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ABSTRACT: A starch synthase cDNA clone (spss67) was isolated from tuberous roots of sweet
potato. This clone contained an open reading frame corresponding to a protein of 608 amino acid
residues, which also included three consensus regions of starch synthases. Amino acid sequence
analyses showed that the protein product of spss67 shared a high degree of homology with other plant
granule-bound starch synthase I (GBSSI). Comparisons of N-terminal amino acid sequence of spss67
c¢DNA protein product with that of the native protein isolated from sweet potato indicated that the
protein contained a signal peptide of 77 amino acids, and the transit peptide had hydrophobic regions
in the initiation and end of peptide that was also present in GBSSI of other plant species. In addition,
the protein product of spss67 expressed in £, coli could be recognized by anti-GBSSI antibody of
potato. Moreover, this protein exhibited a high activity of starch synthase when amylose was used as a
primer, but the activity was not significant when the primer was replaced by amylopectin or glycogen.
Studies based on the sequence analyses, western blotting and priming activity indicated that the
product of spss67 clone was a GBSSI

KEY WORDS: c¢DNA clone, Starch synthase, Amylose, Amylopectin, Transit peptide,
Transformant.

INTRODUCTION

Starch is a polymer complex consisting of amylose and amylopectin. In general, the ratio
of amylose to amylopectin is about 1:3, but the ratio may vary in different plant species
(Manners, 1985). Starch synthase is involved in the synthesis of amylose and amylopectin,
and two different forms are recognized based on their localizations in the amyloplast.
Granule-bound starch synthase (GBSS), also known as the WAXY protein, is tightly bound in
starch granules and is responsible for amylose synthesis (Tsai, 1974). The activity of another
form is found in the soluble fraction of amyloplasts, and the protein is named as soluble starch
synthase (SSS) (Preiss, 1988). Biochemical properties of GBSS and SSS are different. GBSS
transfers glucose unit from ADP-glucose or UDP-glucose to nonreducing ends of a-1,4
glucose polymers although the rate of transfer from ADP-glucose is higher than that from
UDP-glucose; in contrast, SSS uses ADP-glucose as the sole substrate (Tsai, 1974). In
addition, GBSS prefers amylose over amylopectin as a primer while SSS would only add the
glucose unit into amylopectin (Tsai, 1973). The function of SSS is still not well known,
although several studies indicated that mutations on the SSS gene secem to affect the
arrangement of short and long branches of starch in granules (Martin and Smith, 1995; Nelson
and Pan, 1995; Smith ef al., 1997). Comparisons of amino acid sequences of various starch
synthases revealed three conserved regions, and the first region contained a putative substrate
binding site, Lys-X-Gly-Gly (KXGG; X represents a not conserved residue), which was
similar to the substrate binding site of glycogen synthase of Escherichia coli (E. coli)
(Furukawa ef al., 1994).
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GBSS may be further classified into several types according to their molecular weights
and distributions in amyloplasts. GBSSI is found tightly bound to starch granules and has a
molecule mass of 58-60 kDa. This type of GBSS provides the largest proportion of total
GBSS activity (Shure et al., 1983; Vos-Scheperkeuter et al., 1986; Dry et al., 1992). The
waxy mutants of maize, potato and barley all lack the activity of GBSSI (Nelson and Tsai,
1964; Tsai, 1974; Hovenkamp-Hermelink et al., 1987, Hylton et al., 1996). The second type,
GBSSII (or called SSII), has a molecular mass of 77-79 kDa, and it could be found in starch
grariules as well as in the soluble fraction (Dry et al., 1992; Denyer et al., 1995; Edwards et
al., 1996; Hylton et al., 1996; Craig et al., 1998). The role of GBSSII has not been established;
however, it was suggested that GBSSII might play a role in affecting amylopectin structure
and starch granule morphology in pea (Craig et al., 1998). The third type of GBSS was named
SSIII and it was purified from potato tubers with a molecular mass of 140 kDa (Marshall et
al., 1996). The activity of SSIII was found primarily in the soluble fraction of amyloplasts,
but it could also bind to starch granules. Studies with transgenic potato deficient in SSIII
protein indicated that these potato did not change the ratio of amylose to amylopectin, but the
branching pattern of amylopectin was different from that of the wild type (Abel ez al., 1996;
Marshall et al., 1996; Edwards et al., 1999).

