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ABSTRACT: Starch synthase III (SSIII), one of the SS isoforms involved in plant starch synthesis, has been
reported to play a regulatory role in the synthesis of transient starch. SSIII from Arabidopsis thaliana contains
1025 amino acid residues and has an N-terminal transit peptide for chloroplast localization which is followed
by three repeated starch-binding domains (SBDs; SSIII residues 22-591) and a C-terminal catalytic domain
(residues 592-1025) similar to bacterial glycogen synthase. In this work, we constructed recombinant full-
length and truncated isoforms of SSIII, lacking one, two, or three SBDs, and recombinant proteins, containing
three, two, or one SBD, to investigate the role of these domains in enzyme activity. Results revealed that SSIII
uses preferentially ADPGlc, although UDPGlc can also be used as a sugar donor substrate. When ADPGlc
was used, the presence of the SBDs confers particular properties to each isoform, increasing the apparent
affinity and the Vmax for the oligosaccharide acceptor substrate. However, no substantial changes in the kinetic
parameters for glycogen were observed when UDPGlc was the donor substrate. Under glycogen saturating
conditions, the presence of SBDs increases progressively the apparent affinity and Vmax for ADPGlc but not
for UDPGlc. Adsorption assays showed that the N-terminal region of SSIII, containing three, two, or one SBD
module have increased capacity to bind starch depending on the number of SBD modules, with the D23 protein
(containing the second and third SBD module) being the one that makes the greatest contribution to binding.
The results presented here suggest that the N-terminal SBDs have a regulatory role, showing a starch binding
capacity and modulating the catalytic properties of SSIII.

Starch, the carbohydrate storage form in plants, serves as
the main source of energy storage in these organisms. It is
formed by two major components: amylose, which is
predominantly a linear R-1,4-glucan chain, and amylopectin,
a highly branched R-1,4-R-1,6-glucan (1, 2).

The metabolic pathways leading to the biosynthesis of
these polymers involve the action of several enzymes, such
as ADP-glucose pyrophosphorylase (ADPGlc PPase,1 EC
2.7.7.27), starch synthase (SS, EC 2.4.1.21), and branching

enzyme (BE, EC 2.4.1.18). Both polymers are synthesized
from ADPGlc, the sugar nucleotide donor. SS catalyzes the
extension of the R-1,4 chain of starch, transferring a glycosyl
unit from the ADPGlc to the nonreducing end of a preexist-
ing R-1,4 polymer (1–3).

Multiple isoforms of SS have been described in plants:
the soluble forms named SSI, SSII, SSIII, SSIV, and SSV
and the granule-bound SS, GBSSI and GBSSII. However,
only five loci corresponding to starch synthases have been
detected in the genome of Arabidopsis thaliana: AtGBS1
(At1g32900), AtSS1 (At5g24300), AtSS2 (At3g01180),
AtSS3 (At1g11720), and AtSS4 (At4g18240). These loci
encode GBSSI, SSI, SSII, SSIII, and SSIV isoforms,
respectively (4). The different SS isoenzymes, together with
BE, play an important role in the final structure of starch.
Furthermore, it has been suggested that each SS isoform has a
specific role in the starch biosynthetic pathway (3, 5, 6). The
granule-bound isoenzymes are mainly responsible for the
synthesis of the amylose fraction. SSI has been suggested to
be mainly involved in the synthesis of small chains of
amylopectin. SSII and SSIII play a major role in the synthesis
of this fraction, whereas it has been suggested that SSIV has a
specific function in the control of the number of granules (4, 6–8).

The role of the SSIII isoform in the synthesis of starch has
been less studied. It has been reported that Arabidopsis null
mutants lacking SSIII activity have a starch excess phenotype
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due to an apparent increase in the rate of starch synthesis,
suggesting that SSIII has a negative regulatory role in the
biosynthesis of this polymer (6). Recently, the characterization
of a SSIII from kidney bean provided evidence for the function
of the N-terminal region as a carbohydrate-binding module (9).
However, the relation between structure and function of this
SS isoform is far from being complete.

