary-amylopectin found in the starch region of
the sugary-1 mutants (Wong et al., 2003) and glucans
from the ISA1 antisense line (Fujita et al., 2003) conserve
the thermal properties.

The Mechanism for Impaired Starch Synthesis in the

ISA2 Overexpressed Line

Why did the ISA1-ISA2 hetero-oligomer only line
have a severe phenotype with abnormal starch, mod-

Figure 9. Localization of ISA1 protein in the soluble fraction or the
starch granule-bound fraction from the endosperm harvested at differ-
ent developmental stages of the ISA2 overexpressed line and its host cv
Kinmaze. The amount of ISA1 protein was measured by immunoblot
analysis using antibodies raised against purified ISA1 from maturing
endosperm of rice cv Kinmaze (Utsumi and Nakamura, 2006). A, The
amount of ISA1 protein in the soluble fraction. B, The amount of ISA1
protein in the starch granule loosely bound protein fraction. C, The
amounts of ISA1 protein in the soluble (white bars) and starch granule
loosely bound (gray bars) fractions harvested from the endosperm of
Kinmaze. The data were obtained by calculating the duplicates of
individual measurements from two independent preparations. D, The
amounts of ISA1 protein in the soluble (white bars) and starch granule
loosely bound (gray bars) fractions harvested from the endosperm of
Wxa:ISA2-6-4. The data were obtained by calculating the duplicates of
individual measurements from two independent preparations.

Figure 10. Composition and heat stability of the ISA homo-oligomer and
hetero-oligomer in rice endosperm, rice leaf, and potato tuber. The rice
endosperm ISA homo-oligomer and the ISA1-ISA2 hetero-oligomer were
purified from 20 g of developing rice (cv Nipponbare) grains, as
described in “Materials and Methods.” The total ISA activity preparations
were obtained by partially purifying the rice green leaf (L) and potato
tuber (P), as described in “Materials and Methods.” A, ISA activity
detection on the native polyacrylamide gel (containing 0.4%potato tuber
amylopectin) of the purified homo-oligomer and hetero-oligomer prep-
arations from the developing rice endosperm, the green leaf ISA prep-
aration, and the potato tuber ISA preparation. Volumes of samples
applied were 0.75, 0.75, 8.5, and 0.75 mL, respectively. After electro-
phoresis, the enzymatic reaction was run at 30�C for 2.5 h, and the
activity was detected as described in Figure 1. B, Effects of heat treatment
on the activities of ISA oligomers from rice endosperm homo-oligomer,
the rice endosperm hetero-oligomer, rice leaf, and potato tuber. Each
preparation was incubated at 40�C for 20 min, and the treated sample as
well as the nontreated sample (0 min) was applied onto native PAGE.
Volumes of the samples applied were 1.5, 1.5, 8.5, and 1.5 mL,
respectively. After electrophoresis, the enzymatic reaction was run at
30�C for 2.5 h, and the activity was detected as described in Figure 1. C,
Effects of heat treatment on the activities of ISA oligomers in the partially
purified ISA preparations from the maturing endosperm of Nipponbare,
the ISA1 antisense line (G5a-1), and the ISA2 overexpressed line (Wxa:
ISA2-6-4) of rice. The preparations usedwere the same as those presented
in Figure 3B. All the preparation were incubated at 40�C for 10, 20, and
30 min, and the treated sample (0 min) as well as the nontreated sample
was applied onto native PAGE. The volume of each sample applied was
3.3 mL. After electrophoresis, the enzymatic reaction was run at 30�C for
1.5 h, and the activity was detected as described in Figure 1. Lanes 1, 4,
7, and 10, Nipponbare; lanes 2, 5, 8, and 11, G5a-1; lanes 3, 6, 9, and
12, Wxa:ISA2-6-4.
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ified amylopectin chain-length distribution, and low
starch content? It is possible that the activity of the
ISA1-ISA2 hetero-oligomer was in excess or too low to
produce normal amylopectin during starch synthesis.
In the ISA1 low-expressed line (Wxa:ISA1-9-2) and an
ISA1 antisense line (G5a-1), the ISA1 protein amounts
and/or activities were reduced to about 56% and 6%
(Fujita et al., 2003), respectively, while both lines
exhibited near-normal starch synthesis in the endo-
sperm (Fig. 2A; Table I; Fujita et al., 2003). In contrast,
the ISA activity in the ISA2 overexpressed line was
significantly lower, but apparently higher than 6%
(detected in G5a-1) when compared with that of the
wild type (Figs. 1, 3, and 9). Overall, these results
indicate that the possibility is unlikely.
The most striking difference between the ISA1 anti-

