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Abstract 

Four amino acids were variable between the 'active' indica-type and 'inactive' japonica-type soluble starch 
synthase IIa (SSIIa) of rice plants; Glu-88 and Gly-604 in SSIIa of indica-cultivars IR36 and Kasalath were 
replaced by Asp-88 and Ser-604, respectively, in both japonica cultivars Nipponbare and Kinmaze SSIIa, 
whereas Val-737 and Leu-781 in indica SSIIa were replaced by Met-737 in cv. Nipponbare and Phe-781 in 
cv. Kinmaze SSIIa, respectively. The SSIIa gene fragments shuffling experiments revealed that Val-737 and 
Leu-781 are essential not only for the optimal SSIIa activity, but also for the capacity to synthesize indica- 
type amylopectin. Surprisingly, however, a combination of Phe-781 and Gly-604 could restore about 44% 
of the SSIIa activity provided that Val-737 was conserved. The introduction of  the 'active' indica-type 
SSIIa gene enabled the japonica-type cv. Kinmaze to synthesize indica-type amylopectin. The starch in the 
transformed japonica rice plants exhibited gelatinization-resistant properties that are characteristic of  in- 
dica-rice starch. Transformed lines expressing different levels of  the IR36 SSIIa protein produced a variety 
of starches with amylopectin chain-length distribution patterns that correlated well with their onset tem- 
peratures of  gelatinization. The present study confirmed that the SSIIa activity determines the type of 
amylopectin structure of rice starch to be either the typical indica-type or japonica-type, by playing a specific 
role in the synthesis of the long B1 chains by elongating short A and B1 chains, notwithstanding the 
presence of functional two additional SSII genes, a single SSI gene, two SSIII genes, and two SSIV genes in 
rice plants. 

Abbreviations: DP, degree of polymerization; DSC, differential scanning calorimetry; GBSS, 
granule-bound starch synthase; IPTG, isopropylthio-[3-D-galactoside; SS, souluble starch synthase 

Introduction 

Starch synthase catalyzes the ~- 1,4-chain 
elongation reaction' step in starch synthesis by 
transferring the glucose moiety of ADPglucose to 
the non-reducing end of ~-1,4-chains. Plants have 
soluble starch synthases (SS) and granule-bound 
starch synthases (GBSS), which are responsible for 
the elongation of  amylopectin chains and amylose, 
respectively. Biochemical and genetic studies 

indicate that plants have four types of SS, i.e., 
SSI, SSII, SSIII, and SSIV - some types having a 
number of multiple isoforms that varies among 
plant species. The complexity of plant SS is further 
indicated by recent studies on Arabidopsis and rice 
genomes. Rice plants have a total of eight forms of  
SS encoded by independent genes: one SSI; three 
SSII isoforms, namely SSIIa, SSIIb and SSIIc; two 
SSIII isoforms; and two SSIV isoforms. Almost all 
of the SS isoforms are expressed in the endosperm 
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(Hirose and Terao, 2004; Jiang et al., 2004; Dian 
et al., 2005). The reason(s) for the requirement of 
multiple types of SS in the synthesis of amylopec- 
tin remain to be elucidated (Smith et al., 1997; 
Nakamura, 2002; Ball and Morell, 2003; James 
et al., 2003) although several studies have estab- 
lished some specific functions of SSI (Commuri 
and Keeling, 2001) and the isoforms of SSII (Craig 
et al., 1998; Umemoto et al., 2002; Morell et al., 
2003; Zhang et al., 2004) and SSIII (Gao et al., 
1998; Edwards et al., 1999). 

Amylopectin has a defined structure composed 
of tandem linked clusters (approximately 9-10 nm 
each in length) where linear ~-l,4-glucan chains 
are regularly branched via ~-l,6-glucosidic link- 
ages, whereas the glycogens of bacteria and 
animals have a more randomly branched structure 
(Thompson, 2000). The distinct structure of amy- 
lopectin (referred to as a tandem-cluster structure) 
contributes to the crystalline organization of the 
starch granule (Gallant et al., 1997). Variations of 
the cluster fine structure are responsible for 
variations in starch functional properties between 
species (e.g,, corn starch vs. potato starch), tissues 
(e.g., storage starch vs. assimilatory starch) and 
genetic backgrounds (e.g., japonica rice starch vs. 
indica rice starch). 

Rice varieties cultivated worldwide are largely 
classified into two groups designated as japonica- 
type and indica-type (Oka and Morishima, 1997). 
Rice starch quality, which sharply contrasts 
between japonica and indica rice varieties, greatly 
influences rice cooking and processing methods for 
food and industrial applications. The quality of 
starch in the two rice varieties are clearly distin- 
guishable on the basis of the disintegration of 
starch granules in alkali or urea solution: starch 
granules of seed of  japonica rice varieties are easily 
degraded in 1.3 M KOH or 4 M urea solution at 
room temperature, whereas those of indica varie- 
ties are resistant (Warth and Darabsett, 1914). 

The dramatic difference in the degree of resis- 
tance to starch disintegration between the two 
varieties is attributed to the differences in the fine 
structure of amylopectin constituting the starch 
granule (Umemoto et al., 1999; Nakamura et al., 
2002). The L-type amylopectin produced in many 
indiea varieties differ from the S-type amylopectin 
synthesized in most japonica varieties in that 
the proportion of short amylopectin chains 
with degree of polymerization (DP) <10 is 

dramatically lower in the former. Our previous 
gene mapping analysis results prompted us to 
hypothesize that the SSIIa  gene is responsible for 
the differences in amylopectin structure between 
the two rice varieties (Umemoto et al., 2002), a 
possibility that was later supported by Zhenyu 
et al. (2003). If so, the relative contribution of 
SSIIa to the amylopectin structure should be 
remarkable because rice plants have a total of 
eight SS isoforms. We have set out to examine the 
mechanism of how SSIIa greatly impacts rice 
starch quality. In our recent paper (Umemoto 
et al., 2004), we reported some variable SSIIa 
amino acids identified by SNP analysis in several 
lines of cultivated rice as candidates for causing 
the different levels of SSII activity but no evidence 
was provided. Also lacking are data on the effects 
of SSIIa activity levels on amylopectin structure 
and starch physicochemical properties. In the 
present investigation, we aimed to determine the 
amino acid(s) that are essential for SSIIa activity 
by independently overexpressing in Escherichia 
coli the wild-type SSIIa  genes from a japonica and 
an indica rice cultivar, and all the possible chimeric 
SSIIa  genes derived from shuffling of the wild-type 
SSIIa  gene fragments, and by assaying and char- 
acterizing directly these SSIIa enzymes. In addi- 
tion, to prove the physiological function of SSIIa 
in amylopectin biosynthesis, we introduced the 
indica SSIIa  gene into japonica rice to examine 
whether the starch japonica S-type amylopectin of 
the host can be converted into an indica L-type 
amylopectin in the transformants and how the 
various levels of indica SSIIa protein affect the 
endosperm starch amylopectin structure and 
properties. 