Members of the starch synthase family display a high
degree of sequence similarity in their C-terminal catalytic
domain. However, among the isoforms, the differences are
mainly present at the N-terminal domain (10). Bioinformatics
analyses revealed that the SSIII from A. thaliana encodes
three putative starch-binding domains (SBDs) at its N-
terminal region (11). SBDs have been described as noncata-
lytic modules, related to the carbohydrate-binding module
(CBM) family. In general, all carbohydrate-binding modules
(CBMs) have been classified into the CBM families. In
particular, on the basis of sequence similarities, individual
types of SBDs have been placed into seven CBM families:
CBM20, CBM21, CBM25, CBM26, CBM34, CBM41, and
CBM45 (12). All the information is available at the CAZy
web server (http://www.cazy.org/CAZY/).

On the basis of bioinformatic analyses, SBDs from SSIII
have been grouped in the CBM21 family (13). The presence
of SBDs has been described in several bacterial and fungal
enzymes participating in starch degradation such as amylases,
glucoamylases, and pullulanases (14, 15) as well as in other
mammalian enzymes (16). Although there are only few
reports about the characterization of SSIII or SBDs in higher
plants, the possible regulatory role of SSIII makes this
isoform a potential protein target for manipulating the level
and quality of starch in plants.

SSIII from A. thaliana (At1g11720, GenBank accession
number EF636491) is a 1025-amino acid residue protein
containing different regions: (i) a putative transit peptide of 21
amino acids, (ii) an N-terminal SSIII isoform specific region
[specific domain (SSIII-SD), residues 22-591], and (iii) a
C-terminal catalytic domain, which is common to all isoforms
of starch synthases (residues 592-1025). This arrangement has
also been described in other plants (9, 10, 17, 18). As described
above, SSIII-SD contains three internal repeats, named D1, D2,
and D3, that encode putative SBDs (Figure 1). We have
previously compared the SSIII D2 domain to the SBD of the
glucoamylase from Aspergillus niger and proposed a three-
dimensional model (11). However, the biochemical function
of these SBDs is as yet unknown.

In this work, we investigated the function of the SBDs present
on the N-terminal region of A. thaliana SSIII. For this purpose,
the full-length enzyme as well as truncated isoforms lacking
one, two, or three SBDs (and also the SBD proteins) was cloned,
expressed, and purified from Escherichia coli cells, and their
kinetic parameters were studied. On the basis of our results,
we propose that the N-terminal SBDs have a regulatory role in
SSIII activity, showing starch binding ability and modulating
the catalytic properties of SSIII.

RESULTS

Cloning, Expression, and Purification of A. thaliana SSIII
Wild Type and Truncated Isoforms and Starch-Binding
Domain Proteins. To explore the function of SBDs, different
SSIII constructs containing three N-terminal SBDs (SSIII-

D123), two SBDs (SSIII-D23), or one SBD (SSIII-D3) or
lacking any SBD (SSIII catalytic domain, SSIII-CD) (19) were
cloned and expressed in E. coli. Furthermore, the individual
SBD proteins (D123, D23, D2, and D3) were also cloned and
expressed (Figure 1). Each truncated isoform of SSIII and SBD
proteins were generated by PCR using internal primers as
described in Experimental Procedures (see also Figure 1). Inserts
were cloned in the pET-32c expression vector (Novagen)
containing a C-terminal His6 tag. Constructs pVAL15 (contain-
ing SSIII-D123), pVAL17 (containing SSIII-D23), pVAL18
(containing SSIII-D3), pVAL3 (containing SSIII-CD), pVAL19
(containing D123), pVAL20 (containing D23), pVAL21 (con-
taining D3), and pVAL25 (containing D2) (Figure 1) were
submitted to restriction mapping and DNA sequencing to control
PCR fidelity. The full-length Arabidopsis SSIII isoform, SSIII-
D123, contains 1012 amino acid residues but lacks the N-
terminal transit peptide for chloroplast localization. SSIII-D23,
SSIII-D3, and SSIII-CD contain 744, 578, and 458 amino acid
residues, respectively. Proteins containing the different SBD
regions, D123, D23, D2, and D3, contain 554, 286, 166, and
120 amino acid residues, respectively.

All the constructs were expressed in BL21(DE3)-RIL cells
and induced with IPTG. Proteins were purified to apparent
homogeneity by a single purification step using a HiTrap
chelating column (Amersham Biosciences) equilibrated with
0.1 M NiSO4. This procedure yielded 0.1 mg of purified
SSIII-D123 and SSIII-D23 per gram of cells, 0.6 mg of
purified SSIII-D3 and D2, and 0.2 mg of purified SSIII-CD,
D123, D23, and D3 per gram of cells, respectively.