sense and ISA2 overexpressed lines was that the anti-
sense line had a small amount of homo-oligomer, while
no homo-oligomer was found in the overexpressed line
(Fig. 3B). All these results are consistent with the idea
that the homo-oligomer plays an essential part in starch
biosynthesis in rice endosperm, whereas the ISA1-ISA2
hetero-oligomer is insufficient for the debranching
capacity needed for amylopectin synthesis in rice en-
dosperm. What are the differences between the homo-
oligomer and the hetero-oligomers? First, themolar size
of the hetero-oligomer is larger than that of the homo-
oligomer in rice (Utsumi and Nakamura, 2006) and
maize (Kubo et al., 2010) ISA multimers. Second, the
hetero-oligomer wasmore hydrophobic than the homo-
oligomer (Fig. 3C; Utsumi and Nakamura, 2006). Third,
the catalytic activity of the hetero-oligomer toward glu-
cans, especially toward phytoglycogen, is significantly
higher than that of homo-oligomer (Fig. 3F; Utsumi and
Nakamura, 2006). Fourth, the hetero-oligomer was more
easily bound to the glucan granules than the homo-
oligomer (Fig. 9). Fifth, the hetero-oligomer was dis-
tinctly more stable to high temperatures than the
homo-oligomer (Fig. 10, B and C). Thus, the most
likely possibility is that the hetero-oligomer has dif-
ferent enzymatic properties from the homo-oligomer
and is incapable of trimming properly the amylopectin
structure in rice endosperm.
Figure 3D shows that the proportion of ISA1 and

ISA2 proteins in the overexpressed line was higher
than that in the wild type. These results led us to
question whether the hetero-oligomers have different
functional properties in starch biosynthesis when the
proportion of both proteins in the hetero-oligomers is
altered. With the increase in the relative amount of
ISA2 versus ISA1, the catalytic activity (Fig. 3F) and
the hydrophobic properties increased, since the rela-
tive amount of the ISA activity band with lower
mobility to that with higher mobility in the native
polyacrylamide gel tended to be higher (Fig. 3, A, D,
and E). This study also revealed, to our knowledge
for the first time, that there are a number of forms in
the hetero-oligomers with different stoichiometry be-
tween ISA1 and ISA2 in the rice endosperm (Fig. 3D).
At the same time, it is noted that the hetero-oligomer

was found to be composed of a mixture of heteromers
with different ISA1/ISA2 compositions, not only in
transgenic lines but also in the wild type (Fig. 3D). The
gross or average ratios were considered to be deter-
mined by the molar amounts of ISA1 and ISA2 pro-
teins either under in vivo (Figs. 1 and 3D) or in vitro
(Fig. 3E) conditions. This finding suggests that the
structure and composition of the ISA hetero-oligomer
vary depending on the physiological conditions or
tissues. In fact, it is known that the transcript level of
rice ISA1 is severalfold higher than that of ISA2 in
endosperm, while in leaf, ISA2 has a slightly higher
transcript level than ISA1 (Ohdan et al., 2005), which is
in agreement with the result with respect to maize
(Kubo et al., 2010) and the fact that the proportion of
transcript levels of ISA1 and ISA2 changes during the
developmental stage of rice (Ohdan et al., 2005) and
maize (Kubo et al., 2010) endosperm. However, it
should be pointed out that the mobilities of the two
bands were unchanged (Fig. 3, A and E) and that
the heat stability was consistent among the hetero-
oligomers (Fig. 10C). We assume that the properties of
ISA hetero-oligomers are not seriously influenced by
the altered composition of ISA1-ISA2, although it is
difficult to show whether the phenotype in the over-
expressed line was caused by the altered composition
of ISA1 and ISA2 proteins, whereas a normal hetero-
oligomer found in wild-type endosperm can function
to some extent in starch synthesis.

