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Abstaret Sweet potato starch was modified using Thermus aquaticus o-1,4-glucanotransferase (TaoGT}, and its structural
and rheological properties were investigated. TaaGT-modified starch had a lower amylose level and molecular weight than
raw starch. The chain length distribution showed an increased number of short and long branched chains and the formation of
cycloamyloses. Compared with raw starch, TaaGT-modified starch displayed a lower gelatinization enthalpy and a wider
melting temperature range. The X-ray diffraction of TaaGT-modified starch was a weak V-type pattern with distinct sharp
peaks at 13 and 20°. Scanning electron micrographs of modified starch exhibited big holes on the surface and the loss of
granular structure. The frequency sweep measurement revealed that the gel of TaoGT-modified starch was more rigid than raw
starch gel. However, the structure of modified starch gel was destroyed by heating at 75°C, and a firm gel was re-formed by

subsequent storage at 5°C, indicating thermoreversible property.
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Introduction

Starch is a major storage polysaccharide of many
economically important crops such as wheat, rice, maize,
tapioca, and potato (1,2). Sweet potato is an important
economic crop that can successfully adapt to a wide range
of habitats including marginal regions (3). However, raw
starch has several physical and chemical disadvantages
such as low solubility, irreversible retrogradation, and low
fluidity at room temperature of the starch gel. These factors
are not appropriate for food application (4,5). Therefore,
researches have been conducted to improve the solubility
and retrograding properties of starch by reducing its
molecular weight using enzymatic, chemical, or physical
treatment (6-8). Recently, enzymatic approaches for the
starch modification have been taken (9-11), because the
starch modification with enzyme is an environmentally
friendly alternative to chemical methods using harsh
conditions {12,13). The functional properties of modified
starches produced by various carbohydrate enzymes are of
great interest in food industry. Many enzymes, including ¢~
amylase, amylosucrase, and 4-a-glucanotransferase, have
been used to modify the structural properties of starch (14-
16).

Thermocus aquaticus o-1,4-glucanotransferase (TaaGT),
a member of the a-amylase super-family (17,18), was
used to change the physical and structural properties of
starch in this study. This enzyme catalyzes the hydrolysis
of amylose molecules and long branched chains of
amylopectin molecules and the transfer of a-glucan chains
from non-reducing end of one a-glucan molecule to the
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non-reducing end of another (19). It can also catalyze an
intra-molecular glucan transfer reaction within a single
linear glucan molecule to form cyclic a-1,4-glucan (20).

In this work, the effects of the modification with TaaGT
on the structural characteristics of sweet potato starch were
investigated using gel permeation chromatography (GPC),
high performance anion exchange chromatography (HPAEC),
differential scanning calorimetry (DSC), and scanning
electron microscopy (SEM}), and the changes in rheological
properties of sweet potato starch by TaaGT treatment were
studied with a rheometer.

Materials and Methods

Materials Sweet potato starch was obtained from Samyang
Genex (Incheon, Korea). The proximate composition of
raw sweet potato starch was as follows: moisture 10.8+
0.1%, crude lipid 0.1+0.0%, crude ash 0.4+0.1%, crude
protein 0.0£0.0%, and carbohydrate 88.7£0.1%. Pancreatin
(P-7545, activity 8xUSP/g) was purchased from Sigma-
Aldrich (St. Louis, MO, USA), and pullulanase (Promozyme®
D2) and amyloglucosidase (AMG 300L, activity 300
AGU/mL) from Novozymes (Bagsvaerd, Denmark),
where USP and AGU stand for United States Pharmacopia
and amyloglucosidase activity, respectively. All other
chemicals were of analytical reagent grade.