Panels A, C, and E of Figure 2 show the SDS-PAGE
analysis of recombinant SSIII and SBD proteins eluted from
the affinity chromatography column. A single protein band
for each isoform, with the expected molecular mass, was
eluted from the column in the range between 150 and 250
mM imidazole. Thus, we consider that all SSIII isoforms
are homogeneous after this purification procedure. The

FIGURE 1: Structure domain of SSIII and SBD proteins from A.
thaliana. Arrows show the locations and directions of the primers
used to clone the different enzymes: TP, transit peptide; SSIII-SD,
starch synthase III specific domain; SIII-CD, starch synthase III
catalytic domain; D1-D3, three tandem modules containing the
starch-binding domains; SSIII-D123, full-length enzyme, lacking
the transit peptide and containing the three SBDs; SSIII-D23,
truncated isoform lacking the D1 domain; SSIII-D3, protein lacking
D1 and D2; SSIII-CD, C-terminal catalytic domain, lacking all the
SBDs. The names of each final construct are on the right side of
the figure (in parentheses).
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absence of the endogenous glycogen synthase (GS) was
investigated by Western blotting using antibodies raised
against recombinant His6-tagged GS from E. coli and by
measuring the enzymatic activity. It was determined that the
bacterial enzyme elutes from the Ni chelating column during
the washing step with buffer A. Thus, this procedure
completely separates the small amount of endogenous E. coli
GS from each recombinant SS isoform (data not shown).

We confirmed the presence of the recombinant SSIII full-
length and truncated proteins by immunoblotting using penta-
His antibodies that react with the C-terminal His6 tag (Figure
2B). We also analyzed the presence of SBD proteins using
the same procedure (Figure 2D,F). As reported for SSIII-
CD (19), all the SSIII isoforms cross-reacted with antibodies
raised against Agrobacterium tumefaciens glycogen synthase,
confirming the existence of the structural similarity reported
between both enzymes (data not shown).

Effect of SBDs on the Kinetic Parameters of Starch
Synthase III for the Polysaccharide Substrate. Table 1 shows
the enzymatic activity of the wild-type full-length and
truncated forms of SSIII using glycogen, amylose, or
amylopectin as the acceptor oligosaccharide. The full-length

enzyme exhibited a higher activity with glycogen than with
amylose or amylopectin (11- or 4-fold higher, respectively).
Similar results, showing the highest activity with glycogen,
were obtained for SSIII-D23 and SSIII-D3 and previously
with the truncated form, SSIII-CD (Table 1) (19). We have
also reported that UDPGlc is a good substrate for SSIII-CD
(19). Interestingly, all the SSIII isoforms exhibit activity with
UDPGlc. Thus, we study the kinetic parameters of the different
SSIII isoforms using glycogen as the acceptor polysaccharide
and ADPGlc or UDPGlc as the glycosyl donor.

When ADPGlc was used as the substrate, all the SSIII
isoforms displayed Michaelis kinetics. The S0.5 values for
the acceptor polysaccharides were 0.26, 0.68, 1.92, and 2.65
mg/mL glycogen for SSIII-D123, SSIII-D23, SSIII-D3, and
SSIII-CD, respectively (Table 2A). The saturation plots are
shown in Figure 3A. These results revealed that the presence
of the N-terminal SBDs increased the apparent affinity for
glycogen. SSIII-D123 displayed a higher Vmax (80-fold) than
SSIII-CD (Figure 3A). Furthermore, the full-length enzyme
exhibited the highest catalytic efficiency as compared to the
truncated forms [770-fold higher than that of SSIII-CD
(Table 2A)]. Thus, the full-length enzyme SSIII-D123, contain-
ing the three N-terminal SBDs, exhibited a 10-fold decrease in
the S0.5 for glycogen and a nearly 80-fold increase in specific
activity with respect to the isoform lacking these domains
(SSIII-CD). Moreover, SSIII-D123 showed the highest catalytic
efficiency compared with the truncated isoforms in the presence
of ADPGlc. In contrast, when UDPGlc was used as the
substrate, all the enzymes display cooperative kinetics (Figure
3B), and no changes in the apparent affinity for glycogen, Vmax,
or catalytic efficiency were observed with any SSIII isoforms
(Table 2B and Figure 3B).

