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The hypothesis of increasing the branch density of starch to reduce its digestion rate through partial
shortening of amylopectin exterior chains and the length of amylose was investigated. Starch products
prepared using f-amylase, f-amylase and transglucosidase, maltogenic a-amylase, and maltogenic
a-amylase and transglucosidase showed significant reduction of rapidly digested starch by 14.5%,
29.0%, 19.8%, and 31.0% with a concomitant increase of slowly digested starch by 9.0%, 19.7%,
5.7%, and 11.0%, respectively. The resistant starch content increased from 5.1% to 13.5% in treated
starches. The total contents of the prebiotics isomaltose, isomaltotriose, and panose (Isomaltooli-
gosaccharides) were 2.3% and 5.5%, respectively, for f-amylase/transglucosidase- and maltogenic
o-amylase/transglucosidase-treated starches. The molecular weight distribution of enzyme-treated
starches and their debranched chain length distributions, analyzed using high-performance size-
exclusion chromatography with multiangle laser light scattering and refractive index detection (HPSEC-
MALLS-RI) and HPSEC-RI, showed distinctly different patterns among starches with different enzyme
treatments. A larger proportion of low molecular weight fractions appeared in starches treated
additionally with transglucosidase. All enzyme-treated starches showed a mixture of B- and V-type
X-ray diffraction patterns, and *H NMR spectra showed a significant increase of a-1,6 linkages. Both
the increase of the starch branch density and the crystalline structure in the treated starches likely
contribute to their slow digestion property.

KEYWORDS: Starch; slow digestion property; branch density; prebiotic function; p-amylase; maltogenic
o-amylase; transglucosidase; 'H NMR

INTRODUCTION hormonal and metabolic changes that were related to excessive

Starch is the main glycemic carbohydrate in starchy foods. fo0d intake 6). Low Gl meals decreased nonfasting plasma
According to the rate and extent of starch digestion in vitro, 9!ucose, plasma triacylglycerols, and adipocyte volume in rats

starch has been classified into three major fractiajs (1) () and prolonged satiety in obese adolescegs§tarch with
rapidly digestible starch, the portion of starch digested within & SIow digestion property would provide for extended glucose
the first 20 min of incubation, (2) slowly digestible starch, the (EN€rgy) release along with a low glycemic response and, thus,

portion of starch digested from 20 to 120 min, and (3) resistant M& have commercial application as a healthy ingredient of
starch, the remaining portion that cannot be further digested. A Processed foods. There are no commercial slowly digestible
highly significant positive correlation between the glycemic starch-based products available in the current food market to
index (GI) and rapidly digestible starch was report2d Gl is our knowledge. _ o
defined as the incremental area under the glucose response curve It is known that starch is composed of two distinct types of
after a standard amount of carbohydrate from a test food is Macromolecules: amylose and amylopectin with molecular
consumed relative to that of a control food (glucose or white Weights of 18 to 1¢° and 10 to 10%, respectively. Amylose, a
bread) (3). The human physiological consequences of GI havePolymer ofa-p-glucopyranosyl units mainly combined by1,4
been related to diabetes, prediabetes, cardiovascular disease, ahtkages, is defined as essentially a linear molecular chain.
obesity (4). High GI meals promoted fat deposition in mice, Amylopectin is a very large branched polymer consisting of
resulting in almost twice the body fat of those consuming low lineara-1,4-linkedp-glucopyranosyl chains connected i, 6
Gl meals B). In obese teenagers, the rapid absorption of glucose pranch linkages, the_latter comprising 4.0—5.5%_ of the total
after consumption of high Gl meals induced a sequence of linkages (9). The chains of amylopectin are described as A, B,
and C chains (10). The A chains are linked only through their