Preparation of TaoGT-modified starch The Escherichia
coli transformant carrying recombinant plasmid (p6x
HisTaoGT) was obtained from the Food Enzymology
Laboratory of Seoul National University. After the cell
extract was centrifuged, the supernatant was passed
through a nickel-nitrilotriacetic acid (Ni-NTA) column
(Qiagen, Hilden, Germany). The column was washed with
50 mM Tris-HCI buffer (pH 7.5) containing 300 mM NaCl
and 20 mM imidazole and then with 50 mM Tris-HCI
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buffer (pH 7.5) containing 300 mM NaCl and 250 mM
imidazole. The purified protein was dialyzed against
50mM Tris-HC! buffer (pH 7.5). The purity was
electrophoretically assured. Raw sweet potato starch (2.0
g) was suspended in 20 mL of water for 10 min by heating
and stirring on a stirrer, and then in 20 mL of 50 mM Tris-
HCI buffer (pH 7.5) in a 250-mL flask. After temperature
equilibration at 70°C for 1 hr, TaaGT solution (20 mL, 20
units} was added to the suspension. One unit was defined
as the amount of enzyme required to degrade 1 mg of
amylose per min at pH 7.5 and 70°C. The mixture was
shaken (165 rpm) at 70°C for 16 hr. Protease solution was
added to the mixture to inactivate the TaaGT at 60°C for
30min. The residue was precipitated with 400 mL of
absolute ethanol for 3 days. The mixture was centrifuged at
3,000 xg for 20 min, and the supernatant was removed. The
residue was dried at room temperature. For a control, sweet
potato starch without TaaGT was used with the same
thermal history.

Determination of apparent amylose content and iodine
absorption spectra The apparent amylose content of the
starch was determined using a modified procedure
described by Chrastil (21). Briefly, the starch was dissolved
n 10 mL of 1 M NaOH at 95°C for 30 min, and 0.1 mL of
the mixture was added to 1.5 mL of 0.5% trichloroacetic
acid solution. Afterwards, 0.05 mL of I,-KI solution (2.5
mM L; and 6.5 mM KI) was added to the solution, reacted
for 15 min at room temperature, and the absorbance was
measured at 620 nm.

The mixture for determination of apparent amylose was
used to investigate wave-scanning pattern. The absorption
was measured at the wavelength from 400 to 800 nm.

Gel permeation chromatography (GPC) The molecular
weight distribution of TaaGI-modified starch was analyzed
by GPC using a Sepharose CL-2B column following the
procedure of Jane and Chen (22). A sample solution (1
mL) containing starch (about 0.3 %, w/v) was injected into
a 850x 18 mm column packed with Sepharose CL-2B gel
(Parmacia, Piscataway, NJ, USA). The column was eluted
with a solution of .25 N KOH (0.2 mL/min) and fractions
of 1 mL were collected in each test tube. Total carbohydrate
of each fraction was determined by the phenol-sulfuric acid
method (23).

The branch chain distribution of enzymatically modified
starch was analyzed by GPC using a Bio-gel P-6 (Bio-Rad,
Hercules, CA, USA) column following the procedure of
Jane and Chen (22). Raw, control, and enzymatically
modified starches (1%) were treated with Promozyme, a
debranching enzyme, at 55°C for 12 hr. Reaction mixtures
were boiled for 5 min, centrifuged at 10,000xg for 10 min,
mjected into a column (100x 1 cm) packed with Bio-gel P-
6 gel, and eluted with deionized water. The flow rate was
0.27 mL/min. Fractions of 2.3 mL were collected. All
eluted carbohydrates were detected by the phenol-sulfuric
acid method (23).

High performance anion exchange chromatography
(HPAEC) For the analysis of branch chain length
distribution of TaaGI-modified sweet potato starch, the
sample was debranched by Promozyme at 55°C for 16 hr.
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The reaction mixtures were boiled for 5 min to stop the
debranching reaction. The branch chain length distribution
was analyzed by using a HPAEC system (Dionex-300;
Dionex, Sunnyvale, CA, USA) with an electrochemical
detector (ED40; Dionex). A CarboPac™ PA-1 column
(250%4 mm, Dionex) and a guard column were used for
the separation of debranched samples. Afier the column
was equilibrated with 150 mM NaOH, the sample was
eluted with varied gradients of 600 mM sodium acetate in
150 mM NaOH at a flow rate of 1 mL/min. The applied
gradients of sodium acetate were as follows: a linear
gradient from 10 to 30% for 0-10 min, from 30 to 40% for
10-16 min, from 40 to 50% for 16-27 min, from 50 to 60%
for 27-44 min, and from 60 to 64% for 44-60 min. As for
the cycloamylose analysis, a linear gradient of sodium
acetate from 0 to 100% was used over 70 min,

Differential scanning calorimetry (DSC) Thermal properties
of starch samples were investigated using a DSC 120
(Seiko, Chiba, Japan). Indium was used as standard. Starch
sample (5mg) was weighed in a Seiko high pressure
stainless steel pan and 15 ul. of distilied water was added.
The sample pan was sealed and kept at room temperature
for 24 hr. Water was used as reference. The sample pan
was heated from 3 to 150°C at a rate of 5°C/min.