Effect of SBDs on the Kinetic Parameters of Starch
Synthase III for ADPGlc and UDPGlc. Table 3 lists the
kinetic parameters for the different starch synthase III
isoforms using ADPGlc or UDPGlc as the sugar donor
substrate. With ADPGlc, SSIII-D123 and SSIII-D23 dis-

FIGURE 2: (A) SDS-PAGE of recombinant SSIII enzymes: lane 1,
SSIII-D123; lane 2, SSIII-D23; lane 3, SSIII-D3; and lane 4, SSIII-
CD. Numerals indicate molecular masses of the following standards:
�-galactosidase (116.3 kDa), phosphorylase b (97.4 kDa), BSA
(66.3 kDa), and glutamic dehydrogenase (55.4 kDa). (B) Western
blot detection of purified recombinant SSIII proteins shown in panel
A using anti-His antibodies. The molecular mass standards used
are the same as those used in panel A. (C) SDS-PAGE of
recombinant SBDs proteins: lane 5, D123; lane 6, D23; and lane
7, D3. Numerals indicate molecular masses of the standards
(Rainbow Molecular Weight Markers, Amersham Biosciences). (D)
Western blot detection of SBD proteins shown in panel C. Panels
E and F show SDS-PAGE and Western blotting of recombinant
D2 protein, respectively.

Table 1: Specific Activities of SSIII Full-Length and Truncated Proteins
in the Presence of Different Polysaccharide Substrates

specific activity (units/mg)

isoform glycogen amylose amylopectin

SSIII-D123 5.62 ( 0.53 0.51 ( 0.04 1.26 ( 0.15
SSIII-D23 5.19 ( 0.37 0.45 ( 0.13 1.20 ( 0.21
SSIII-D3 0.75 ( 0.14 0.14 ( 0.09 0.33 ( 0.10
SSIII-CDa 0.06 ( 0.01 0.02 ( 0.004 0.03 ( 0.01
a Data obtained from ref (19).

Table 2: Kinetic Parameters of SSIII Proteins Using Saturating
Concentrations of ADPGlc or UDPGlc and Glycogen as the Acceptor
Polysaccharide

isoform S0.5 (mg/mL) nH Vmax (units/mg) Vmax/S0.5

(A) ADPGlc

SSIII-D123 0.26 ( 0.08 0.9 ( 0.4 5.99 ( 0.48 23.03 ( 4.31
SSIII-D23 0.68 ( 0.11 1.4 ( 0.3 4.92 ( 0.52 7.24 ( 1.93
SSIII-D3 1.92 ( 0.34 1.1 ( 0.2 0.78 ( 0.15 0.41 ( 0.15
SSIII-CD 2.65 ( 0.21 1.1 ( 0.1 0.08 ( 0.01 0.03 ( 0.01

(B) UDPGlc

SSIII-D123 6.37 ( 0.51 3.2 ( 0.8 0.07 ( 0.01 0.011 ( 0.002
SSIII-D23 6.71 ( 0.50 3.7 ( 0.9 0.08 ( 0.01 0.011 ( 0.002
SSIII-D3 6.60 ( 0.92 2.6 ( 0.8 0.08 ( 0.02 0.012 ( 0.004
SSIII-CD 6.69 ( 0.56 2.5 ( 0.4 0.06 ( 0.01 0.009 ( 0.002
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played higher Vmax values (5.75 and 5.10 units/mg, respec-
tively), whereas SSIII-D3 displayed an 10-fold decrease in
Vmax. SSIII-CD, lacking the three SBDs, has a Vmax value
80-fold lower than that of the SSIII-D123 enzyme (Table
3). Furthermore, we determined the S0.5 values for ADPGlc
in the presence of saturating concentrations of glycogen.
Although the SSIII-CD isoform displays the lowest S0.5 value
for ADPGlc (0.24 mM), the full-length enzyme has an S0.5

value that is 18-fold higher. The apparent affinity for ADPGlc
of the different isoforms ranged from 0.24 (for SSIII-CD)
to 4.28 mM (for SSIII-D123) (Table 3). These results indicate
that the increase in S0.5 and Vmax when the donor substrate is
ADPGlc correlates with the number of N-terminal SBDs.

