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Abstract

Starch-branching enzymes (SBEs) play a pivotal role in determining the fine structure of starch by catalyzing the syntheses of a-1,
6-branch points. They are the members of the a-amylase family and have four conserved regions in a central (b/a)8 barrel, including
the catalytic sites. Although the role of the catalytic barrel domain of an SBE is known, that of its N- and C-terminal regions remain
unclear. We have previously shown that the C-terminal regions of the two SBE isozymes (designated as PvSBE1 and PvSBE2) from kid-
ney bean (Phaseolus vulgaris L.) have different roles in branching enzyme activity. To understand the contribution of the N-terminal
region to catalysis, six chimeric enzymes were constructed between PvSBE1 and PvSBE2. Only one enzyme (1Na/2Nb)-II, in which a
portion of the N-terminal region of PvSBE2 was substituted by the corresponding region of PvSBE1, retained 6% of the PvSBE2 activity.
The N-terminal truncated form (DN46-PvSBE2), lacking 46 N-terminal residues of PvSBE2, lost enzyme activity and stability to pro-
teolysis. To investigate the possible function of this region, three residues (Asp-15, His-24, and Arg-28) among these 46 residues were
subjected to site-directed mutagenesis. The purified mutant enzymes showed nearly the same Km values as PvSBE2 but had lower Vmax

values and heat stabilities than PvSBE2. These results suggest that the N-terminal region of the kidney bean SBE is essential for max-
imum enzyme activity and thermostability.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Plant starch biosynthesis is mediated by at least four
kinds of enzymes: ADP-glucose pyrophosphorylases,
starch synthases, starch-branching enzymes (SBEs), and
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Abbreviations: SBE, starch-branching enzyme; GBE, glycogen-branch-
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inal chimeric enzyme between PvSBE1 and PvSBE2; DN46-PvSBE2, N-
terminal truncated form of PvSBE2; D15A-, D15E-, H24A-, R28A-, and
R28K-PvSBE2, site-directed mutant forms of PvSBE2.

* Corresponding author. Tel./fax: +81 11 706 2508.
E-mail address: otih@chem.agr.hokudai.ac.jp (H. Ito).
starch-debranching enzymes. The coordinated functions
of these enzymes result in two types of a-glucan: amylose
and amylopectin. Amylose is essentially a linear molecule
composed of a-1,4-glucosidic linkages, and amylopectin
has a much highly branched glucan chain with multiple
branch points formed by a-1,6 linkages (Manners, 1989).

SBE (1,4-a-D-glucan: 1,4-a-D-glucan 6-a-D-(1,4-a-D-glu-
cano) transferase, EC 2.4.1.18) catalyzes the cleavage of
an a-1,4-glucosidic bond and the subsequent transfer of
an a-1,4-oligosaccharide chain to form an a-1,6 branch
point (Borovsky et al., 1976). SBE has an important role
in determining the amylopectin structure of starch. Multi-
ple forms of SBE have been identified in many plants,
including cereal endosperms (Boyer and Preiss, 1978;
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Nakamura et al., 1992; Mizuno et al., 1993; Nagamine
et al., 1997), pea embryo (Smith, 1988), and potato tuber
(Koßmann et al., 1991; Poulsen and Kreiberg, 1993). A
sequence comparison of SBEs from different plants indi-
cates that they can be classified into two families, A and
B. Family A SBEs show a lower affinity for amylose than
family B SBEs and preferentially catalyze the transfer of
chains shorter than those catalyzed by the latter (Takeda
et al., 1993). Plant SBEs and bacterial glycogen-branching
enzymes (GBEs) belong to the a-amylase family (Romeo
et al., 1988; Baba et al., 1991; Takata et al., 1992; Kuriki
and Imanaka, 1999). Based on the primary sequence align-
ments, secondary structure prediction, and three-dimen-
sional structures of the a-amylase family members, SBEs
are found to contain three domains: an amino-terminal
(N) domain, a carboxyl-terminal (C) domain, and a central
catalytic (b/a)8 barrel domain (Svensson, 1994; Abad et al.,
2002). Because the central barrel regions of the SBEs of the
families A and B share a significant homology (more than
77% similarity/65% identity) with each other, it is assumed
that their distinct enzymatic characteristics are largely
attributable to the difference in their N- and C-domains.
Several chimeric mutants of maize SBEs have been created
and analyzed to understand the role of the three domains
in branching enzyme activity. These studies indicated that
an N-terminal region is important for specifying the chain
length and is required for maximum enzyme activity (Kur-
iki et al., 1997; Hong et al., 2001), whereas a C-terminal
region is involved in substrate specificity (Kuriki et al.,
1997; Hong and Preiss, 2000). In kidney bean (Phaseolus
vulgaris L.), two cDNA clones – pvsbe1 and pvsbe2 – for
SBE isozymes (designated PvSBE1 and PvSBE2, respec-
tively) were isolated from developing seeds and expressed
in Escherichia coli to investigate their enzymatic properties
(Hamada et al., 2001). Our previous studies on chimeric
and truncated mutants have shown that the C-terminal
regions of the two PvSBEs have different roles in branching
enzyme activity; the C-terminal region of PvSBE1 confers
specificity to amylose, while that of PvSBE2 is responsible
for specific catalysis of the transfer of short chains (Ito
et al., 2004). A study on the three-dimensional structure
of E. coli N113BE, which is an N-terminal truncated
GBE, revealed that its N-domain contains a seven-stranded
b-sandwich and that both N- and C-domains of this
enzyme are structurally similar to those of isoamylase
and a-amylase (Abad et al., 2002). However, it is still diffi-
cult to predict the three-dimensional structures of plant
SBEs, particularly that of their N-domains, based on the
three-dimensional structures of E. coli N113BE; this is
because of the low homology (less than 38% similarity/
28% identity) between their primary sequences and lack
of the first 113 amino acids in N113BE.