X-ray diffraction X-ray diffraction analysis was performed
with an X-ray diffractometer (D5005; Bruker, Karlsruhe,
Germany) operating at 30kV and 40 mA with Cu-Ka
radiation of 0.154 nm (nickel filter). The scanning region
of the diffraction angle 26 was 4-30°.

Scanning electron micrescopy (SEM) Raw starch and
starch modified with TaaGT were analyzed using a
scanning electron microscope (JSM 5410LV; Jeol, Tokyo,
Japan). Dried and finely ground sample was placed on
double-stick Scotch tape mounted on aluminum specimen
holder. The samples were coated with a thin film of gold
{30 nm) and examined at 20 kV.

Starch digestion Enzyme solution was prepared according
to the method of Englyst er al. (24) with a slight
modification. Pancreatin {1 g) was added to 12mL of
water in a beaker and stirred by a magnetic stirrer for 10
min. This suspension was centrifuged at 1,500xg for 10
min. A 10 mL of the cloudy supernatant was transferred to
a conical flask containing 0.2ml. amyloglucosidase
solution and made up to 12 mL with distilled water.

Starch sample (30mg) was weighed into a 2.0mL
microtube for determination of starch fraction. A 0.75 mL
of sodium acetate buffer (pH 5.2) and a glass ball were
added to each microtube. The microtubes were incubated
in a shaking incubator at 37°C to equilibrate for 10 min.
Afterward, 0.75 mL of the prepared enzyme solution was
added to each microtube. The shaking incubator was
adjusted to a stroke speed of 250 rpm. After 10 min and a
further 230 min, each tube was boiled to stop digestion.
The glucose in the supematant obtained from centrifugation
(5,000xg, 5 min) was measured with the GOD-POD kit
(BCS Co., Anyang, Korea).

Rheological properties Starch suspensions (8%, w/w)
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were heated to make starch gel at 95°C for 30 min. The
heated samples were transferred to conical tubes, cooled
for 1 hr at room temperature, and stored at 5°C for 12 hr.

The dynamic viscoelasticity of starch gel was measured
using an oscillatory rheometer (Rheostress RS1; HAAKE,
Karlsruhe, Germany) with a cone-plate system (35 mm in
diameter, cone angle 1°). Expelled materials were trimmed
off. The sample at the edge of the system was covered by
silicone oil to prevent drying. The linear viscoelastic region
was determined by means of a strain sweep measurement.
The frequency sweep measurement was carried out in a
frequency range of 0.1-10 Hz at 25°C. The rheological
properties during temperature ascending were measured in
the range of 25-80°C at constant frequency (1 Hz) and
strain (1%) with the temperature sweep rate of 5.5°C/min.
For analysis of the gel properties during heating and
cooling cycle, the storage modulus (G”) and loss modulus
(G") were measured at constant frequency (1 Hz) and
strain (1%) after heating at 70°C for 1 hr, cooling at 5°C for
12 hr, re-heating at 70°C for 1 hr, and cooling at 5°C for 12
hr. All the measurements were performed in the linear
viscoelastic region.

Statistical analysis Experiments were performed in
triplicate, and data were expressed as meantstandard
deviation using the SAS system for windows (version 9.1;
SAS, Cary, NC, USA) or SigmaPlot (version 8.02; SPSS,
Chicago, IL, USA). The Duncan’s multiple range test was
applied to compare means at the 5% significance level.

Results and Discussion

Apparent amylose contents and iodine absorption
spectra Raw starch showed apparent amylose content of
20.8%, which was in agreement with the report of
Subramony (25). TaaGT-modified starch exhibited lower
amylose content (5.9%) than raw starch, because the
amylose in starch was hydrolyzed by TaoGT. The Agu
values of raw and control starches were presumably
originated from amylose, as the An. of amylose is in
general between 640 and 660 nm, but that of TaaGT-
modified starch appeared to originate from amylopectin,
which has the A, of 530-550 nm (26). As compared with
raw and control starches, the Ay, of TaoGT-modified
starch was slightly shifted to the left, and its degree
decreased (Fig. 1). These results indicate the decreases in
the amylose content and the branched chain length in
modified starch.