Physiological Role of ISA1 Homo-Oligomer in

Amylopectin Biosynthesis in Endosperm

Why does cereal endosperm use the ISA1 homo-
oligomer instead of the ISA1-ISA2 hetero-oligomer for
amylopectin biosynthesis? Although the composition
of the ISA homo-oligomer and hetero-oligomer has
been examined only with a limited number of plant
tissues and species, we speculate that the ISA1 homo-
oligomer might be evolved to be specified for starch
synthesis in the endosperm of monocots, where the rate
of starch synthesis, the structure of starch granules, and
the composition and expression patterns of isozymes
such as BEIIb are different from those in assimilatory
tissues and dicots. In addition, recent studies indicated
that BEIIb plays a specific role in the association of
SS-BE isoforms in the endosperms of wheat (Triticum
aestivum) and maize (Hennen-Bierwagen et al., 2008;
Tetlow et al., 2008). These results strongly suggest that
branching reactions responsible for starch biosynthesis
in cereal endosperm are regulated in a different manner
than in leaves; therefore, the capacity of ISA required
for normal starch synthesis might be different between
the two tissues.

These results markedly differ from the recent results
with maize stating that either the homo- or hetero-
oligomer is sufficient for near-normal starch synthesis
in endosperm (Kubo et al., 2010). In addition, maize
hetero-oligomer is considered to have a distinct role in
starch granule initiation or growth, because the ISA2-
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null mutant line has smaller, numerous starch gran-
ules in endosperm despite the presence of the homo-
oligomer (Kubo et al., 2010). However, it is unlikely
that the rice endosperm hetero-oligomer has such a
function, because no phenotypic changes occurred in
the isa2 transformants (Figs. 2 and 4). It is believed that
the role of ISA is to clear the ill-positioned a-1,6
branches to trim the shape of the amylopectin cluster
(Ball et al., 1996; Myers et al., 2000; Nakamura, 2002),
and therefore, the trimming process is closely related
to the position, frequency, and length of chains that are
newly formed by BE. We speculate that the character-
istics, relative activities of many enzymes involved in
amylopectin biosynthesis, especially BE isozymes, and
hence the structures of the substrates for ISA are
different in endosperm between rice and maize. BEIIb
is specifically expressed in cereal endosperm, playing
a distinct role in the formation of short chains in the
crystal line lamellae of the cluster (Nishi et al., 2001;
Nakamura, 2002; Tanaka et al., 2004). Our recent in
vitro study established that rice BEIIb almost exclu-
sively transfers chains of DP7 and DP6 whereas BEIIa
forms a wide range of short chains (Nakamura et al.,
2010), suggesting strongly that the rice ISA1 homo-
oligomer is specified to remove short branches of DP7
and DP6 formed by BEIIb in the endosperm. However,
it is possible that maize BEIIb has no such specific
properties like rice BEIIb, although no such informa-
tion on maize BEIIb is available. In fact, it is known
that phenotypes such as the amylopectin structure
found in the BEIIb-deficient mutants are dramatically
different betweenmaize (Baba and Arai, 1984) and rice
(Nishi et al., 2001) endosperm.

Diversity of Structure and Function of ISA Oligomers
and Their Functions

It should be stressed that rice leaf had only the ISA
hetero-oligomers, not the homo-oligomer (Fig. 10A).
We assume that the regulatory mechanism by ISA for
starch biosynthesis in rice differs between endosperm
and leaf, and this might be reasonable based on the
following differences between the two tissues. First,
the rate of starch biosynthesis and the activity levels of
starch biosynthetic enzymes in the endosperm are
extremely higher than those in the leaf (Nakamura
et al., 1989). Second, in leaves, starch is deposited
during the light period, but it must be degraded in the
subsequent dark period. On the contrary, such mobil-
ity is not required in the endosperm, but it might be
rather inhibited until the seed germinates. The fine
structure of amylopectin, physicochemical and crys-
talline properties, and the way of packing of amylo-
pectin molecules into the starch granules must differ
between assimilatory starch in the leaf and reserve
starch in the endosperm. These differences can be
achieved by different expression patterns of a set of
genes for starch synthetic enzymes including ISAs
between two tissues (Ohdan et al., 2005). Third, since
the leaf is exposed to more severe environmental

conditions during the longer growth period than the
endosperm, the stable nature of the hetero-oligomer
must be particularly important.