Materials and methods 

Cloning and sequencing o f  cDNA encoding SSIIa 
of japonica and indica rice cultivars 

The rice japonica cultivars Nipponbare and 
Kinmaze, and the indica cultivars IR36 and 
Kasalath were grown during the summer months 
in a paddy field. Seeds were harvested at the early- 
to mid-milking stage for the extraction of total 
RNAs from the developing endosperm using the 
method described by Nishi et al. (2001). cDNAs 
were synthesized from the total RNAs by reverse 
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transcription, used as templates for PCR for the 
SSIIa gene employing the sense primer 5'- 
TTAGGATCCTCGGGGCGACCAT-3" and the 
antisense primer 5"-GGCGGACATGGTCTCTT- 
CAC-3', and their nucleotide sequences were 
determined by a DNA sequencer (AB] 3000 
Automated DNA Sequencer, Perkin-Elmer). 

Cloning of  the region encoding the 'mature' 
SSIIa for shuffling experiments 

The rice SSIIa transit peptide was predicted to be 
encoded by the first 204 nucleotide bases (from the 
A nucleotide of the ATG start codon) based on the 
alignment of rice SSIIa deduced amino acid 
sequence with that of maize SSIIa, particularly 
with its putative transit peptide cleavage site 
VREA (Ham et al., 1998), which corresponds to 
rice SSIIa VRRA (amino acid residue nos. 69-72). 
The rice SSIIa precursor was 'cleaved' between V 
and R to exclude the fist 68 amino acids, leaving a 
mature SSIIa protein of 742 amino acids (residues 
69-810). 

The region encoding the mature SSIIa (nucle- 
otide bases 205-2430) in the indica cultivar IR36 
and the japonica cultivars Nipponbare and Kin- 
maze were amplified by PCR using the sense 
primer 5 '-CATAGACAAACGtCGCGCGGA- 
TGATGGGGAGAACG-3" containing the PshAI 
site paired with the antisense primer 5'-GGCGG- 
ACATGGTCTCTCACCATTGGTACTTGG-3".  
The incorporation of the PshA1 site in the sense 
primer, which required the replacement of the 5' 
terminal base C to T(lower case), was needed for 
cloning into the expression vector pET 43.1b 
(Novagen). This base substitution, nevertheless, 
was silent. The single band PCR products were 
gel-purified and cloned in pGEM-T Easy (Pro- 
mega Corp.) and sequenced. The correct inserts 
were excised by double digestion with PshAI and 
SalI and cloned into the same sites in pET43.1b. 

Generation of  SSIIa fragments 

Four contiguous fragments of the coding region of 
the 'mature' SSIIa of the three rice cultivars were 
generated by restriction enzyme digestion of the 
SSIIa-pET43.1 constructs (Figure 1A). Thus, 
fragment 1 was generated with PshA1 and 
EcoT22I; fragment 2 with EcoT22I and BstWI; 
fragment 3 with BsiWI and XhoI; and fragment 4 

with XhoI, the 3' half of which contains portion of 
the MCS of pGEM-T Easy vector and that of 
pET43.1b. Fragments 1, 2, 3, and 4 are 970, 986, 
143, and 273 bp, respectively, and contain the 
codons for Glu or Asp, Gly or Ser, Val or Met, 
and Leu or Phe, respectively. Corresponding 
fragments were shuffled to generate 16 constructs 
that cover all possible combinations. The resulting 
chimeric SSIIa genes in pET43.1b, which were 
verified for correctness by sequencing, were intro- 
duced into the expression host E. eoli strain 
AD494 (DE3) pLysS (Novagen). 

Induction and purification of  SSIIa enzyme 
activity 

The transformed E. coli AD494 cells were grown 
at 37 °C to OD600 of about 0.6 in LB medium 
containing 100 #g of carbenicillin and 34 #g of 
chloramphenicol per milliliter of the medium and 
divided into two portions. One portion was 
supplemented with IPTG to a final concentration 
of 1 mM, while the other served as the non- 
supplemented control. Both were cultured for an 
additional 2 h. The cells were collected by 
centrifugation at 20,000 x g  for 2 rain, and 
frozen at -80 °C until use. The frozen cells were 
thawed on ice, resuspended in phosphate-buf- 
fered saline (PBS), and disrupted by sonication 
on ice in an Ultrasonic Disruptor Model UD201 
(Tomy Corp., Tokyo, Japan) set at a power 
output level of 3% and 30% duty for 10 bursts, 
centrifuged at 20,000 x g for 1 min at 4 °C, and 
the supernatants which were designated as the 
crude enzyme extracts were collected and frozen 
at -80 °C until use. The SSIIa protein was puri- 
fied by sequential use of HitrapQ (Amersham 
Biosciences, Uppsala, Sweden) anion-exchange 
chromatography and TSK gel DEAE-5PW 
(Tosoh Corp., Tokyo) anion-exchange chroma- 
tography. 