Molecular weight distribution The molecular weight
distribution of TaaGT-modified sweet potato starch
determined by GPC is presented in Fig. 2. The GPC
chromatogram of raw starch was similar to that of control.
In control, with reference to the retention time, the GPC
chromatogram could be divided into 2 parts: the early
fraction, eluted from 10 to 70 min (amylopectin) and the
later fraction, eluted from 70 to 200 min (amylose).
However, in TaaGT-modified starch, the early fraction,
which corresponds to the amylopectin macromolecules,
decreased in height and a new fraction (eluted from 120 to
240 min) developed. This new fraction was likely
originated from the degraded amylopectin, rearranged
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Fig. 1. The wave-scanning patterns of starches.
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Fig. 2. Sepharose CL-2B gel permeation profiles of starches.

(@) Raw sweet potato starch; () control; () TaaGT-modified
sweet potato starch.

amylopectin which had short branched-chain length, and
degraded amylose, because apparent amylose content of
TaoGT-treated starch was lower than that of raw starch as
determined by the colorimetric method. Therefore, the
present results revealed that the contents of amylose and
high molecular weight fraction of amylopectin were
decreased and long branched-chains of amylopectin were
degraded and rearranged by TaoGT treatment.

Branch chain length distribution The branch chain
length distribution of raw starch (Fig. 3A) was very similar
to that of control starch (Fig. 3B). The branch chain length
distribution of control starch showed the greatest amount
of branches with chain length of a degree of
polymerization of 11 (DP11, Fig. 3A). The branch chain
length distributions of control and TaaGIl-modified
starches differed, as observed after debranching. Analysis
of the branch chain length distribution of the TaaGT-
treated starch revealed that the number of short (<DP10)
and long (>DP30) side chains increased as compared with
raw and control starches, whereas the number of medium
chains (10<DP<30) decreased (Fig. 3C). Kaper ef al. (27)
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Fig. 3. HPAEC analysis for branched chain length distribution
of starches. (A) Raw sweet potato starch; (B) control; (C) TaaGI-
modified sweet potato starch.

reported a broad branch chain length distribution in potato
starch after treatment with 4-a-glucanotransferase from the
hyperthermophilic archaeon Pyrobaculum aerophilum
IM2, displaying an increase in very small and longer
branch chains compared with raw potato starch. Gel
permeation chromatogram was in accordance with the
result of HPAEC (Fig. 4). The very long branch chains,
eluted around 75 min, of raw starch disappeared in the
modified starch. The amounts of long chain, eluted from
75 to 150 min, and short chain, eluted around 220 min, of
the modified starch increased compared with raw starch,
whereas the amount of medium branch chain, eluted from
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Fig. 5. HPAEC analysis of cycloamyloses produced by TaoGT.
(a) TaoGI-modified sweet potato starch; (b) cycloamylose
standard (DP21-33). An arrow indicates a group of cycloamylose
peaks.

150 to 220 min, decreased. The increase in the number of
longer side chains could be due to the intermolecular
transfer from amylose to amylopectin that partially
elongated the amylopectin side chains and the partial
hydrolysis of inner long chains (probably B or C chains).
The increase in the number of shorter side chains and the
decrease in the number of medium side chains were
possibly due to the partial hydrolysis and intramolecular
reatrangement of branch chains of amylopectin.

TaaGT can catalyze an intramolecular glucan transfer
reaction within a single linear glucan molecule to form
cyclic a-1, 4-glucan (28). The ability of TaoGT to produce
cycloamylose from sweet potato starch was examined
using HPAEC (Fig. 5). HPAEC analysis showed that
cycloamyloses during TaaGT treatment were eluted at the
similar elution time to cycloamylose standard (DP21-33).
Cycloamylose may be converted from amylose because
amylose content decreased, previously determined by
colorimetric method, although some amylose was used for
the intermolecular transfer from amylose to amylopectin.
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Table 1. Thermodynamic data of raw, control, and TacGI-modified sweet potato starches”