What is the physiological reason for the rice and
maize endosperms to have two types of ISA oligomers
and that only the ISA hetero-oligomer plays an essential
role in starch biosynthesis in the leaf?We found that the
hetero-oligomer was resistant to high temperature
(40�C), whereas the homo-oligomer completely lost its
activity under that temperature within 10 min. The
significance of the hetero-oligomer might be to support
the principal role of the homo-oligomer in starch bio-
synthesis in the endosperm under certain physiological
and/or growth conditions (e.g. when the plants are
grown at high temperature of around 40�C). The inves-
tigations here clearly show that the structure of the
functional ISA oligomer is markedly different between
the plant species and tissues, but themolecular basis for
the precise mechanism by which ISA is involved in
amylopectin synthesis needs to be elucidated.

MATERIALS AND METHODS

Gene Construction of the RNAi Vector

The specific region of the rice (Oryza sativa) OsISA1 gene covering 141 bp

(474–614) or the OsISA2 gene covering 162 bp (641–802) was amplified using a

full-length OsISA1 or OsISA2 cDNA (Fujita et al., 1999; Utsumi and Nakamura,

2006) as a template using PCR of KOD-Plus DNA polymerase (Toyobo) and the

specific primers shown in Supplemental Table S1. Both fragments were

subcloned into the pDONR/Zeo cloning vector (Invitrogen) to yield entry

vectors. RNAi constructs carrying these fragments weremade using the pESWA

vector (Miki and Shimamoto, 2004). The transgene in pESWA is known to be

expressed in the endosperm and pollen by theWxa promoter from the indica rice

cv Labell (Itoh et al., 2003).

Construction of a Wxa Promoter

pESWA was digested with SacI and EcoI, and then the SacI-EcoI fragment

(3,067 bp) of the Wxa promoter was inserted into the SacI-EcoI of pBluescript

SK2 (pB-preWxa). The DNA fragments (460 or 698 bp) containing exon 2 or

exon 2 and the sequence encoding amyloplast-transit peptide of a Wx gene

were amplified from the genomic DNA from cv Nipponbare as a template

using PCR of KOD-Plus DNA polymerase and the specific primers shown in

Supplemental Table S1, and then the NcoI and XhoI sites were added at the 3#
terminus. The two DNA fragments were digested with EcoRI and XhoI and

then were inserted into the EcoRI-XhoI sites of pB-preWxa.

Construction of OsISA1 and OsISA2
Overexpression Vectors

The fragments of the Wxa promoter and the Wxa promoter containing

transit peptide were removed from the pBluescript SK2 using SacI and NcoI.

The coding regions for OsISA1 and OsISA2 were digested with NcoI and SalI.

The pCAMBIA1300 containing ribulose-1,5-bisphosphate carboxylase small

subunit-3A poly(A) signal from pea (Pisum sativum; pC-tRbc) was digested

using SacI and NcoI. The entry vector for overexpression of the OsISA2 gene

was produced by a triple ligation reaction among the SacI-NcoI fragment of the

Wxa promoter, the NcoI-SalI fragment of the OsISA2 gene, and the SacI-SalI

fragment of pC-tRbc.

Transformation

The vectors used for the suppression of ISA1 or ISA2 gene expression by

the RNAi method and for the expression of the ISA1 or ISA2 gene were

introduced into Agrobacterium tumefaciens EHA105 (Hood et al., 1993). The
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RNAi and ISA2 overexpression vectors were transformed to calli of cv

Kinmaze and the pul null mutant (Fujita et al., 2009) according to the method

described by Toki (1997). The ISA1 expression vector was transformed to calli

of EM914. For selection, the transformed calli were cultured on medium

containing 50 mg L21 hygromycin and 500 mg L21 carbenicillin.