In this study, to determine the role of the N-terminal
region in SBE function, we constructed a series of chimeric
enzymes containing swapped N-terminal regions of
PvSBE1 and PvSBE2 from Phaseolus vulgaris L. Only
one of the chimeric enzymes displayed significant branch-
ing enzyme activity and showed changes in the kinetic
parameters. Moreover, the analysis of the N-terminal trun-
cated and site-directed mutant forms indicated that the
N-terminal region of an SBE is important for the maxi-
mum activity to amylose as a substrate and for the thermo-
stability of the enzyme. Based on the results obtained in
this study, we discuss a hypothetical model for the relation-
ship between the structure and function of the N-domains
in PvSBE isozymes.
2. Results and discussion

2.1. Enzymatic properties of (1Na/2Nb)-II chimeric enzyme

Plant SBEs are classified into two families, A and B,
depending on the variation in the specific activity, specific-
ity of the transferred chain length, and substrate prefer-
ence. However, little is known about the structural
features responsible for these characteristics. Our previous
report on the C-terminal chimeric enzymes suggested that
the C-terminal regions of the two PvSBE isozymes –
PvSBE1 and PvSBE2 – from Phaseolus vulgaris L. have dif-
ferent roles in branching enzyme activity (Ito et al., 2004).

To understand the function of the N-terminal region in
specifying branching enzyme properties, expression vectors
were constructed to generate six chimeric enzymes contain-
ing different segments of the N-terminal regions of PvSBE1
and PvSBE2 (Fig. 1). The measurement of branching
enzyme activity by assay I in the cell extracts harboring
recombinant plasmids showed that only one chimeric
recombinant protein ((1Na/2Nb)-II) had enzyme activity
(30 mU/mg of protein; Fig. 1), although recombinant pro-
teins were found in the soluble extracts from cells express-
ing the six expression plasmids (data not shown). The other
five recombinant proteins had negligible or no activity over
endogenous background levels (less than 10 mU/mg of
protein).

To obtain further information on the kinetic parameters
and reaction products of (1Na/2Nb)-II, the recombinant
protein was purified to homogeneity as a single polypeptide
band on SDS–PAGE gel (data not shown). When the puri-
fied (1Na/2Nb)-II was analyzed by assay I using amylose as
a substrate, its specific activity was found to be 13 U/mg in
the presence of 0.1 M citrate or 6.1 U/mg in the absence of
citrate (Table 1). Citrate has been often used for the activa-
tion and stabilization of plant SBEs and bacterial GBEs. In
the presence of 0.3 M citrate, the activity of (1Na/2Nb)-II
increased 5.3-fold, and the degree of activation of (1Na/
2Nb)-II was approximately 1.7-fold higher than that of
PvSBE2. Unlike PvSBE2, the N-terminal chimeric enzyme
was activated with a higher concentration of citrate, and its
activity in the presence of 0.5 M citrate was approximately
7.5-fold higher than that in its absence (Fig. 2a). Although
the mechanism for citrate activation is still unclear, our
data show that the effect of citrate on SBE activity is pos-
sibly attributed to an interaction between citrate and the



PvSBE1

PvSBE2

(2Na/1Nb)-I

(1Na/2Nb)-I

(2Na/2Nb)-I

(1Na/2Nb)-II

(2Na/1Nb)-II

(1Na/1Nb)-II

N-domain (β/α)8 Barrel domain C-domain

I II IVIII

Na region Nb region

0.68

1.63

0.03

<0.01

<0.01

<0.01

<0.01

<0.01

Specific activity
in crude extract
(U/mg protein)

Negative control (only pET) <0.01

Basic core structural region

189 a.a.