T, Ty T. T.-T, AH (Jg)
Raw starch 50.2+0.0%% 71.5£0.58 82.4+0.28 30.4+0.2% 12.2+0.3€
Control 33.9+0.18 56.5+0.2% 75.5+0.14 4154028 1.6+0.2%
Modified starch 474+0.6" 81.5+0.7¢ 95.0+0.5° 47.6+0.4° 5.3+0.68

T, onset temperature; T, peak temperature; T, conclusion temperature; T.-T,, temperature range of gelatinization; AH, gelatinization enthalpy.
IThe values with different superscripts within a column are significantly different (»<0.05) by Duncan’s multiple range test

Diffraction intensity

Il 1 ]

10 20 30 40
Diffraction angle (26)

Fig. 6. X-ray diffractograms of starches. {a) Raw sweet potato
starch; (b) control; (¢) TacGT-modified sweet potato starch.

Thermal properties The thermal properties of raw,
control, and TaaGT-modified sweet potato starches are
presented in Table 1. Control showed thermal properties
similar to those of typical gelatinized starch. The peak
temperature (T,) and the gelatinization enthalpy (AH) of
modified starch increased compared with control. One
possible cause of this is the easy retrogradation of small
amylose molecules. Jane and Chen (22) reported that the
gel prepared with a mixture of long branch chain
amylopectin and small molecular amylose had a high gel
strength. Another possible reason for our results is the
cycloamylose formed by TaaGT because cycloamylose is
thermally stable (28).

TaaGI-modified sweet potato starch showed the greatest
gelatinization temperature range, T.-T,. A broader melting
range implies a more heterogeneous structure (29).
Because the TaaGI-treated starch had lower levels of
apparent amylose and amylopectin having low molecular
weight, it appeared to have a more heterogeneous structure
than raw starch.

Crystalline properties determined by X-ray diffractometry
X-ray diffractograms of sweet potato starch are exhibited
in Fig. 6. The X-ray diffraction patterns of raw starch had
peaks at 5.5, 15.0, 17.1, 23.1, and 26.7° (Fig. 6a). It is
known that X-ray diffraction peaks at 5.5, 15, 17, and 22
or 23° are characteristics of C-type starch that is common
to most sweet potato starches, and the C-type is a mixture
of A- and B-types by various proportions (30). The X-ray
diffraction pattern for TaaGT-modified starch was similar
to that of control, but the peaks at around 13 and 20° were

100
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Starch hydrolysis (%)
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Fig. 7. The hydrolysis patterns of raw (@), control (), and
TaaGT-modified sweet potato starches (4).

pronounced compared with control, corresponding to the
V-polymorph (31). Control starch also displayed a weak V-
type pattern, but its peak intensity was lower than that of
TaaGT-treated starch. The weak V-type pattern, that is
formed from collapsed amylose helices in which chemical
adjuncts are trapped inside (32), of control and modified
starches could be due to cooking effects. The difference in
peak intensity of control and modified starches was
probably due to an increased number of shorter and longer
branch chains of amylopectin and the rearrangement of
amylopectin in TaaGT-modified starch. Those changes
influenced the crystalline structure resulting in the different
relative crystallinity of TaaGT-modified starch (33).

Enzymatic hydrolysis pattern The in virro enzyme
digestibility of sweet potato starch was determined by
hydrolyzing starch granules with pancreatin and amylo-
glucosidase. Figure 7 shows the hydrolysis rate of starches.
The digestibility of control was higher than that of treated
starch. Holm er al. (34) reported that digestibility of wheat
starch was increased by heat treatment in comparison with
that of raw starch. The hydrolysis rate of TaaGT-treated
starch was lower than that of control starch, presumably
due to an increase in crystallinity and the cycloamylose
formation. Cycloamyloses are less susceptible to amylase
action than are linear oligosaccharides (35). They are
completely resistant to P-amylases as cycloamyloses do
not contain end groups susceptibie to the attack of this
enzyme. However, a-amylases do net require end groups
and are therefore capable of hydrolyzing cycloamyloses,
although at a slow rate (5). This result is in agreement with
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Fig. 8. Scanning electron micrographs of starches. (A} Raw
sweet potato starch (5,000x); (B) raw sweet potato starch
(7,500x); (C) control (1,500%): (D) control (3,500x); (E) TaaGT-
modified sweet potato starch (1,500x); (F) TaaGT-modified sweet
potato starch (3,500x).

the X-ray diffraction intensity, gelatinization temperature,
and gelatinization enthalpy change of the TaaGlI-treated
starch.