Measurements of  SSIIa activities in vitro assay 
and native-PAGE/activity staining assay 

Assays for the expressed SSIIa activity in E. coli 
crude enzyme extract and purified preparations, 
and SSIIa activity staining in native 7.5% poly- 
acrylamide gel were performed as described by 
Nishi et al. (2001). 
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Characterization of  purified SSIIa expressed 
in E. coli 

To characterize the SSIIa proteins in vitro, their 
ability to synthesize specific polyglucans was 
examined. Purified E. col#expressed IR36 or 
Kinmaze SSIIa protein was added into a reaction 
solution composed of 50 mM Bicine-NaOH 
(pH 7.4), 0.5 M citrate-NaOH (pH 7.4), 20 mM 
dithiothreitol, 2 mM ADPglucose, 0.9 mg amylo- 
pectin (prepared from amylose-free japonica-type 
rice cultivar Kinmaze) in a total volume of 
0.45 ml. The enzymic reaction was run for 
30 min at 30 °C, and terminated by placing the 
mixture in a boiling water bath for 2 min. Analysis 
of the chain-length distribution of polyglucans 
before and after the enzymic reaction was 

Figure 1. OsSSlla gene fragment shuffling. (A) Comparison of 
the SSIla gene coding regions (represented by bars) in the 
indica cultivar IR36 and Kasalath, and the japonica cultivars 
Nipponbare and Kinmaze. Inside the bars are the variable 
amino acid residues (in bold, position given above the IR36 
bar) and their respective codons, the italicized uppercase 
nucleotide bases being the ones that caused the amino acid 
changes (positions noted below the IR36 bar). The other 
variable nucleotides (in bold), which did not change the corre- 
sponding amino acids and their positions, are also shown. The 
four fragments of the putative mature SSIIa gene (excluding 
the transit peptide, TP) that were shuffled among the three cul- 
tivars (marked below the figure) were generated by digestion 
with the restriction enzymes given on top of the figure. Solid 
bars represent a portion of the fused multicloning site derived 
from the MCS of pGEM T-Easy and pET43b. The sizes of the 
fragments are not strictly drawn to scale. (B) Chimeric Os- 
SSIIa constructs. Four contiguous fragments (FI, F2, F3, and 
F4) of the mature SSIIa coding regions of the indica cultivar 
IR36, and the japonica cultivars Nipponbare and Kinmaze 
were shuffled and expressed in E. coli AD494 using 1 mM 
IPTG as the inducer. Each of the shuffled gene fragments con- 
tains one variable amino acid residue, the position of which is 
indicated above the uppermost set of bars. The sizes of the 
fragments are not drawn to scale. The levels of SSIIa activities 
of the fusion proteins determined from clarified crude enzyme 
extract by native PAGE activity staining in non-denaturing 
acrylamide gel containing glycogen, as shown in (C) and (D), 
were classified into three types: + ,  normal SSIla activity type 
(Type 1), including wild-type indica-cultivars IR36 and Kasa- 
lath; - ,  no or low activity type (Type 2 including wild-type 
japonica-cultivars Kinmaze and Nipponbare); :E, intermedi- 
ately active type (Type 3). (C) and (D) Assay of SSIIa activity 
by native-PAGE activity staining method. Each lane contained 
3.3, 6.7, and 10 #1 in (C), as indicated, and 10/~1 each in (D) of 
the crude enzyme extract of E. coli-expressed SSIIa. 
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performed by capillary electrophoresis as 
described previously (Nakamura et al., 2002). 

Transformation of  the japonica rice and screening 
of  transgenic lines 

The DNA construct containing the SSIIa cDNA 
from indica cultivar IR36 or japonica cultivar 
Nipponbare linked to the rice glutelin B1 promoter 
(Takaiwa et al., 1996) was introduced into japon- 
ica cultivar Kinmaze by Agrobacterium tumefa- 
ciens EHA105-mediated transformation (Hood 
et al., 1993). Procedures for rice tissue culture, 
transformation and selection were as described 
previously (Kubo et al., 2005). 

Totals of 29 and 32 individual To progeny lines 
were isolated from the IR36-SSIIa and Nippon- 
bare-SSIIa transformants, respectively. Three to 
five T1 seeds randomly chosen from each To plant 
were independently analyzed for endosperm amy- 
lopectin chain-length distribution by capillary 
electrophoresis as described below. Ten randomly 
chosen T~ seends of 12 To IR36-SSIIa transfor- 
mant lines were grown and their seeds (T2) were 
examined for amylopectin chain-length distribu- 
tion and starch gelatinization properties by differ- 
ential scanning calorimetry. Five homozygous 
lines (#50-4, #63-1, #68-1, #73-8 and #78-2) were 
selected and their seeds (T3 or Y4) were used for 
further biochemical studies. 

Extraction o f  SSIIa protein from rice endosperm 

Dry seeds of Kinmaze (50 mg), IR36, or transfor- 
mant #78-2 was homogenized using plastic pestle 
in a microtube on ice in 250/~1 of grinding solution 
(GS) containing 50 mM imidazole-HC1 (pH 7.4), 
8 mM MgCI2, 50 mM 2-mercaptoethanol, and 
12.5% glycerol and kept on ice for 10 min. The 
homogenate was centrifuged at 30,000 x g for 
10 min at 4 °C and the pellet was washed twice 
with 250 #1 of ice-cold GS. The supernatants were 
combined and used as the soluble protein (SP) 
fraction. The residual pellet was resuspended 
at 4 ° C  in 250/A of an SDS solution 
containing 55mM Tris-HCl (pH6.8), 2.3% 
SDS, 5% 2-mercaptoethanol, and 10% glycerol 
and incubated for 10 min on ice. The homogenate 
was centrifuged at 30,000 x g for 10 min at 4 °C, 
and the precipitate was washed twice with 250 #l 
of ice-cold GS, followed by another wash with 
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100/A of the SDS solution. The supernatants were 
combined and used as the loosely-bound protein 
(LBP) fraction. The resulting pellet (about 40 mg 
of starch granules) was washed with 250/~1 of 
distilled water and twice with 2 ml of acetone, and 
dried in vacuo. The resulting starch granules 
(10 mg) were suspended in 1.8 ml of the SDS 
solution and boiled for 7 min. After cooling, the 
slurry was centrifuged at 40,000 x g for 15 min at 
4 °C. The pellet was suspended in 200/zl of the 
SDS solution and centrifuged again. The com- 
bined supernatants were mixed with 2 ml of 30% 
trichloracetic acid and kept on ice overnight. The 
suspension was centrifuged at 40,000 x g for 
15 min at 4 °C. The precipitate was washed twice 
with 1 ml of acetone, dried in vacuo, and solubi- 
lized with 30 #1 of the SDS-PAGE solution con- 
taining 100 mM Tris-HC1 (pH 6.8), 0.2% 
bromophenol blue, 10% SDS, 12% 2-mercapto- 
ethanol, and 20% glycerol, and used as the tightly- 
bound protein (TBP) fraction. 