177 a.a.

397 a.a.

404 a.a.

191 a.a.

133 a.a.

Fig. 1. Schematic diagram representing mature PvSBE1 and PvSBE2 and the constructed N-terminal chimeric enzymes. Mature PvSBE1 and PvSBE2 are
shown in white and gray, respectively. The numbers I–IV in the central portion denote the four conserved regions among the enzymes of the a-amylase
family. The broken lines show the borders between the barrel domain and the N-domain as well as those between the barrel and C-domains. The numbers
of amino acids indicate the residues in each region. The triangles show the displacement sites for the construction of each region from PvSBE1 and
PvSBE2. The distal and proximal halves of the substituted regions are labeled as Na and Nb regions, respectively. The C-domain and a part of the barrel
domain containing the four conserved regions are designated as the basic core structural region. Each chimeric enzyme was named based on the origins of
the three different regions; for example, (2Na/1Nb)-I indicates the name of the enzyme containing the Na region from PvSBE2, Nb region from PvSBE1,
and basic core structural region from PvSBE1. Specific activities in each crude extract are expressed as U/mg of protein measured by the assay I.
BL21(DE3) with pET23d refers to endogenous glycogen-branching enzyme activity.

Table 1
Kinetic parameters and specific activities of the chimeric, N-terminal
truncated, and site-directed mutant enzymes for amylose

Enzyme Km
b

(mg/ml)
Vmax

b

(U/mg protein)
Specific activity (U/mg
protein) citrate

0 M 0.1 M (%)

PvSBE1a 0.46 320 219 254
PvSBE2a 1.27 242 107 214 (100)
(1Na/2Nb)-II 0.63 10 6.1 13 (6.1)
D15A-PvSBE2 1.30 28 12.3 28 (13.1)
D15E-PvSBE2 1.52 73 32.9 67 (31.3)
R28A-PvSBE2 1.57 20 7.8 23 (10.7)
R28K-PvSBE2 1.55 220 86 200 (93.5)
H24A-PvSBE2 1.59 74 28.5 82 (38.3)

a The data for PvSBE1 and PvSBE2 are cited from our previous paper
(Hamada et al., 2001).

b These values were calculated using double reciprocal plots described in
supplementary Fig. S3.
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enzyme rather than an alteration of the physical nature of
the substrate (Edwards et al., 1999; Hamada et al., 2001;
Nozaki et al., 2001; Ito et al., 2004).

The kinetic parameters of the purified (1Na/2Nb)-II
were analyzed using amylose as a substrate and compared
with those obtained for PvSBE1 and PvSBE2 (Table 1).
The Lineweaver–Burk plots for the reaction catalyzed by
(1Na/2Nb)-II yielded Km and Vmax values of 0.63 mg/ml
and 10 U/mg, respectively. The large decrease in the spe-
cific activity of (1Na/2Nb)-II was predominantly attributed
to the reduced Vmax value. These results suggest that the
N-domain of PvSBEs closely interacts with the central (b/
a)8-barrel domain. The chimeric enzymes in which the Nb
segment was substituted showed no enzyme activity. One
possible explanation for the unsuccessful substitution is that
the Nb segment is a part of the catalytic domain. Because
the segment contains the first sheet, first helix, and second
sheet of the (b/a)8 barrel, the displacement had a critical
impact on the conformation of the catalytic domain.