Although GBSSI (WAXY protein) is a major enzyme responsible for amylose synthesis,
little is known about regulations of this gene in different tissues. As the first step to study
regulations of GBSS/ gene in the sink and source tissues, we isolated a cDNA clone (spss67)
from tuberous roots of sweet potato using a partial DNA fragment of starch synthase gene as a
probe that contained a sequence encoding the putative substrate binding site (Wang et al.,
1999). The protein product of spss67 cDNA was expressed in E. coli and characterized
according to sequence alignments and biochemical assays.

MATERIALS AND METHODS

Isolation of starch granules and GBSS enzyme

Tuberous roots (2 g) of sweet potato (lpomoea batatas Lam. cv. Tainong 57) were
powdered in liquid nitrogen with a mortar and pestle. Subsequently, the powder was ground
with 10 ml of buffer (50 mM Tris-HCI, pH 7.4, 10 mM EDTA, 2 mM DTT) before filtering
through 2 layers of Miracloth (Calbiochem, USA) and centrifuging at 12,000g for 10 min at 4
°C. The pellet including starch granules was washed 3 times with ice-cold extraction buffer

following by 4 times with cold acetone (Tsai, 1974). For extracting starch granules from the
leaf tissue, leaves (5 g) were powdered in liquid nitrogen and subsequently ground with 25 ml
of extraction buffer (50 mM Tris-HCI, pH7.4, 2 mM EDTA and ImM DTT). The sample
mixture was filtered through two layers of Miracloth (Calbiochem, USA) before centrifuging
at 5,000g for 5 min. The pellet was then resuspended with 0.5 ml of gradient buffer (50 mM
Tris-HCI, pH7.4, 2 mM EDTA, ImM DTT and 350 mM sorbitol), and loaded onto a
discontinuous Percoll density gradient solution (80% Percoll, 0.6 mM GSH, 2.4% [w/v] PEG
4000, 0.8% [w/v] BSA, 0.8% [w/v] Ficoll, 20% [v/v] 5% gradient buffer). After centrifuging
at 7,000g for 15 min, the starch granule pellet was washed by cold acetone and then air-dried.

Western blot analysis and sequencing of N-terminus of GBSSI protein
For SDS-polyacrylamide gel analyses, starch granule-bound proteins were extracted by
boiling 15 mg of starch granules with 100 zl of SDS-sample buffer (20 mM Tris-HCI, pH 8.0,
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2 mM EDTA, 20% glycerol, 2% SDS, 10% f-mercaptoethanol) (Salehuzzaman et al., 1993).
Proteins were separated on a 7.5% SDS-polyacrylamide gel and transferred to nitrocellulose
membrane (Amersham, UK) for western blot analysis using an antibody raised against the
potato GBSSI (kindly provided by Dr R. Visser). For N-terminal sequencing of the GBSSI
protein, GBSSI was purified from starch granules by separation on 7.5% SDS-polyacrylamide
gels and transferred to polyvinylidene difluoride membranes (Millipore, USA). GBSSI was
excised from the membrane and the N-terminal amino acid sequence was analyzed using a
Perkin Elmer Applied Biosystem 477A protein sequenator.