Analysis of  chain-length distribution of  amylopectin 
and physicochemical properties o f  starch granules 

Measurements of chain-length distribution of 
amylopectin by capillary electrophoresis and ther- 
mal properties of starch granules by differential 
scanning calorimetry were performed as described 
previously (Nakamura et al., 2002). Analysis of 
pasting properties of starch granules by Rapid 
Visco Analyzer were carried out as described by 
Wong et al. (2003). 

Accesion numbers 

The cDNA sequences encoding the rice SSIIa were 
submitted to the DDBJ/NCBI/EMBL databases 
and were assigned the following accession numbers: 
Nipponbare, ABl15915; Kinmaze, ABl15916; 
IR36, AB115917; and Kasalath, AB115918. 

Results 

Comparison of  the SSIIa nucleotide and amino acid 
sequences of japonica and indica rice cultivars 

To reveal what causes the functional difference 
between the 'active' SSIIa gene in indica and 
'inactive' SSIIa gene in japonica cultivars of rice, 

the nucleotide sequences of the cDNA of the SSIIa 
genes in the two indica-type rice cultivars (IR36 
and Kasalath) that synthesize L-type amylopectin 
and two japonica-type cultivars (Nipponbare and 
Kinmaze) that synthesize S-type amylopectin were 
aligned using the Genetyx Analysis Software 
(Software Development Co. Ltd., Tokyo, Japan). 
Comparison of the four sequences showed that the 
length and the base composition of the SSIIa 
coding region were highly conserved. The eight 
peptide motifs conserved in all starch synthases of 
plants and prokaryotes as defined by Cao et al. 
(1999) were all present in the four deduced amino 
acid sequences of SSIIa. The indica cultivars had 
identical nucleotide sequences, whereas the 
japonica cultivars varied in three positions at their 
3" ends (Figure 1A). As a group, the indica 
cultivars differed from the japonica group at four 
positions: base no. 264 (G in indica vs. C in 
japonica); no. 387 (C vs. T); no. 1810 (G vs. A); 
and no. 1914 (G vs. T). Only the substitutions of 
bases no. 264 and no. 1810 resulted into changes in 
amino acid residues from Glu-88 to Asp in the 
former and from Gly-604 to Ser in the latter. At 
the 3' end of the SSIIa gene, the three base 
substitutions in japonica cultivars were as follows: 
base no. 2209 (G) was changed to A in Nippon- 
bare; and bases no. 2340-2341 (GC) were replaced 
by TT in Kinmaze. These base substitutions 
altered the two amino acid residues from Val-737 
to Met in Nipponbare, and from Leu-781 to Phe in 
Kinmaze. The substitution of Val-737 to Met in 
Nipponbare could be critical in view of the fact 
that Val-737 is a component of Motif VIII in the 
catalytic region of SSIIa (Cao et al., 1999). Alto- 
gether, the predicted SSIIa proteins differ only in 
four amino acid residues, one at the N terminal 
half and three at the C terminus. At least one of 
these amino acid residues is essential for SSIIa 
activity. 

Shuffling of  the SSIIa gene fragments 

Despite the existence of only four variable amino 
acid residues in the predicted SSIIa proteins of the 
rice japonica and indica varieties, the SSIIa in the 
former appears to lack catalytic activity. This is 
indicated by the failure of japonica SSIIa to elon- 
gate short chains of DP <10 up to DP <24, 
which results into the formation of S-type 
amylopectin, as opposed to the L-type in indica 



varieties that possess active SSIIa. It is likely that 
at least one of the four variable amino acids in the 
indica varieties is essential for SSIIa activity. 

In order to identify the amino acid residue(s) 
critical for SSIIa activity, corresponding fragments 
of the SSIIa coding regions of the three cultivars 
were shuffled to generate chimeric SSIIa genes 
(Figure 1B), which were cloned in the expression 
vector pET43, expressed in E. coli AD 494, and the 
activity of SSIIa was measured by spectrophoto- 
metric and zymogram assay (Figure 1C and D). 
The native and chimeric SSIIa proteins could be 
largely classified into three types; the 'active' 
(indica-type, type 1) type, the 'inactive' (japonica- 
type, type 2) type, or 'intermediately active' type 
(type 3). SSIIa activity in the crude enzyme extract 
of the transformed E. coli cells appeared to be 
primarily determined by the Val-737 and Leu-781 
residues at the C terminus. The presence of both 
amino acid residues conferred a type 1 activity 
regardless of the variations in the other regions of 
the SSIIa protein (constructs #1111 [IR36], 2111, 
1211, and 2211). In these active chimeric SSIIa 
constructs, replacement of Val-737 with Met 
abolished SSIIa activity (construct #1111 [IR36, 
type 1] vs. 1121 [type 2], 2111 vs. 2121 [type 2], 
1211 vs. 1221 [type 2], and 2211 vs. 2221 [Nip- 
ponbare, type 2], indicating that Val-737 is crucial 
for SSIIa activity. Surprisingly, replacement of 
Leu-781 with Phe only partially reduced SSIIa 
activity in chimeric genes having Gly-604 (con- 
struct #1111 [IR36, type 1] vs. 1112 [type 3], and 
2111 [type 1] vs. 2112 [type 3]), but abolished it 
when Gly-604 was also replaced with Ser (con- 
struct #1211 [type 1] vs. 1212 [type 2] and 2211 
[type 1] vs. 2212 [Kinmaze, type 2], implying that 
Gly-604 possibly interacts positively with Phe-781, 
although the sole replacement of Gly-604 with Ser 
did not result in loss of SSIIa activity when both 
Val-737 and Leu-781 were conserved. Replacing 
both Val-737 and Leu-781 with Met and Phe, 
respectively, rendered the SSIIa protein inactive. 
Because replacement of Glu-88 with Asp did not 
alter the activity of any constructs, Glu-88 appar- 
ently does not play an equally important role in 
determining SSIIa activity. These results suggest 
that Val-737 and Leu-781 are essential while Gly- 
604 plays some role in SSIIa catalytic activity 
when Leu-781 is replaced by Phe. 