A previous analysis of chain-length distribution per-
formed using a high-performance anion exchange chroma-
tography–pulsed amperometric detector (HPAEC–PAD)
had revealed that the transferred products generated
in vitro by PvSBE2 were predominantly short chains
(degree of polymerization (DP) 6–12), preferentially a short
chain of DP 6, whereas PvSBE1 transferred a broader dis-
tribution of chain length (DP 6–30). The chain-length dis-
tribution pattern generated by (1Na/2Nb)-II activity was
very similar to that by PvSBE2 activity (Fig. 2b), indicating
that the Na region of PvSBE1 has little or no effect on the
overall distribution pattern. In contrast, analyses of the
hybrid enzymes constructed using maize SBEs (mBE I
and II) have shown that the N-terminal regions are impor-
tant for the specificity of the transferred chain length. One
N-terminal chimeric enzyme (mBE I-II HindIII) between
mBE I and II displayed a chain-length distribution profile
that was more similar to mBE I than to mBE II (Kuriki
et al., 1997). This discrepancy between the data obtained
from mBE I-II HindIII and (1Na/2Nb)-II could be attrib-
uted to the difference in their constructs; in other words,
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mBE I-II HindIII was swapped not only in the N-domain
but also in a part of the barrel domain (Kuriki et al.,
1997) and is similar to (1Na/1Nb)-II, which showed negli-
gible activity in this study. Therefore, the chain-length dis-
tribution of an SBE is likely to be determined cooperatively
by the N-domain and barrel domain.

2.2. Preparation and properties of the N-terminal truncated

enzyme of PvSBE2

SBEs have been predicted to consist of three domains:
the N-domain, (b/a)8 barrel domain, and the C-domain.
The Na region used for the construction of chimeric
enzymes includes the whole N-domain. The secondary
structure prediction program (Pred) (Jones, 1999) predicted
that the Na segment of PvSBE2 has a b-sandwich structure
containing seven b-sheets (b1–b7 in Fig. 3). This predicted
structure was coincident with the three-dimensional struc-
ture of E. coli N113BE, which is N-terminal truncated form
(Abad et al., 2002). Despite the large deletion in the N-
terminal region, N113BE exhibited a substrate preference
and Km value for amylose that were similar to those of
the wild-type enzyme; additionally, it retained 60% of the
specific activity of the wild-type enzyme (Binderup et al.,
2000). The primary sequence alignment of the N-domains
of PvSBE2 and the E. coli N113BE showed that the N-
terminus of E. coli N113BE corresponds to a sequence of
46 amino acids downstream of the N-terminus in PvSBE2
(Fig. 3). The Pred program predicted that these 46 amino
acids formed a b-strand and a helix (Fig. 3). To investigate
the effect of this region on the branching enzyme activity,
an expression vector was constructed to generate a trun-
cated enzyme designated DN46-PvSBE2 that lacked the
first 46 amino acids from its N-terminus. Although the
recombinant DN46-PvSBE2 was found in the soluble
extracts from the cells harboring the expression plasmid
(Fig. 4a), DN46-PvSBE2 had no branching enzyme activ-
ity, indicating that the 46 amino acids are indispensable
for catalysis. Interestingly, when the soluble crude extracts
from the cells were stored at 4 �C for 6 days, DN46-
PvSBE2 was easily proteolyzed probably by endogenous
proteinase(s) from the E. coli cells, whereas PvSBE2
remained stable (Fig. 4b), suggesting that the deletion of
46 amino acids alters the conformation of the N-domain
and the overall structure.

2.3. Analysis of the site-directed mutant enzymes

The primary sequence alignment of various plant SBEs
revealed that five amino acid residues in the regions corre-
sponding to the first 46 amino acids of PvSBE2 were com-
pletely conserved (Fig. 5). In this study, to estimate the
significance of these residues, we focused on the three
amino acid residues (Asp-15, His-24, and Arg-28) that have
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positive or negative charges and then introduced site-direc-
ted mutations. Five mutant enzymes (designated D15A-,
D15E-, H24A-, R28A-, and R28K-PvSBE2) were prepared
by substituting Asp-15 with alanine or glutamic acid, His-
24 with alanine, and Arg-28 with alanine or lysine, and
were purified from the E. coli cells. The homogeneity of
each enzyme was confirmed using a Coomassie brilliant
blue-stained SDS–PAGE gel (data not shown). The specific
activity of each purified enzyme was measured against
amylose and compared with that of PvSBE2 under the
standard assay conditions that included 0.1 M citrate
(Table 1). In the three mutants in which some amino acids
were replaced with alanine, D15A- and R28A-PvSBE2 dis-
played a specific activity that was approximately 10% of
that displayed by PvSBE2; however, H24A-PvSBE2
retained 38% of the activity of PvSBE2. When Asp-15
and Arg-28 were replaced with an acidic amino acid, glu-
tamic acid, and a basic amino acid, lysine, respectively,
D15E-PvSBE2 showed 31.3% of the specific activity of
PvSBE2, whereas R28K-PvSBE2 had a specific activity
that was nearly identical to that of PvSBE2.