Selection of Homozygous Lines

About 15 plantlets of the ISA1 suppressed, ISA2 suppressed, ISA1 ex-

pressed, or ISA2 overexpressed lines were regenerated from different callus

backgrounds. For selection of the ISA1 suppressed lines and the ISA2

overexpressed lines, three T0 progeny lines were chosen on the basis that

about 50% of the kernels had shriveled morphology. The 15 plantlets of the

ISA1 expressed line were selected by kernel morphology. About 20 developing

T2 seeds at DAF15 were randomly chosen from a total of 60 T1 plants. The

OsISA1 suppressed lines were screened by the phenotype showing no ISA

activity bands. TheOsISA2 overexpressed lines were screened by judging that

the ISA1 homo-oligomer specific activity band was deleted. All of these lines

were considered to be homozygous, because the phenotypes of all the T3

seeds derived from these T2 plants were the same. The T3 seeds from these

homozygous lines were used for further analysis and stored in the Biotech-

nology Center at Akita Prefectural University.

Construction of an Expression Vector in Escherichia coli

The DNA region encoding mature ISA1 (corresponding to its cDNA; 163–

2,436) or ISA2 (corresponding to its cDNA; 109–2,403) was amplified using the

primers shown in Supplemental Table S1 as described above. The pGEM-T

Easy vectors including the PCR products for OsISA1 or OsISA2 cDNA were

digested using KpnI and SalI. The entry vectors were produced by ligation

reaction between the KpnI-SalI fragment of pCold I (Takara) and the KpnI-SalI

fragment for ISA1 or ISA2.

Isolation of Total RNA from Rice Endosperm, cDNA

Synthesis, and Quantitative Real-Time PCR Assays of
SS Genes

The total RNA was purified from rice endosperm of two kernels that were

removed by hulls and pericarp using the RNeasy Plant Mini Kit (Qiagen).

Quantitative PCRwas performed by themethoddescribed byOhdan et al. (2005).

Expression of Recombinant Proteins of Rice ISA1

and ISA2

All of these plasmids were incorporated into E. coli BL21(DE3) star strain

(Invitrogen). The recombinant rice ISA (OsISA) proteins in the transformed

cells were induced and prepared as described previously (Utsumi and

Nakamura, 2006).

Purification of OsISA1 and OsISA2

The OsISA1 or OsISA2 protein was purified using a HisTrapQ HP column

(5 mL; GE Healthcare) as described previously (Utsumi and Nakamura, 2006).

The partially purified preparation was applied to the TSKgel DEAE-5PW

column (7.5 mm diameter 3 75 mm length; Tosoh Corp.) equilibrated with

solution B including 50 mM imidazol-HCl (pH 7.4), 8 mM MgCl2, and 50 mM

2-mercaptoethanol. Then, OsISA1 or OsISA2 was eluted with a linear gradient

of 0 to 0.5 M NaCl in solution B at a flow rate of 1 mL min21. The OsISA1 or

OsISA2 protein was collected and concentrated using a Centricon 50 centrif-

ugal concentrator (Millipore), and then the buffer solution was substituted for

50 mM imidazol-HCl (pH 7.4), 8 mM MgCl2, 10 mM dithiothreitol, 0.5 M NaCl,

and 12.5% glycerol. The purified OsISA1 or OsISA2 preparation was stored at

280�C until further use.

Preparation of the Crude Enzyme Extract from
Rice Endosperm

Three to five hulled maturing rice kernels at the mid to late milking stage

were homogenized using a plastic pestle in a microtube on ice in 25 to 50 mL

per kernel of solution A consisting of 50 mM imidazole-HCl (pH 7.4), 8 mM

MgCl2, 50 mM 2-mercaptoethanol, and 12.5% (v/v) glycerol. The homogenate

was centrifuged at 10,000g for 20 min at 4�C, and the supernatant was used as

the crude enzyme extract.

Purification of ISA Homo- and Hetero-Oligomers from
the Developing Endosperm of Rice

The ISA1 homo-oligomer and ISA1-ISA2 hetero-oligomer were purified to

near homogeneity from developing rice kernels (20 g fresh weight) at mid

milking stage by using the HitrapQ HP column (5 mL) followed by the TSKgel

Ether-5PW column (7.5 3 7.5 mm; Tosoh Corp.) according to the method

described by Utsumi and Nakamura (2006).

In some experiments shown in Figure 3B, both ISA homo- and hetero-

oligomers were partially purified. Five grams each of the developing grains

from Wxa:ISA2-6-4, G5a-1, and the wild type (cv Nipponbare) were homog-

enized at 0�C with 20 mL of solution A, and the crude enzyme extract was

prepared as described above. The enzyme extract was applied onto the

HitrapQ HP column (5 mL). The proteins were eluted with a linear gradient of

0 to 0.7 M NaCl in solution B for 45 min at 1.0 mL min21. The ISA activity

fractions were pooled and concentrated to 400 mL of solution A.