To prove that the functions of indica SSIIa and 
japonica SSIIa are different, direct determination 
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of their enzyme activities was necessary. Since it is 
difficult to quantify the SSIIa activity in rice 
endosperm due to its extremely low expression 
level even in indica varieties, the SSIIa proteins 
from #1111 (wild-type IR36, type 1) and #1112 
(Leu-781 replaced with Phe, type 3) were over- 
expressed in E. coli. Although the activities of  type 
1 and type 2 SSIIa could be easily measured by 
native-PAGE/activity staining method, no sub- 
stantial activities of  the crude E. coli extract 
expressing type 3 SSIIa protein were detected in 
crude enzyme extracts (Figure 1C and D). SSIIa 
activities were also measured by in vitro enzyme 
assay, but the levels of the type 3 SSIIa activities 
were similar to that of  E. coli endogenous glycogen 
synthase activity (data not shown). To exclude the 
bacterial glycogen synthase activity from interfer- 
ing with the expressed SSIIa activities, the SSIIa 
proteins were purified to almost homogeneity and 
subsequently used to quantify their enzymatic 
activities, if any. The purified SSIIa of the four 
selected constructs, i.e., #1111 (IR36), #2221 
(Nipponbare), #2212 (Kinmaze), and #1112 
(Leu-781 replaced with Phe) exhibited specific 
activities of 1.63, 0.13, and 0.15 #mol ADPglu- 
cose/min/mg protein for #1111, #2221 (Nippon- 
bare) and #2212 (Kinmaze), respectively, and 
0.72 #mol ADPglucose/min/mg protein for 
#1112, which was intermediate between indica 
(#1111) and japonica (#2221 or #2212) SSIIa 
(Figure 2). 

Analysis of the structure of polyglucans synthesized 
by SSIIa from S-type amylopectin 

To characterize the different SSIIa proteins, the 
SSIIa from indiea-type (#1111) or japonica-type 
(Kinmaze, #2212) was incubated with S-type 
amylopectin, and the change in the chain-length 
distribution of  the product was analyzed. 
Figure 3A and B shows that the indica-type SSIIa 
could convert S-type amylopectin to L-type amy- 
lopectin by elongating short chains of DP < 11 to 
form chains of DP 13-25, although no change was 
observed in the proportion of long chains of 
DP >29 as indicated by the absence of any 
difference in the chain length distribution patterns 
between the product and substrate (S-type amylo- 
pectin), these patterns of difference being the same 
as those between IR36 L-type and Kinmaze S-type 
amylopectin (compare Figure 3B with Figure 5A, 
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Figure 2. Specific activities (bars) of the HPLC-purified 
E. eoli AD494-expressed SSIIa fusion proteins of the wild- 
type indica cultivar IR36, wild-type japonica cultivars Kin- 
maze and Nipponbare, and the chimeric line #1112. Bars and 
vertical lines on top of the bars are the means and standard 
deviations of 3 replicate measurements, respectively. 

bottom panel). On the contrary, the chain profile 
for the polyglucan produced by incubation of 
S-type amylopectin with Kinmaze SSIIa was 
dramatically different from the above result, in 
that the proportion of short chains of DP 8-15 was 
increased while that of chains of DP >17 was 
decreased (Figure 3C). One possible explanation 
for this unexpected result might be that the 
japonica-type SSIIa elongated the endogenous 
glucan primers entrapped in the SSIIa protein 
itself. Whatever the reason is, however, the results 
clearly show that the indica-type SSIIa is distinct 
from japonica-type SSIIa not only in terms of 
specific activity, but also in the preference of 
substrate chains for elongation. 

The amylopectin and starch in transgenic japonica 
rice could have indica-type amylopectin and starch 
when the indica rice SSIIa gene was introduced 

The structural difference between the amylopectins 
of indica and japonica rice varieties is most clearly 
revealed by their chain-length profiles. The japo- 
nica S-type amylopectin has enriched short branch 
chains of DP < 10 and depleted intermediate 
chains of 12 < DP < 24 as compared with the 
indica L-type amylopectin, whereas the proportion 
of cluster interconnecting long chains of DP >25 

are comparable in the two varieties (Nakamura 
et al., 2002; Umemoto et al., 2002). 

To examine whether the differences in the 
SSIIa  gene is responsible for the structural differ- 
ences between the L-type and S-type amylopectins, 
the SSIIa  cDNA from the indica cultivar IR36 
(having L-type amylopectin) or from the japonica 
cultivar Nipponbare (having S-type amylopectin) 
was introduced into the japonica cultivar Kinmaze 
(having S-type amylopectin). The cDNAs were 
individually cloned downstream of the endosperm- 
specific glutelin B1 promoter to direct the expres- 
sion of the introduced SSI Ia  gene only in the 
endosperm (Wu et al., 1998), and the constructs 
were introduced independently into Kinmaze via 
Agrobacterium tumefaciens-mediated rice callus 
transformation. 

Analysis of the chain-length distribution of 
amylopectin in TI seeds of transgenic lines con- 
firmed that the S-type amylopectin structure of 
Kinmaze was converted into the L-type amylo- 
pectin in several lines transformed with the IR36- 
SSIIa  gene (Figure 4A), but not in any lines 
transformed with the Nipponbare SSIIa  gene 
(Figure 4B). The results suggest that the two 
japonica cultivars have defective SSI Ia  gene that 
could only synthesize the S-type amylopectin 
rather than the 'normal' L-type. 

To examine the detailed mechanism for the 
complementation of L-type amylopectin biosyn- 
thesis by the 'normal' IR36 SSI Ia  gene, we selected 
five homozygous T1 transformant lines (#50-4, 
#63-1, #68-1, #73-8 and #78-2) from 29 individual 
IR36-SSI Ia  (To) transformants. The seeds of these 
homozygous transformant (T2) exhibited endo- 
sperm amylopectin chain-length profiles that dif- 
fered from that of the wild-type cultivar Kinmaze. 
Phenotypic analyses were conducted on different 
seeds arbitrarily chosen from a pool of seeds 
harvested from a single homozygous T3 or T4 
plant of each transformed line. Thus far, the 
specific phenotypes of each homozygous line were 
consistent among different plants and remained 
unchanged through succeeding generations (data 
not shown). Detailed phenotypic analyses were 
conducted using seeds from the homozygous line 
#78-2 (Figure 5). The pattern and the extent of 
differences in the branched chain profile between 
line #78-2 and Kinmaze were similar to those 
between IR36 and Kinmaze (Figure 5A) indicat- 
ing that the chain-length profile of amylopectin of 
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Figure 3. Changes in chain-length distribution of a-polyglucans resulting from the incubation of S-type amylopectin (prepared 
from amylose-free cv. Kinmaze) with purified SS]Ia preparations. The enzymic reactions were performed as described in Materials 
and methods in a total volume of 0.45 ml. The protein amounts used were 7 and 40 #g for the indica-type rice cv. IR36 and the 
japonica-type rice cv. Kinmaze, respectively, to approximately equalize the catalytic activities of both enzymes in the reaction mix- 
ture because japonica SSIIa is comparatively much less active than that of indica SSIIa. The numbers shown in italic on some bars 
indicate the DP values of the corresponding bars. (A) Chain-length distribution of amylopectin prepared from japonica-type rice 
cultivar Kinmaze (open bars) and of polyglucans obtained after incubation of S-amylopectin with the purified IR36 SSIIa (closed 
bars). (B) and (C) Differences in polyglucan chain-lengths between the substrate (Kinmaze amylopectin) and the products of the 
enzymic reaction catalyzed by purified IR36 SSIIa (B) or Kinmaze SSIIa (C) preparation. 