As described above, all SSIII isoforms exhibited activity
also with UDPGlc; however, in the presence of UDPGlc,
all the isoforms exhibited a similar S0.5 value (2.5 mM) (Table
3) and a small change in Vmax of <2-fold variation, in
comparison to the 80-fold change in Vmax when ADPGlc was
the substrate (Table 3). These results indicate that the
presence of SBDs had a weaker effect on the kinetic
parameters when UDPGlc was the substrate.

Panels A and B of Figure 4 show the saturation plots of
SSIII-D123 and SSIII-CD, respectively, with ADPGlc or
UDPGlc. One can see that the full-length enzyme displays,
in the presence of ADPGlc, a Vmax that is 95-fold higher but
an only 2-fold increase in apparent affinity compared to the
values observed when UDPGlc is present (Figure 4A and
Table 3), whereas SSIII-CD showed a small change in Vmax

but an 11-fold decrease in S0.5 in the presence of ADPGlc
with respect to the S0.5 of UDPGlc (Figure 4B and Table 3).

Binding Assays. We tested the adsorption of the different
SBD recombinant proteins to raw starch at various protein
concentrations. Figure 5 shows the adsorption isotherms for
the binding of D123, D23, D2, D3, and the catalytic domain,

SSIII-CD, to the polysaccharide. The amount of protein
bound correlates with the increase in the initial protein
concentration and the number of SBD modules. Thus, D3
and SSIII-CD proteins bind starch with low affinity (Kad )
2.1 ( 0.3 and 1.7 ( 0.2, respectively), whereas D23 shows
a significant increment in affinity (Kad ) 18.9 ( 1.2). Finally,
the entire N-terminal domain, containing three SBD modules
(D123), displays an only 10% higher affinity with respect
to that of D23 (Kad ) 22.0 ( 1.8) (Figure 5). These data
indicate that D3 has a low affinity, similar to that of the
catalytic domain; however, the presence of the D2 domain
(D23 protein) increases 10-fold the affinity for starch. To
further investigate the contribution of the D2 domain, we
assayed the binding of this domain to starch. Results show
an increment of 6-fold in the level of binding to starch of
recombinant D2 with respect to D3 (Kad ) 11.8 ( 1.5).

DISCUSSION

In vivo studies showed that the deficiency of SSIII leads
to different alterations in amylopectin structure, chain length,
or a starch excess phenotype. Thus, it has been proposed that
the SSIII isoform has a regulatory role in starch synthesis
(6, 17, 20). However, there are only few studies on the
biochemical characterization of this enzyme (9, 11, 19, 21).

We had previously described that A. thaliana SSIII has
three internal repeats in its N-terminus which encode SBDs
and that the C-terminal region contains the catalytic
domain (11, 19). Indeed, we had proposed a structural model
of SSIII-CD that predicts a global structural similarity of
SSIII-CD and Ag. tumefaciens glycogen synthase (19). In
this work, we provide experimental evidence of the role of
the N-terminal starch-binding domains and its effect on the
catalytic properties of SSIII.

SBDs are noncatalytic modules that belong to the carbo-
hydrate-binding module (CBM) family known to facilitate
the binding (and degradation) of starch (12, 13). Initially,
only N- and C-terminal types of SBDs had been described;
however, more recently, other modules playing a role as a
SBD have also been reported (12, 13). In general, these
modules comprise 130 residues (22). On the basis of
sequence analysis, SBDs have been described in carbohydrate-
binding module families CMB20, -21, -25, -26, -34, -41, -48,
and -45 (12, 13, 22). Recently, the SBDs from SSIII have
been included in the CBM21 family (13). To evaluate the
role of these N-terminal SBDs in SSIII activity, we con-
structed truncated isoforms of the enzyme lacking one, two,
or three SBDs and compared them with the full-length
recombinant SSIII. Furthermore, SDBs proteins were gener-
ated for analysis of the specific function of these modules.