For the measurement of ISA1 and ISA2 protein amounts in both oligomers

(Fig. 3D), the crude extract prepared with 10 mL of solution A from 2 g (fresh

weight) each of the developing grains from Wxa:ISA2-6-4, G5a-1, and

Nipponbare was applied onto the TSKgel Ether-5PW column. The proteins

were eluted with a descending linear gradient of 0.8 to 0.24 M ammonium

sulfate in solution B for 45 min at 1.0 mL min21. The ISA1 homo-oligomer

fraction (29–34 min), the first ISA1-ISA2 hetero-oligomer fraction (35.5–40

min), and the second hetero-oligomer fraction (40–43 min) were individually

pooled and concentrated to 250 mL of solution A.

Purification of ISA Oligomers from Rice Green Leaf and
Potato Tuber

Twenty grams (fresh weight) of rice green leaves grown in a greenhouse at

30�C under natural light conditions for about 3 weeks after germination was

ground with a mortar and pestle in liquid nitrogen, suspended in 80 mL of

solution A on ice, and filtered through four layers of gauze. The filtrate was

centrifuged twice at 10,000g at 4�C for 30 min. The supernatant was applied

onto the HitrapQ HP column (5 mL). The proteins were eluted with a linear

gradient of 0 to 0.7 M NaCl in solution B for 45 min at a flow rate of 1.0 mL

min21. The ISA activity fractions were combined and concentrated to 100 mL

and then applied onto a TSKgel G3000SWXL column (7.5 3 300 mm; Tosoh

Corp.), and the proteins were eluted with the same solution at a flow rate of 1.0

mL min21. The ISA eluate was concentrated to 160 mL. The ISA fraction was

applied onto the TSKgel DEAE-5PW column, and the proteins were eluted

with a linear gradient of 0 to 0.7 M NaCl in solution B for 45 min at 1.0 mL

min21. The ISA activity fractions were combined and concentrated to 100 mL

of solution A. The partially purified potato (Solanum tuberosum) tuber ISA

preparation was stored at 280�C until further use.

Fresh tuber (500 g fresh weight) of potato (cv Dansyaku) purchased from a

local market was grated with 600 mL of solution A on ice and filtered through

four layers of gauze. The filtrate was centrifuged twice at 10,000g at 4�C for 30

min. The proteins in the supernatant were precipitated by 42.5% saturation of

ammonium sulfate at 0�C and suspended with 10 mL of solution A. The

suspensionwas dialyzed three times against 500 mL of solution A. The dialyzed

solution was applied onto the HitrapQ HP column (10 mL). The proteins were

eluted with a linear gradient of 0 to 0.7 M NaCl in solution B for 45 min at a flow

rate of 1.0mLmin21. The ISA activity fractionswere combined and concentrated

to 2 mL of solution A. The concentrated ISA preparation was applied onto the

TSKgel G3000SWXL column, and the proteins were eluted with solution B at a

flow rate of 1.0 mL min21. The ISA eluate was concentrated to 400 mL. The ISA

fraction was applied onto the TSKgel DEAE-5PW column, and proteins were

eluted with a linear gradient of 0 to 0.7 M NaCl in solution B for 45 min at a flow

rate of 1.0mLmin21. The ISA activity fractionswere combined and concentrated

to 150 mL of solution A. The partially purified potato tuber ISA preparation was

stored at 280�C until further use.

The Proportion of Soluble and Starch-Bound
ISA1 Protein

The soluble protein, loosely bound protein, and tightly bound protein were

prepared by the method described by Fujita et al. (2006). Randomly chosen
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two to 10 maturing (DAF5, -10, -15, and -20) or mature kernels of the ISA2

overexpressed line (Wxa:ISA2-6-4) and its host cv Kinmaze, respectively, were

homogenized in 3 volumes of solution C containing 50 mM imidazol-HCl (pH

7.4), 8 mM MgCl2, and 12.5% glycerol using a pestle in an Eppendorf tube, and

the homogenate was centrifuged at 10,000g for 20 min at 4�C. The supernatant
was used as the soluble protein fraction. The precipitate was washed three