this line completely shifted from that of the S-type 
to the L-type. This alteration of amylopectin 
structure of line #78-2 was accompanied by starch 
gelatinization-resistant properties as indicated by 
the resistance of line #78-2 starch granules to 4 M 
urea solution like IR36 starch granules while those 
in Kinmaze were easily disintegrated (Figure 5B). 
The pasting properties of line #78-2 starch as 
measured by rapid-visco analyzer were distinct 
from Kinmaze (Figure 5C). The pasting tempera- 
ture was increased from 69.5 °C of Kinmaze to 
77.8 °C, the latter value being similar to that 
(75.5 °C) of IR36 (Figure 5C). However, other 
starch pasting parameters of line #78-2, such as 
peak viscosity, breakdown, and setback, were 
similar to those of Kinmaze starch rather than 
IR36 starch. These results suggest that the struc- 
tural change in amylopectin induced by varied 
SSIIa activity determines some of the gelatiniza- 
tion and pasting properties of starch granules such 

as onset temperature for gelatinization, while other 
factors such as contents of amylose and amylo- 
pectin super-long chains of DP 85-180 (Takeda 
and Hizukuri, 1987), which are variety-specific and 
not controlled by SSIIa, account for the peak 
viscosity and setback, respectively, of the starch 
granules (Horibata et al., 2004). 

It is known that some forms of SS bind to the 
starch granules (Mu-Forster et al., 1996). To 
characterize the SSIIa protein in rice endosperm, 
its binding capacity to the starch granule was 
examined. Almost all of the SSIIa proteins in IR36 
were bound to starch granules, and a considerable 
fraction was so tightly-bound that it could not be 
dissociated from the starch granules by washing 
with 2.3% SDS solution at 4 °C (Figure 5D). In 
contrast, SSIIa protein in Kinmaze endosperm 
was only loosely-bound to starch granules 
(Figure 5D), suggesting that the japonica- type 
SSIIa protein has a severely reduced binding 
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Figure 4. Variation in the structure of amylopectin in endosperm as measured by its ~-l,4-chain-length distribution in transgenic 
japonica-rice cultivar Kinmaze. The transgenic lines were generated by introducing into Kinmaze the SSIIa cDNA from indica-rice 
variety IR36 (A) or japonica-rice variety Nipponbare (B). The histograms indicate the proportion of chains with DP < 10 to that 
of chains with DP < 24 in amylopectin obtained from a total of 167 seeds from 29 lines (independently chosen 3-5 seeds per line) 
of IR36-SSIla transformants (A) and 192 seeds from 32 lines (3 5 seeds per line) of Nipponbare-SSlla transformants (B). 

capaci ty  a n d  p r o b a b l y  lacks catalyt ic  activity. In  
cont ras t ,  b o t h  l o o s e l y - b o u n d  a n d  t i gh t ly -bound  
SSIIa  p ro te ins  were observed  in #78-2 as in the 
wi ld- type IR36  (F igure  5D). This  and  the above 
obse rva t ions  ind ica te  tha t  the express ion of  indica- 

type SSIIa  in  the K i n m a z e  t r a n s f o r m a n t  restored 
the f u n c t i o n a l  S S I I a - s t a r c h  g ranu le  in te rac t ion  
and  the capac i ty  of  SSIIa  to synthesize L-type 
amylopec t in  ins tead  of  S-type amylopec t in .  

The  s tarch p h e n o t y p e s  of  the five i ndepende n t  
t r a n s f o r m a n t s  with a l tered amy lopec t i n  chain-  
length  were c o m p a r e d  a m o n g  each o ther  and  with 
IR36 a n d  K i n m a z e .  Because the pa t t e rns  of  
changes  in  the a m y l o p e c t i n  cha in - leng th  dis t r ibu-  
t ion  a m o n g  all selected t r a n s f o r m e d  lines exam- 
ined were s imi lar  to those be tween  IR36  and  
K i n m a z e  (F igure  6A) the p r o p o r t i o n  of  short  
cha ins  with D P  < 10 of  the tota l  cluster  cons t i tu t -  
ing chains  wi th  D P  < 24, as well as the a m o u n t  of  
SSIIa  p ro te in  t i g h t l y - b o u n d  to s tarch granules  
were c o m p a r e d  with the onse t  t empera tu re  for 
ge la t in iza t ion  (To) of  their  s tarch granules .  The  

Figure 5. The effects of the introduction of the indica-rice cul- 
tivar IR36 SSIIa gene into the japonica-rice cultivar Kinmaze 
on the structure of amylopectin, gelatinization properties of 
starch granules, and the SSIIa protein level in the trans- 
formed homozygous line #78-2. (A) Comparison of ~-l,4- 
chain-length distribution of endosperm amylopectin between 
transgenic line #78-2 or the indica-rice cultivar IR36 and its 
host japonica-rice cultivar Kinmaze. (B) Disintegration of 
starch granules of transgenic line #78-2, wild type indica-rice 
cultivar IR36, and japonica-rice cultivars Kinmaze and Nip- 
ponbare after incubation in 4 M urea solution at 30 °C for 
18 h. (C) Pasting properties of starch granules of transgenic 
line #78-2, wild type indica-rice cultivar IR36, and japonica- 
rice cultivars Kinmaze and Nipponbare as measured by rapid- 
visco analyzer. (D) Western blot to quantify the relative 
amounts of soluble (SP), loosely starch-bound (LBP), and 
tightly starch-bound (TBP) SSIIa protein fractions from en- 
zyme extracts of transgenic line #78-2, wild type indiea culti- 
var IR36, and japonica cultivar Kinmaze. The amounts of 
proteins applied onto the gel were equivalent to 2.7% and 
2.2% of the SP and LBP fractions, respectively. The amounts 
of applied protein were 13.9, 11.4 and 12.7% of the TBP 
fractions of Kinmaze, #78-2, and IR36, respectively. The pro- 
tein blot was reacted with polyctonal antibodies raised against 
purified SSIIa from japonica-rice cultivar Nipponbare. 
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proport ion of  amylopect in short chains of  
DP _< 10 was inversely correlated with both the 
onset temperature  for  starch gelatinization 
(Figure 6B) and the amoun t  of  starch granule- 
tightly bound SSIIa protein (data not  shown). In 
fact, the t ightly-bound SSIIa protein amount  was 