To examine the effect of these mutations on the whole
structure, the thermal stability of each site-directed mutant
was determined and compared with that of PvSBE2
(Fig. 6). When the enzymes were maintained for 15 min
at various temperatures ranging from 30 �C to 60 �C, more
than 80% of the original activity was retained up to 47.5 �C
for PvSBE2, up to 40 �C for D15A- and D15E-PvSBE2, up
to 42.5 �C for R28A- and H24A-PvSBE2, and up to 45 �C
for R28K-PvSBE2. The reduced thermostabilities of the
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mutant enzymes suggest that the mutations have an influ-
ence on the conformation.

The kinetics parameters of each mutant enzyme were
also analyzed using amylose and compared with those
obtained for PvSBE2 (Table 1). The Lineweaver–Burk
plots of the reaction catalyzed by D15A-, D15E-, R28A-,
R28K-, and H24A-PvSBE2 showed the Km values for amy-
lose to be 1.3, 1.52, 1.57, 1.55, and 1.59 mg/ml, respec-
tively, and the Vmax values to be 28, 73, 20, 220, and
74 U/mg, respectively. The large decreases in the specific
activities of the mutants except R28K-PvSBE2 were pre-
dominantly attributed to their reduced Vmax values. These
results indicate that the mutations in the N-terminal region
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of PvSBE2 affect the catalytic rate but have little influence
on the apparent affinity for amylose. The significant
decreases in the Vmax values and thermostabilities of
D15A- and R28A-PvSBE2 suggest that Asp-15 and Arg-
28 of PvSBE2 are the key residues that help to retain the
conformation essential for the enzyme activity.
3. Conclusions

The results from this study and previous reports suggest
a hypothetical N-terminal structural model of PvSBE2
(Fig. 7). A comparison of the N-terminal primary
sequences of SBEs from the families A and B has indicated
that there is a flexible domain in some family A SBEs, such
as pea SBEI, maize BEIIb, and rice RBE3. Burton et al.
(1995) predicted that this domain might be involved in
the interactions between SBE and starch or in determining
the type of glucan chain the enzyme can utilize as a sub-
strate. Our previous data demonstrated that the flexible
domain in LF-PvSBE2 – the N-terminal extension form
of PvSBE2 – is not essential for enzyme catalysis but con-
tributes to the affinity for amylopectin (Hamada et al.,
2002). Hence, the flexible domain in a family A SBE is
structurally independent of the other domains. In contrast,
an N-domain is located between the flexible and barrel
domains and interacts with the catalytic barrel domain.
The structural alterations in the N-domain cause a decrease
in enzyme activity through the reduced interaction between
the N-domain and barrel domain. In conclusion, the results
in this study show for the first time that the N-terminal
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Fig. 7. A model for the role of the N-domain in enzyme stability and optimal activity. The flexible domain (broken circle) is structurally independent with
respect to the other domains. In SBEs, the N-domain contains a b-strand and a helix and interacts closely with the catalytic barrel domain. The thicknesses
of the two-headed open arrows indicate the strengths of interactions between these domains. The conformational changes in the N-domain by chimera
formation, deletion, or site-directed mutations influence the activity and total stability.
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region of an SBE, including specific residues such as
Asp-15 and Arg-28, which is not necessary forE. coli

GBE activity, is responsible for the stable conformation
of the N-domain and barrel domain, and consequently
for optimal activity.
4. Experimental

4.1. Construction of plasmids for the expression of chimeric,

truncated, and site-directed mutant enzymes

The construction of the expression vectors used in this
study is described in detail in the supplementary data
(Tables S1 and S2 and Figs. S1 and S2). All the fragments
amplified by polymerase chain reaction (PCR) were
sequenced to verify that no errors had occurred during
polymerization. The pET-(1/1)2, pET-(1/2)2, pET-(2/1)2,
pET-(1/2)1, pET-(2/1)1, and pET-(2/2)1 plasmids were
constructed for the production of the chimeric enzymes
(1Na/1Nb)-II, (1Na/2Nb)-II, (2Na/1Nb)-II, (1Na/2Nb)-I,
(2Na/1Nb)-I, and (2Na/2Nb)-I, respectively (Fig. 1). The
pET-DN46-PvSbe2 plasmid was prepared for the expres-
sion of the N-terminal truncated form of PvSBE2. The
pET-D15A, pET-D15E, pET-H24A, pET-R28A, and
pET-R28K plasmids were constructed to produce the
recombinant proteins with different site-directed muta-
tions. E. coli BL21 (DE3) (Novagen; Madison, WI) was
transformed by each expression vector.