times using 100 mL of solution C. The resulting precipitate was suspended in

10 volumes of SDS solution (55 mM Tris-HCl [pH 6.8], 2.3% SDS, 5%

2-mercaptoethanol, and 10% glycerol) and centrifuged at 10,000g for 20 min

at 4�C. The supernatant was used as the loosely bound protein fraction. The

precipitate was washed twice with 2 volumes of SDS solution. The washed

precipitate was added by 10 volumes of the SDS solution and heated for 10

min at 100�C. After centrifuging at 10,000g for 10 min at 4�C, the supernatant

obtained was used as the tightly bound protein fraction.

Gel Electrophoresis and Immunoblot Analysis

The native PAGE/activity staining of DBE, SS, or BE was performed as

described previously (Fujita et al., 2003). Furthermore, SDS-PAGE and im-

munoblot analysis were performed as described previously (Kubo et al., 1999).

Carbohydrate Extraction and Quantification

One to five kernels of the maturing seeds were homogenized with a pestle

in 750 mL of 100% ethanol. After the homogenate was boiled for 10 min, it was

dried in a vacuum. The samples were suspended in 1.0 mL of distilled water

containing 0.1% (w/v) NaN3, and were centrifuged at 3,000g for 10 min. These

procedures were repeated four times. All the supernatants were combined,

and the amounts of Glc, Fru, Suc, and Glc equivalents of soluble sugars were

measured by the enzymatic method.

Analysis of Soluble MDs and MOSs in Rice Endosperm

To denature the enzymes attacking a-glucans and other carbohydrates,

20 frozen seeds were suspended in 3 mL of a mixture (ethanol:acetic acid, 3:1,

v/v) at 280�C for 1 h. The treated seeds were removed by hulls and pericarp

and then homogenized in ethanol using a mortar to a final volume of 5 mL.

The homogenate was boiled for 10 min and dried in vacuum. The dried

sample was mixed with 3 mL of distilled water at room temperature, and the

supernatant (containing MD, MOS, and simple sugars) and precipitate

(containing insoluble glucans or starch) were separated by centrifugation at

3,000g for 10min. The precipitate waswashed with 3mL of distilled water and

centrifuged. The combined soluble fractions were pooled and added to 3.75

mL of water-saturated chloroform. The solution was vigorously shaken and

centrifuged at 7,000g for 10 min. The soluble fraction was withdrawn from the

aqueous layer and concentrated to 0.5 mL. The concentrated sample was

stored at 230�C until further use.

The separation of MD, MOS, and simple sugars in the soluble fraction

was subjected to two pairs of the TSKgel G3000PWXL and a TSKgel Oligo-PW

(7.5 3 75 mm; Tosoh Corp.) columns. These sugars were eluted with distilled

water at 0.5 mL min21 and kept at 60�C.

Analysis of Chain-Length Distribution of a-Glucans
and MD

The chain-length distribution of glucan including amylopectin, MD, and

MOS was determined by the method described by Wong et al. (2003) and

Morell et al. (1998).

SEM of Starch or Insoluble Glucan Granules

Starch and glucan granules were prepared from the rice kernels from

transgenic plants and their hosts, and the morphology was observed by SEM

according to the methods described by Fujita et al. (2003).

Thermal Properties and X-Ray Diffraction Patterns of
Starch and Insoluble Glucans

Glucan granules and starch granules were prepared as above from rice

kernels from transgenic plants and its host cv Kinmaze, and their thermal

properties and x-ray patterns were measured as described by Wong et al.

(2003).

Sequence data from this article can be found in the GenBank/EMBL/DDBJ

databases under accession numbers AB093426 (OsISA1) and Os05g0393700

(OsISA2).
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protein bands detected by Coomassie Brilliant Blue staining with those

by immunoblot detection.

Supplemental Figure S4. Effects of overexpression and suppression of the

ISA2 gene on activity and expression levels of starch synthetic enzymes.

Supplemental Figure S5. The chain-length distribution of amylopectin or

insoluble glucans purified from mature kernels of Kinmaze, the pul null

mutant, and transgenic lines.

Supplemental Figure S6. Capillary electrophoresis analysis of MOS in the
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