Microscopic ohservation Scanning electron micrographs
of raw and treated starches are presented in Fig. 8. The raw
starch (Fig. 8A and 8B) displayed spherical or angular-
shaped granules with smooth surface. However, control
and modified starches showed disrupted and reassociated
structure, and bigger, irregularly-shaped particles as
compared with raw starch (Fig. 8C, 8D, 8E, and 8F). These
morphological changes could be due to the enzyme
treatment conditions under which the granular structure of
raw sweet potato starch was completely destroyed and
reassociated. The surface of modified sweet potato starch
was rougher than that of control. This could be explained
by considering that the lower amylose level and increased
number of long and short branch chains of amylopectin in
the TaaGT-modified starch probably caused the dissimilarity
in reassociation pattern leading to different surface
characteristics.

Thermoreversibility of TacGT-modified sweet potato
starch gel The raw and TacGT-modified sweet potato
starch gels exhibited a lack of frequency dependence and
large differences between G’ and G" over the frequency
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range tested (0.1-10 Hz), confirming that a solid-gel
structure was formed (data not shown). The G’ of TaaGI-
modified starch gel was higher than that of raw starch gel,
implying that the modified starch gel had stronger gel
structure than raw starch gel. Hoseney (36) described that
when starch resulted from acid treatment was cooled, its
chains tended to interact more easily and thus form a more
rigid gel than raw starch. Leached-out amylose during
cooking plays a role in forming the gel network (37). In the
present study, however, the apparent amylose content of
TaaGI-modified starch was lower than that of raw starch.
Although the content of amylose and the molecular weight
of amylose and amylopectin decreased to a certain level
with TaaGT treatment, the modified starch could be large
enough to form a rigid gel through reassociation. This
result agrees well with the report by Lee ef al. (14).
Many researchers reported the formation of thermo-
reversible starch gel after the treatment of starch with 4-o-
glucanotransferase (14,38,39). In this study, the strength of
TaaGI-modified sweet potato starch gel structure was
dramatically weakened as temperature increased. The
heating and cooling cycle was repeated and G’ measured at
the end of each cycle are presented in Fig. 9. The dynamic
viscoelaticity of raw starch gel was slightly changed during
the heating and cooling cycle. On the other hand, the G’ of
TaaGT-modified sweet potato starch gel showed reversible
changes during heating and cooling cycle. This could be
explained as follows. First, the content of amylose, which
has large chains for strong double-helical bond, was
decreased, whereas the content of amylopectin having
short chains for weak double-helical bond, was increased.
The longer chains have been reported to require a higher
temperature to dissociate completely than that required for
shorter double helices (40). Therefore, the structure of
TaoGI-modified starch gel is easily collapsed with an
increase in temperature. Second, as stated above, the gel
having high strength could be prepared from a mixture of
long branched chain amylopectin and small amylose
molecules (22). The increase in long branched chains of
amylopectin and the decrease in length of amylose after
enzyme treatment allowed gel to be harder, but their



Modification of Sweet Potato Starch with 4-a-GTase

association were dissolved by heating because of the
increase in short branch chains of amylopectin in modified
starch. Third, the opportunities for the formation of double-
helical bond without steric hindrance is increased due to its
small size of chains and large mobility of amylopectin in
the TaaGT-modified starch gel, which gives the less kinetic
energy for dissociation. Consequently, the G’ and G” of
TaaGT-modified starch gel were higher than those of raw
starch gel at relatively low temperature where the dissociation
of double-helical bond could not occur. However, removal
of all the long linear chains from starch could induce the
formation of weak gel. The increase in the number of short
chains and the decrease in average chain length of
amylopectin are presumably required for the gel
thermoreversibility.

In conclusion, sweet potato starch could be modified
with a glucanotransferase originated from Thermus aquaticus.
The molecular weight of enzyme-modified starch molecules
decreased. The amounts of short and long chains in
amylopectin increased by TaoGT treatment, but the
amount of medium chains decreased. The gel prepared
with this modified starch had thermoreversible property.
The TaoGT treatment, therefore, could be useful
considering a demand for novel starchy ingredients having
thermoreversibility in food industry.
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