4.2. Expression and purification of the recombinant proteins

E. coli cells carrying each expression vector were grown
in 2.4 liter of the Luria–Bertani medium containing 100 lg/
ml of ampicillin at 25 �C. Cells were induced with 0.5 mM
isopropyl b-D-thiogalactoside (final concentration) at 25 �C
for 10 h and were then harvested by centrifugation. All
purification steps were performed at 4 �C. The following
purification procedures can separate the recombinant SBEs
and the endogenous GBE sufficiently.

(1) Purification of the chimeric and truncated enzymes.
The chimeric and N-terminal truncated enzymes were
expressed as recombinant enzymes without a His-tag.
The cells were ruptured by passing the cell suspension
through a French Press (Ohtake Works; Tokyo,
Japan) in 20 mM Tris–HCl buffer (pH 7.5) containing
50 mM NaCl, 1 mM EDTA, and 1 mM dithiothreitol
(DTT). After centrifugation, the supernatant (crude
extract) was dialyzed against a buffer (20 mM Tris–
HCl, pH 7.5, 1 mM EDTA, and 1 mM DTT) and then
subjected to enzyme purification by three column chro-
matography steps using DEAE-Sepharose CL-6B
(GE Healthcare Bio-Sciences Corp.; Piscataway,
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NJ), Bio-Gel P-200 (Bio-Rad Laboratories Inc.;
Tokyo, Japan), and Gigapite (Seikagaku Corp.;
Tokyo, Japan) following the previous purification pro-
cedure for PvSBE2 (Hamada et al., 2001).

(2) Purification of site-directed mutant enzymes.
The cells were ruptured by a French press in buffer A
(20 mM phosphate buffer, pH 7.8 containing 50 mM
imidazole and 500 mM NaCl). After centrifugation,
the supernatant (crude extract) was used as a crude
enzyme and then applied to a chelating Sepharose
FF column (1.5 cm · 5.5 cm; GE Healthcare Bio-
Sciences) previously charged with nickel ions and
equilibrated with buffer A. The column was washed
with buffer A, and then proteins with a His-tag were
eluted with a gradient of 50–300 mM imidazol. The
active fractions were pooled and dialyzed against buf-
fer B (20 mM Tris–HCl buffer, pH 6.8, containing
1 mM EDTA and 1 mM DTT) and then fractionated
on a DEAE-Sepharose CL-6B column (1.8 cm · 11.5
cm, GE Healthcare Bio-Sciences) equilibrated with
buffer B. The column was washed with buffer B fol-
lowed by elution with a gradient of 0–0.5 M NaCl.
The active fractions were pooled and used for further
study as a purified enzyme. The purity of the enzymes
was determined by SDS–PAGE followed by staining
with a Coomassie brilliant blue (Laemmli, 1970).

4.3. Assay of SBE activity

SBE activity was measured by the following assays, as
described previously.

Assay I. The iodine-staining assay was performed by
monitoring the decrease in absorbance at 660 nm for amy-
lose (potato amylose type III, Sigma–Aldrich; St. Louis,
MO), as described by Boyer and Preiss (1978). One unit
of enzyme activity was defined as the amount of enzyme
yielding a decrease in A660 of 0.1 per minute at 30 �C.

Assay BL. The branching linkage assay determines the
number of branching linkages introduced into the sub-
strate, i.e., reduced amylose, and was performed by the
methods of Takeda et al. (1993). One unit of enzyme activ-
ity was defined as the amount of enzyme forming 1 lmol of
branch linkages per minute at 30 �C.

4.4. Enzymatic properties

The kinetics parameters and temperature stability of the
purified mutant enzymes were examined as described previ-
ously (Nozaki et al., 2001).

4.5. Analysis of chain transfer patterns

The chain transfer patterns were determined according
to the method of Hanashiro et al. (1996). The branched
products were generated by incubating the reduced amy-
lose with 1 mU (determined by assay BL) of enzyme in
500 ll of 25 mM MOPS (pH 7.5) at 30 �C for 4 h. After
the termination of the branching reactions by boiling,
debranching was performed by incubation with isoamy-
lase, as explained previously. The distribution of the
transferred chain length was analyzed with an HPAEC–
PAD according to the method of Tomlinson et al.
(1997).
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