significantly higher in #78-2 than that  in IR36 
(Figure 5D). It appears that more  active SSIIa 
(tightly granule-bound) generates amylopect in  
long chains that render the starch granules more  
difficult to gelatinize. Thus, some of  the starch 
thermal properties are influenced by SSIIa activity. 
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Figure 6. Relationship between the chain-length profile of 
amylopectin and starch gelatinization properties of seeds from 
various Kinmaze transgenic lines induced by introduction of 
the IR36-SSIIa cDNA. (A) Differences in ct-l,4-chain-length 
distribution of endosperm amylopectin between the host 
japonica cultivar Kinmaze and IR36-SSIIa transformants or 
the indica-rice cultivar IR36. (B) Relationship between c~-l,4- 
chain-length distribution of endosperm amylopectin and onset 
temperature of gelatinization of starch granules in IR36-SSIIa 
transformants and their host japonica cultivar Kinmaze, and 
the indica cultivar IR36. Each point represents data from 5 to 
7 arbitrarily chosen seeds from each line. 

Discussion 

Several studies have been performed to dissect the 
function(s) of SSII or SSIIa. The SSII-deficient 
mutants from pea (Craig et al., 1998), wheat 
(Yamamori et al., 2000), barley (Morell et al., 
2003), and maize (Zhang et al., 2004) have a 
modified amylopectin structure with enriched 
short chains, altering the physicochemical proper- 
ties of  the starch granules. Edwards et al. (1997) 
reported that the reduction in the activity of SSII 
in potato tuber by antisense technology causes the 
amylopectin to generate more chains of DP 8-12 
and less chains of  DP 15-25, but the proportion of 
chains longer than DP 25 is unaffected. The effect 
of inhibition of SSII activity on the amylopectin 
chain-length distribution pattern in potato is also 
quite similar to those in SSIIa mutants from rice 

(Umemoto et al., 1999; Nakamura et al., 2002), 
barley (Morell et al., 2003), and maize (Zhang 
et al., 2004). It is, however, noted that the pheno- 
typic influences of  the reduction of SSII (pea and 
potato) or SSIIa (cereals) on starch contents and 
starch morphology are markedly different among 
plant species. The mutation or inhibition of SSII 
activities results in shriveled seed morphology 
owing to the reduced amount of starch content 
and alteration in the size and shape of starch 
granules in pea (Craig et al., 1998), wheat (Yama- 
mori et al., 2000), and barley (Morell et al., 2003), 
whereas no significant changes in starch content 
and granular morphology are detected in seeds of  
maize (Shannon and Garwood, 1984), and rice 
(Umemoto et al., 2004). The biochemical mecha- 
nism underlying these species-specific phenotypes 
is still unknown (Zhang et aI., 2004). 

The specific function of rice SSIIa in amylo- 
pectin chain elongation was directly and conclu- 
sively proven by the in vitro experiment carried out 
in the present study. The indica-type SSIIa could 
synthesize L-type amylopectin when S-type amy- 
lopectin was incubated with the enzyme (Figure 3 
A and B), whereas no such change occurred when 
the japonica-type enzyme was used (Figure 3C). 
The results clearly show that the active SSIIa from 
rice plays a specific role in the synthesis of the long 
cluster chains (B1 chains) by elongating short A 
a n d  B 1 chains, but not in the formation of cluster  
connecting B2 or longer chains 

The present investigation has proven that the 
level of active SSIIa form discriminates the fine 
structure of amylopectin between japonica type and 
ind ica type  rice varieties having Stype and L t y p e  
amylopectin, respectively, by playing a distinct role 
in the elongation of short chains o f D P  < 10 in the 
amylopectin cluster The extremely low SSIIa ac t iv  
ity (as in the j a p o n i c a t y p e  rice) caused the starch 
amylopectin to have enriched chains o fDP 6 10 and 
depleted chains of  DP 12-22 (Stype amylopectin) 
as compared with the L t y p e  amylopectin formed in 
the presence of active SSIIa (as in the i nd i ca type  
rice) In view of this apparently critical role of SSIIa 
in determining starch amylopectin structure, it is 
striking to note that the activity of SSIIa is relatively 
much lower than those of  the two major SS isoforms 
in rice endosperm, namely SSI and SSIIIa, as 
reported in maize endosperm (Cao et a l ,  1999), 
and that rice plants have eight SS isoforms including 
three SSII type (Hirose and Terao, 2004) 



There were four amino acid replacements 
between indica and japonica rice varieties 
(Figure 1A). The replacements of Glu-88 with 
Asp and Gly-604 with Ser were common between 
indica and japonica varieties, respectively, while 
those of Val-737 with Met (Nipponbare-type) and 
Leu-781 with Phe (Kinmaze-type) were variety- 
specific (Figure lb). The SSIIa  gene fragments 
shuffling experiments identified the amino acid 
residues crucial for rice SSIIa activity by showing 
that the replacement of either of two amino acids 
in japonica varieties (Val-737 to Met in Nippon- 
bare, or from Leu-781 to Phe in Kinmaze) caused 
a marked reduction of SSIIa activity. However, it 
is particularly interesting that the SSIIa protein 
with Phe-781 exhibited a level of SSIIa activity 
that was intermediate between indica and japonica 
rice only when Ser-604 (japonica-type) was 
replaced by Gly (indica-type), whereas the sole 
replacement of Gly-604 with Ser had no inhibitory 
effect on the enzyme activity if both Val-737 and 
Leu-781 were conserved. The fact that the replace- 
ments of Leu-781 and Gly-604 in indica-type SSIIa 
to Phe-781 and Ser-604, respectively, in Kinmaze 
SSIIa resulted in the failure to synthesize L-type 
amylopectin from S-type amylopectin (Figure 3C) 
indicates that these changes in SSIIa protein not 
only reduce the SS catalytic activity, but also alter 
the chain preference for its elongation reaction 
and/or the affinity for glucan substrates. 