Kinetic experiments showed that SSIII-CD exhibited the
highest apparent affinity for ADPGlc. However, the presence
of one, two, or three SBDs reduced the apparent affinities
for this sugar nucleotide. Under ADPGlc saturating condi-
tions, we observed that the presence of the different SBDs
resulted in a lower S0.5 value for glycogen. Furthermore, there
is a sequential increment in Vmax depending on the number
of SBDs, the highest Vmax value corresponding to SSIII-D123
(Table 2A). Previously, we reported that the catalytic domain,
SSIII-CD, is able to use ADPGlc or UDPGlc as the substrate.
In contrast to the results obtained with ADPGlc, the apparent
affinity for UDPGlc was similar for all the proteins without

FIGURE 3: Glycogen saturation plots for SSIII enzymes performed
in the presence of ADPGlc (A) or UDPGlc (B): SSIII-D123 (2),
SSIII-D23 (4), SSIII-D3 (9), and SSIII-CD (0). The inset in panel
A displays a zoom of the plots for SSIII-D3 and SSIII-CD.
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major changes in Vmax (Table 2B). Indeed, no change in the
UDPGlc apparent affinity or Vmax was observed with any of
the SSIII isoforms. We reported that the amino acid residues
of SSIII participating in the binding of AGPGlc are
evolutionarily conserved (19). However, the nonconservation
of the Gly-X-Gly motif strictly conserved in the nucleotide
binding site of all GT5 ADPGlc binding enzymes could
explain the sugar nucleotide promiscuity as it was described
for archea GSs (19, 21).

The increment of the apparent affinity for glycogen in the
presence of ADPGlc could be correlated with the nature of
the SBD module that binds polysaccharides. This also
suggests that the SBD modules have a regulatory role and
are necessary for optimal catalysis of the full-length enzyme.
The SSIII-D123 isoform has a lower S0.5 value for UDPGlc;
however, in the presence of ADPGlc, this protein exhibits
an 95-fold increase in Vmax. This is in agreement with the
preference of using ADPGlc as the donor substrate of almost
all the bacterial and plants glycogen (starch) synthases (3).

We have also determined the starch binding capacity of
the different SBDs proteins, containing one, two, or three
SBD modules. The comparison of the Kad values showed
that the D2 protein has an approximately 6-fold higher
binding affinity than D3; however, the D23 protein exhibited
an increase of 10-fold in its affinity for starch. Thus, the
D23 protein makes the greatest contribution in the adsorption
of the polysaccharide. Our results indicate that each peptide
does not contribute equally to the adsorption of starch and
that the second and third SBDs in tandem act synergistically
rather than additively in starch binding. These data are in
agreement with those reported by Guillen et al. (23) which
described a cooperative effect of tandemly arranged SBDs
from a Lactobacillus amyloVorus R amylase on starch
binding. Similar results were reported for the CBMs of
cellulases and xylanase-degrading enzymes (24, 25) but not
for synthesizing enzymes such as SSIII. The origin of
multiple binding modules remains unclear (23). The presence
of tandem modules in starch synthase III could be an
evolutionary adaptation designed to allow the synthesis and/
or restructuring of starch, allowing the fixation of the enzyme
over the substrate.

In summary, our results support the importance of the
N-terminal SBDs, particularly the D23 domain, in the binding
of starch and in the regulation and catalysis of SSIII. This is
the first experimental report that characterizes the role and
function of SBDs in a synthesizing enzyme. This work also
provides the foundation for future work aimed at elucidating
the functions of N- and C-termini and in tandem SBDs
present in different proteins. The availability of other SBDs
such as that from the glucoamylase from As. niger (26) and
other recombinant starch (glycogen) synthases may lead to
generation of chimeric enzymes for further analysis of the
functions of SBDs. Indeed, the data presented here may
contribute to a better understanding of the synthesis of the
starch granule and to an improvement in our knowledge of
the functional role of starch-binding domains in plants.

EXPERIMENTAL PROCEDURES

Plant Material. A. thaliana (var. Columbia Col-0) plants
grown in a greenhouse were used in these experiments.

Strains and Culture Media. E. coli XL1Blue {endA1,
gyrA46, hsdR17, lac-, recA1, relA1, supE44, thi-1, F′

Table 3: Kinetic Parameters for the Substrate ADPGlc or UDPGlc of SSIII Proteins

ADPGlc UDPGlc

isoform S0.5 (mM) nH Vmax (units/mg) S0.5 (mM) nH Vmax (units/mg)

SSIII-D123 4.28 ( 0.68 1.2 ( 0.5 5.75 ( 0.78 2.49 ( 0.91 0.9 ( 0.2 0.06 ( 0.01
SSIII-D23 2.78 ( 0.41 2.6 ( 0.8 5.10 ( 0.73 2.77 ( 0.64 3.1 ( 1.8 0.08 ( 0.02
SSIII-D3 1.89 ( 0.10 1.5 ( 0.3 0.61 ( 0.04 2.44 ( 0.30 1.6 ( 0.3 0.07 ( 0.03
SSIII-CD 0.24 ( 0.02 0.8 ( 0.3 0.07 ( 0.02 2.62 ( 0.40 2.6 ( 0.9 0.05 ( 0.01

FIGURE 4: ADPGlc (b) or UDPGlc (O) saturation plots for SSIII-
D123 (A) and SSIII-CD (B) enzymes determined in the presence
of glycogen (12 mg/mL).