*To whom correspondence should be addressed. Phone: (765) 494-feducing termini to €of a glucose unit of other chains. The B
5668. Fax: (765) 494-7953. E-mail: hamakerb@purdue.edu. chains are linked in the same way, but the B chain has at least
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one other chain (either an A or a B chain) attachedgtf®ne for 10 min. The collected precipitate was dispersed in 800 mL of
of its glucose units. The C chain carries other chains as branchegleionized water and heated with stirring in a boiling water bath for 30
and contains the sole reducing terminal residue. The averageMin. The suspension was then stirred at ambient temperature overnight
chain lengths of amylopectin range between 19 and 31, followed by spray-drying using a laboratory-scale unit with a flow rate

depending on the botanical source (11). While amylose is ©f 3 mL/min and inlet and outlet temperatures of 120 and°C5
generally defined as an unbranched molecule, pure amylOsere:spectlvely (Pulvis GB21, Yamato Scientific Co., Tokyo, Japan). Four

isolated f . tarch tai tai ¢ Sproducts were preparedi-amylase-treated maize starch (BA-starch);
ISolated Irom various starch sources contains certain amoun B-amylase- and transglucosidase-treated maize starch (BATG-starch);

of branch linkages. It was found that the molar ratio of branched 15 togeniar-amylase-treated maize starch (MA-starch), and maltogenic
to unbranched molecules of amylose in maize was8386  -amylase- and transglucosidase-treated maize starch (MATG-starch).
(12). The branched molecules of maize amylose have short sideThe products were stored in sealed bottles for further analysis. Starch

chains with DP 18 and long side chains with DP 100—5000 modification experiments were performed at least twice.
which peak at DP 200 (13). In Vitro Digestion with Porcine Pancreatic a-Amylase. The

A strategy was used feartially shorten the lengtbf exterior digestion property was analyzed using the method of Zhang and
branch chains of amylopectin, as well as increase the branchHamaker (17) with modification. Starch (50 mg) with 5 mL of sodium
density of normal maize starch, through enzyme treatments todlycerophosphate—HCI buffer (1 mmol/L, pH 6.9) containing 25
reduce its overall digestion rate. It is known that, as amyloglu- Mmol/L NaCl and 5 mmol/L CaGas cooked in a boiling water bath
cosidase approaches the branch linkage, its rate decrddses ( for 20 min. The solution was equilibrated at 3¢ for 5 min, and 2 U
16). Thus, partial shortening of branch chains would slow the of porcine pancreatic-amylase was added. Enzyme digestion was

hvdrolvsi Amv d mal . | hvdrol carried out at 37C, and 0.3 mL aliquots of hydrolyzed solution were
ydrolysis ratef-Amylase and maltogeniz-amylase hydrolyze —\iingrawn at different time intervals. The aliquots were immediately

a-1,4-0-glucosidic linkages of starch and its derivatives t0 pyt in a boiling water bath for 5 min to deactivate the enzyme. The
remove maltose residues and reduce the chain length. Transequivalent reducing sugar value of maltose was determined using the
glucosidase catalyzes hydrolytic and transfer reactions to form Somogyi-Nelson method8). Each sample was analyzed in duplicate.
new a-1,6 linkages. Thus, our research modified the normal | vitro Digestion with Pancreatin and Amyloglucosidase.The
maize starch structure by using eitifleamylase or maltogenic  digestion property was also analyzed by a modification of the Englyst
a-amylase, with or without combination of transglucosidase, assay (1), using decreased concentrations of substrate and enzyme to
to produce starches with shorter and more branch chains (A, differentiate better how starch structural changes affect enzyme
B1, By, and longer chains). Thereby, thel,6 linkages in digestion. Enzyme solution containing pancreatin and amyloglucosidase
amylopectin were concentrated, as well as chain distributions Was prepared immediately before use. Starch (50 mg) with 10 mL of
altered, to change the digestion properties. sodium acetate buffer (0.1 mol/L, pH 5.2) was cooked in a boiling

water bath for 20 min. The suspension was equilibrated &C3for 5

min, and 0.2 mL of the specified enzyme solution and 0.44 mL of
MATERIALS AND METHODS calcium chloride (0.1 mol/L) were added. Enzyme digestion was carried
out at 37°C, and 0.5 mL aliquots of hydrolyzed solution were
withdrawn at different time intervals. Aliquots were immediately put
in a boiling water bath for 5 min to deactivate the enzymes. The glucose
content of the hydrolyzates was determined using the Megazyme

from Bacillus subtiliswas from Novozymes North America, Inc. glucose assay kit (GOPOD method). Each sample was analyzed in