Activity assay of GBSSI

GBSSI activity was assayed according to the method described by Vos-Scheperkeuter et
al. (1986). Two mg starch granules were suspended in 50 xL of a reaction mixture containing
100 mM Bicine, pH 8.5, 5 mM EDTA, 10 mM GSH, 25 mM potassium acetate, | mM ADP-
glucose and 42.65 kBq ADP-"*C glucose (Amersham, 10.5 GBq mmol™'). The mixture was
incubated at 37°C before the reaction was stopped by adding 1 ml of precipitation mix (25%
[v/v] H20, 75% [v/v] methanol and 1% [w/v] KCl) and then allowed to stand in an ice box for
10 min. Starch was collected by centrifugation, and washed twice by H,O with each wash
precipitated by the precipitation mix. Finally, starch was resuspended in 300 xL of H>O and
the radioactivity was counted using a liquid scintillation counter.

Expression of GBSSI in E. coli

The coding region of GBSSI ¢cDNA was amplified by PCR using the following primer
pairs: sense primer [S'-TCGGATCCATGGCGACTATAACTGC-3'], and antisense primer
[5“TCGAATTCGGTGGAGTAGCGACGTT-3']. The amplified fragment was constructed
into BamHI-EcoRI cloning sites of pET-21a vector (Novagen, USA). This constructed
plasmid was transferred into E. coli strain BL21 (DE3) and incubated in Luria broth (LB)
medium containing 50 ug ampicillin ml" as a selective antibiotic. Cells were grown to an
absorbency of 0.6 at 600 nm before expression of the target gene was induced by 1 mM
isopropyl f-D-thiogalactopyranoside (IPTG) for 3 hr. For the extraction of starch synthase, 2
ml of culture cells were harvested and lysed by sonication in 200 gL of extraction buffer (50
mM Tris-HCI, pH 7.4 and 2 mM EDTA). The homogenate was centrifuged at 10,000g for 10
min. The pellet was washed three times with extraction buffer and used for western analysis
and assaying the starch synthase activity. For the assay of starch synthase activity, the pellet
was resuspended in the reaction buffer containing primers (1.5 mg of amylose, amylopectin or
glycogen) as previously described.

RESULTS AND DISCUSSION

Peptide sequence alignments between sweet potato starch synthase and those of other
plant species

A starch synthase cDNA clone, spss67 (accession number, U44126), was isolated from
tuberous roots of sweet potato (Wang et al., 1999). Southern analysis indicated that only one
copy of this gene was present in the sweet potato genome (Wang et al., 1999). A 67-kDa
protein could be deduced from the ORF of the spss67 clone, and the deduced amino acid
sequence of spss67 showed 65% to 80% identity to GBSSI of other species; however, the
sequence had low homology with the GBSSII, SSIII of potato and SSS of rice. Comparisons
of amino acid sequences indicated that the product of spss67 could be a GBSSI protein (Wang
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the deduced amino acid of spss67 with those of other specics
ained three consensus domains (BOX 1, 2

and 3) of starch synthase (Fig. 1). The first region contained the putative substrate-binding
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site, Lys-X-Gly-Gly (K-X-G-G). The Lys residue in E. coli glycogen synthase was identified
to involve in ADP-glucose binding (Furukawa et al., 1994). Glycogen is a D-glucose polymer
similar to starch, but glycogen is a much highly branched glucan molecule than starch
(Shewmaker et al., 1994). Glycogen synthase catalyzed glucosyltransferring activity from
ADP-glucose to non-reducing end of glucan molecules is a fashion similar to starch synthase
(Kumar et al., 1986). Although the K-X-G-G sequence was also identified in plant starch
synthases, there is no direct evidence to show that this region is involved in the ADP-glucose
or UDP-glucose binding.