FIGURE 5: Adsorption of purified SBD proteins to cornstarch: D123
(b), D23 (O), D2 (2), D3 ([), and SSIII-CD (]). Linear adsorption
isotherms indicate the apparent equilibrium distribution of SBD
proteins between the solid (bound protein) and liquid phase (free
protein) at various protein concentrations. Kad (milliliters per gram
of starch) values represent the slopes of each isotherm.
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[proAB+, lacIq lacZ∆M15, Tn10(tetr)]} and E. coli BL21-
CodonPlus(DE3)-RIL [E. coli B F- ompT hsdS(rB- mB-)
dcm+ Tetr gal (DE3) endA Hte [argU ileY leuW Camr]] were
used in this study. E. coli strains were grown at 37 °C in
LB medium containing the appropriate antibiotics.

Molecular Cloning of SSIII, Isoforms, and SBD Proteins
from A. thaliana. Total RNA was isolated from A. thaliana
leaves using Tri reagent (Sigma-Aldrich, St. Louis, MO).
This sample was used as a template for cDNA synthesis
using oligo(dT) primer and the MVLV RT-PCR system
(USB Corp., Cleveland, OH). cDNA corresponding to SSIII
(At1g11720) was PCR amplified using Pfu polymerase
(Promega Corp., Madison, WI) and the following primers
(5′ primers): 123up, AGAGCATATGAGTGCTCAGAAAA-
GA (NdeI site underlined); 23up, AGAGCATATGATTAA-
GAAAGCTGTA (NdeI site underlined); 3up, AGAGCATAT-
GAGAAAACTTCAGGAG (NdeI site underlined); and cdup,
AGAGCATATGCACATTGTTCAT (NdeI site underlined).
SSIIIdo was used as a 3′ primer for the amplification of SSIII
enzymes: AAACTCGAGCTTGCGTGCAGAGTG (XhoI site
underlined). SBD proteins were obtained using primer 123up,
23up, or 3up, combined with SBDdo [CTGCTCGAGTG-
GTTCCTTTGAAAT (XhoI site underlined)]. D2 was ob-
tained using 23up and D2do primer [TTTCTCGAGTCTTTC-
CTTAGTTTCAGC (XhoI site underlined)]. The resulting
PCR products were digested using restriction endonucleases
NdeI and XhoI and cloned into the pET32c vector (Novagen
Inc., Madison, WI). XL1Blue E. coli cells were transformed
with each construction. Positive clones were verified by DNA
sequencing using the BigDye-Terminator Cycle Sequencing Kit
(Applied Biosystems, Foster City, CA). The new vectors encode
the following: pVAL15, full-length SSIII (SSIII-D123, contain-
ing the three SBDs, 3036 bp); pVAL17, SSIII-D23 (contain-
ing SBD2 and SBD3, 2232 bp); pVAL18, SSIII-D3 (containing
only one SBD, SBD3, 1734 bp); pVAL3, SSIII-CD (containing
the catalytic C-terminal domain of SSIII, 1374 bp); pVAL19,
D123 (containing the three N-terminal SBDs, 1662 bp);
pVAL20, D23 (containing SBDs 2 and 3, 858 bp); pVAL21,
D3 (the third SBD, 360 bp); pVAL25, D2 (498 bp). Each vector
was used to transform BL21-CodonPlus (DE3)-RIL E. coli
competent cells for the purpose of expression.