Figure 6 shows that the extent of SSIIa-induced 
change in the fine structure of amylopectin was 
closely related with the onset temperature for 
starch gelatinization. Our previous report 
(Nakamura et al., 2002) indicates that the type of 
amylopectin structure and starch thermal proper- 
ties tend to segregate into either the typical 
japonica-type with no or little SSIIa activities or 
the typical indica-type with high SSIIa activities. 
The results of the present study show that in rice 
endosperm novel starch types with a variety of 
distinct functional properties can be engineered by 
modifying the SSIIa activity through intervarietal 
SSI Ia  gene transfer or shuffling the fragments of 
the SSIIa  coding region. These strategies can 
generate SSIIa enzyme with varying activities that 
synthesize different amylopectins ranging from the 
L-type to the S-type. 

The SSIIa-induced changes in the fine structure 
of amylopectin greatly influenced the physico- 
chemical properties of the starch in rice endosperm 
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such as thermal properties (Figure 6B) and pasting 
properties (Figure 5C). Recently, Horibata et al. 
(2004) reported elegant observations that the 
proportion of short chains of amylopectin cluster 
of DP 6-12 is inversely correlated with the peak 
temperature of gelatinization measured by DSC of 
rice starches, whereas amylose and amylopectin 
super-long chains contents are highly correlated 
with the peak viscosity and setback temperature, 
respectively, measured by rapid visco analyzer. 
These results seem to be consistent with the data in 
the present study (Figure 5C) in that the pasting 
temperature of starch in transformed line #78-2 
was markedly increased by virtue of the expression 
of the introduced indica-type (IR-36) SSIIa  in the 
host japonica rice cv. Kinmaze, whereas the peak 
viscosity, breakdown, and setback, were similar to 
those of Kinmaze starch rather than IR36 starch. 
The present results also support the view of 
Horibata et al. (2004) that the structural change 
in amylopectin induced by varied SSIIa activity 
determines some of the gelatinization properties 
and pasting properties of starch granules such as 
onset temperature for gelatinization, but not the 
peak viscosity and setback of the starch granules. 

The present investigation demonstrated the 
molecular characterization of SSIIa of rice plants. 
The amino acid residues substituted in the putative 
C terminal region of japonica cultivars Nippon- 
bare (Gly-604-Ser and Val-737-M) and Kinmaze 
(Gly-604-Ser and Leu-781-Phe) are different from 
those so far identified to be critical for substrate 
binding and catalysis in maize starch synthase, the 
only plant SS examined so far in terms of critical 
amino acid residues. In maize SSIIa, Arg-214, 
which is equivalent to Arg-354 of IR36, was 
implicated for catalysis (Imparl-Radosevich et al., 
1999), whereas Lys-193 (equivalent to Arg-333 of 
IR36) of the putative ADP-glucose binding site 
K T G G L  motif was instead found to affect primer 
binding (Gao et al., 2004). In maize SSIIb-2, 
Asp-21 and Glu-391 are apparently important 
for ADP-glucose binding, while Asp-139 is critical 
for enzyme activity (Nichols et al., 2000). In IR36, 
these three maize SSIIb-2 residues are equivalent 
to Asp-339, Asp 457, and Glu-709, respectively. 

IR36 SSIIa residue Val-737, which is the 
terminal component of conserved motif VIII 
(Cao et al., 1999), corresponds to E. coli glyco- 
gen synthase (GS) Val-405 and A. tumifasciens 
GS Val-404, and is close to the critical region 
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369-374 in E. coli GS (Yep et al., 2004) and 
368-373 in A. tumifasciens.  This Val residue 
appears to be conserved among  plant and 
bacterial ADP-glucose-dependent  glycosyltransfe- 
rases and is conservatively replaced only by Ile in 
some plant granule-bound starch synthases (see 
Cao et al., 1999). We observed that Kinmaze 
SSIIa was largely dissociated from the starch 
granules (Figure 5D). However,  this cultivar had 
Glu-604-Ser and Leu-781-Phe substitutions, Val- 
737 being retained. Val-737 therefore may not be 
involved in substrate binding but most  likely in 
catalysis as suggested by the abolition of  SSIIa 
activity in construct  #1112 in which only Val-737 
was replaced (Figures 1 and 2). The inactivation 
of  Nipponbare  SSIIa may  therefore be largely 
due to the non-conservative replacement of 
Val-737 by Met. 

IR36 Gly-604 is equivalent to Asn-276 both in 
of  E. coli and A. tumifasciens GS, and lies just 
before the strictly conserved Lys-277 residue, 
which in E. coli GS was proposed to be directly 
involved in catalysis (Furukawa et al., 1994), 
based on the observation that  in the Lys-277- 
Gln mutants,  Kca t w a s  reduced 140-fold relative 
to the wild-type. This observation, coupled with 
the information that the position of  Lys-277 
corresponds to those of  the arginine clusters in 
the phosphorylat ion site o f  the GT3 glyco- 
syltransferases family, p rompted  Buschiazzo et al. 
(2004) to postulate a ' long distance effect' of  Lys- 
277 on catalysis, since Lys-277 of  A. tumifasciens 
GS, like the arginine clusters of  GT3, is spatially 
separated from the reaction center of  the E. coli 
GS. In IR36 SSIIa, the equivalent residue Lys- 
605 might play a similar long distance role in 
catalysis, and could be influenced by the neigh- 
boring Gly-604, which when replaced by Ser as in 
japonica cultivars, is probably  hindered from 
performing its function(s). 

Further  studies on rice SSIIa are obviously 
necessary in order to identify the role(s)/func- 
tion(s) of  Gly-604, Val-737, and Leu-781. 
Recently, Tetlow et al. (2004) presented direct 
evidences that in wheat, SSIIa, in addition to the 
SBE isoforms and unidentified proteins, is acti- 
vated by phosphorylat ion.  Since Gly-604 and 
Leu-781 are apparently not  directly involved in 
binding and catalysis, they might play some roles 
in the phosphoryla t ion-dependent  activation of  
SSIIa. 
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