Spss67 encoded an active starch synthase

In order to characterize the product of spss67 clone, the spss67 cDNA was constructed
into a pET-2la expression vector and transferred into E. coli BL21 (DE3) strain.
Transformants containing the spss67 cDNA overexpressed a 67-kDa protein in the inclusion
body fraction after IPTG induction (Fig. 2A). The protein encoded by spss67 cDNA could be
recognized by an antiserum raised against the GBSSI protein isolated from starch granules of
potato (Fig. 2B). This protein product was tightly bound with the inclusion body of E. coli,
and this phenomenon could not be improved by changing culture conditions. These conditions
included decreases in the temperature of cultures or decreases in IPTG concentrations for
inducing protein expressions. Furthermore, addition of 2.5 mM betaine /1 M sorbitol into the
medium also failed to improve the situation (Blackwell and Horgan, 1991) (data not shown).

. ‘ B.
Soluble fraction
12 3 4

L s SDS-PAGE Western blot
gra— o kDa kDa
2 e 97.4— 97.4—
55.0— 5% e
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e

Fig. 2. Identification of spss67 clone protein product expressed in an E. coli expression system. A. Proteins were
isolated from soluble and inclusion body fractions of E. coli. Lane 1, native plasmid transformants. Lane 2 to 8,
expressions of the spss67 clone in transformants after IPTG induction for 1,2, 3,4, 5,6 and 7 hrs, respectively.
Proteins were stained with Coomassie Brilliant Blue on a 7.5% SDS-PAGE. B. Proteins extracted from inclusion
body fractions of the spss67 transformants after IPTG induction for 3 hrs were stained with Coomassie Brilliant
Blue on a 7.5% SDS-PAGE (left panel) and immunoblotted with antiserum against the GBSSI of potato (right
panel). Arrow indicates GBSSI.

While spss67 cDNA encoded a 67-kDa protein, the mature GBSSI of sweet potato had a
molecular mass of only 59 kDa (Wang et al., 1999). The N-terminus of the mature GBSSI
isolated from tuberous roots was identified as KQQGMNLVFVGCEEGP that corresponded
to the sequence starting from the 78th amino acid of the protein product of spss67 cDNA
clone (Fig. 3A). This result suggests that sweet potato GBSSI protein contained a transit
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peptide of 77 amino acid. This peptide showed a low identity of 27-47% with that of other
species. The transit peptide of sweet potato GBSSI had hydrophobic regions in the initiation
and end of the peptide (Fig. 3B), and the structure was also present on other bound form of
starch synthases (Fig. 3B). These observations suggest that the hydropathic distributions of
transit peptides might be more important than the amino acid sequence per se for functions.

Since GBSSI and SSS could be distinguished based on biochemical properties, the protein
expressed in E. coli was analyzed for starch synthase activity using different primers, e.g.,
glycogen, amylopectin and amylose. When reactions were supplied with glycogen or
amylopectin, the activity of starch synthase prepared from the spss67 ¢cDNA transformants
was similar to that of native plasmid transformants, which contained only glycogen synthase
(Figs. 4A and 4B). However, when the primer was replaced by amylose in reaction solutions,
the activity of starch synthase isolated from spss67 ¢cDNA ‘transformants increased along with
the time of reactions, and the activity was significantly higher than that of the pET-21a vector
transformants (Fig. 4C). In these experiments, the high baseline was caused by artifical
binding of *C ADP-glucose, and the binding could not be washed completely. These results
indicated that the protein product of spss67 preferred to use amylose as a primer to
polymerize the glucose molecules characteristic of the WAXY proteins.
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In conclusion, a sweet potato starch synthase gene (spss67 cDNA clone) was isolated
from tuberous roots library, and the deduced amino acid sequence shared a high degree of
homology with that of GBSS prepared from other species, but was quite different from SSS.
This cDNA clone encoded a 67-kDa protein when expressed in an E. coli expression system,
and this protein product could be recognized by anti-potato GBSSI antibody. The starch
synthase encoded by spss67 c¢DNA preferred to use amylose as a primer for glucose
polymerization, and the activity of this protein was low when the amylose primer was
replaced by amylopectin or glycogen in the reaction mixture. Therefore, those studies provide
a strong evidence to indicate that the spss67 cDNA clone was a bound form of starch synthase
gene but not the SSS.
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