Expression and Purification of SSIII Enzymes and SBDs
Proteins. Recombinant proteins were expressed in E. coli
BL21(DE3)-RIL cells. After the cells had been grown at 37
°C for 4 h, 0.5 mM IPTG was added to the culture medium
and incubated at 28 °C for at least 4 h. Cells were harvested
by centrifugation at 4000g for 10 min at 4 °C. Each pellet
was washed and suspended in buffer containing 20 mM Tris-
HCl (pH 8) (1 mL/g of cells). Cells were disrupted using an
ultrasonicator (VCX130, Sonics and Materials Inc.) and
centrifuged at 12000g for 15 min at 4 °C. The homogenates
were filtered through a 0.2 µm cellulose acetate membrane
filter and loaded onto a HiTrap chelating HP column
(Amersham Biosciences) equilibrated with binding buffer [20
mM Tris-HCl (pH 8), 0.3 M NaCl, 1 mM �-mercaptoethanol,
and 20 mM imidazole]. This step was performed at 25 °C.
The column was washed with at least 10-15 volumes of
binding buffer, and each protein was eluted using a linear
gradient of binding buffer and elution buffer [20 mM Tris-
HCl (pH 8), 0.3 M NaCl, 1 mM �-mercaptoethanol, and
0–500 mM imidazole]. All the proteins eluted in the fraction
between 200 and 300 mM imidazole. The active fractions

were pooled and concentrated to >1 mg/mL using Cen-
triplus-10 and Centriprep-10 concentrators (Millipore Corp.).
The concentrated proteins were desalted and used to deter-
mine enzyme activity or stored at -20 °C until they were
used. The presence of the different forms of SSIII or SBDs
was monitored in chromatography fractions by measurement
of their enzymatic activity (in the case of SSIII isoforms),
SDS-PAGE, and immunoblotting.

Binding Assays. Adsorption of SBD to raw starch was
measured as described previously with minor modifications
(23). Purified recombinant SBD proteins (final concentration
of 0-80 µM) were added to a prewashed raw cornstarch
suspension (10%, w/v) in 100 mM citrate-phosphate buffer
(pH 5) to a final volume of 60 µL. Each mixture was
incubated at 4 °C for at least 1 h with gentle shaking (10
rpm) and centrifuged at 12000g for 5 min at 4 °C. To
calculate the amount of bound protein, the amount of protein
in the supernatant was subtracted from the total protein added
to the mixture. The protein concentration was determined
by measuring the absorbance at 280 nm. The adsorption
constant (Kad, in milliliters per gram of starch) was deter-
mined from the slope as previously reported (27).

Determination of Starch Synthase ActiVity. The activity
of A. thaliana SSIII was determined using a radiochemical
method previously described with some modifications (28).
Assays were initiated by the addition of the enzyme and also
were performed at different enzyme concentrations to ensure
steady-state conditions. The assay medium contained 100
mM MOPS (pH 7.5), 0.25 mM KCl, 10 mg of rabbit muscle
glycogen (Sigma-Aldrich) or amylopectin (Fluka, Sigma-
Aldrich), and 1.25 mM ADP[14C]Glc (1.3 µCi/nmol) or
UDP[14C]Glc (1.1 µCi/nmol) as the glycosyl donor. The final
volume of each reaction was 100 µL. After 20 min at 30
°C, reactions were stopped by the addition of 500 µL of
75% (v/v) methanol and 1% (w/v) KCl, mixtures centri-
fuged, and pellets washed twice with the same solution.
Radioactivity incorporated in the final pellet suspended
in 200 µL of distilled water was determined in a liquid
scintillation counter. One unit of activity is defined as the
amount of enzyme catalyzing the incorporation into
glycogen of 1 µmol of [14C]Glc (from ADPGlc or
UDPGlc) per minute at 30 °C.

Protein Measurements. The total amount of protein was
determined using the Bradford method as described previ-
ously (29).

Gel Electrophoresis and Immunological Studies. Denatur-
ing gel electrophoresis was performed with the Bio-Rad Mini
Protean system using 10% polyacrylamide/bisacrylamide gels
as described by Laemmli (30). Gels were revealed by staining
with Coomassie Brilliant Blue (R250, Sigma-Aldrich) or
electroblotted onto nitrocellulose membranes (Trans-Blot
Transfer Medium, Nitrocellulose Membrane, Bio-Rad, Her-
cules, CA). After being electroblotted, membranes were
treated with penta-His antibody (anti-His antibody selector
kit, Qiagen) or polyclonal antibodies raised against recom-
binant Ag. tumefaciens glycogen synthase as described
previously (28). The antigen–antibody complex was visual-
ized with alkaline phosphatase-linked anti-mouse IgG or anti-
rabbit IgG, followed by staining with BCIP and NBT as
described previously (31).
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