(Franklinton, NC). Amyloglucosidase frofspergillus nige(A7095), duplicate. ) . . .
pancreatin from porcine pancreas (A754&)amylase from porcine Isomaltooligosaccharide (IMO) Analysis.The contents of isoma-
pancreas (A3176), glycogen from rabbit liver (G8876), pullulan 'tooligosaccharides (isomaltose, isomaltotriose, and panose) in prepared
(A4516), glucose (G7528), maltose (M9171), isomaltose (17253), samples, dlssol\_/ed in deionized water, were ana[yzed using a high-
isomaltotriose (10381), and panose (P2407) were purchased from SigmaPerformance anion-exchange chromatograph equipped with a pulsed
Chemical Co. (St. Louis, MO). Isoamylase fra?seudomonasp. and amperometric dgtector (Dlonex_, Sunnyvale, CA). A PA-100 anion-
a glucose assay kit were purchased from Megazyme International €xchange analytical column (Dionex, Sunnyvale, CA) equipped with
Ireland Ltd. (Co. Wicklow, Ireland). Pullulan standards were purchased @ guard column was used for sample separation. The profile of the
from Polymer Laboratories Inc. (Amherst, MA). separation gradient composed of eluent A (100 mmol/L sodium

Preparation of Starch Products with a Slow Digestion Property. hydroxide) and eluent B (100 mmol/L sodium hydroxide and 300
Preliminary studies showed the potential of usifigmylase and ~ MMOV/L sodium nitrate) was as follows:~& min, 99% A and 1% B;
maltogenica-amylase to affect the starch digestion property, as well ©—30 min, linear gradient to 8% B. Each sample was analyzed in
as transglucosidase to change the branching structure. A simpleduplicate.
experimental design used four enzyme treatments to prepare starches Molecular Weight Distribution by High-Performance Size-
for testing of digestion properties and structural characterisfieamy- Exclusion Chromatography with Multiangle Laser Light Scattering
lase, B-amylase and transglucosidase, maltogemiamylase, and and Refractive Index Detection (HPSEC-MALLS-RI). Starch samples
maltogenico-amylase and transglucosidase. Normal maize starch (80 (20 mg) were solubilized in 4 mL of deionized water and heated in a
g, dry weight) was mixed with water to an 8% suspension by weight. boiling water bath for 20 min. The solutions were then filtered through
The suspension was heated in a Béaker at 80C for 10 min with a 5 um nylon filter (Daegger, Vernon Hills, IL) before injection into
stirring. Then the sample was autoclaved at 221for 20 min and the HPSEC-MALLS-RI system consisting of a pump (model LC-
placed in a water bath at 5%. Sodium acetate buffer (360 mL, 0.5 10ATvp, Shimadzu, Columbia, MD), an injector valve with a 200
mol/L, pH 5.0) was added and the mixture stirred for 10 min. Water loop (Rheodyne, Cotati, CA), an intermediate-pressure size-exclusion
was added to bring the total volume of the suspension to 1800 mL. column (1.6 x 50 cm, Amersham Biosciences, Piscataway, NJ)
The suspension was incubated vittamylase or maltogenig-amylase, containing Sephacryl S-500 HR gel filtration media (exclusion range
with and without transglucosidase. The enzyme amounts used wereM,, =4 x 10*to 2 x 10’ (Amersham Biosciences), a MALLS detector
0.64% (dry weight of starch), 7.0 U/g (dry weight of starch), and 0.6% (Dawn DSP-F, Wyatt Technology, Santa Barbara, CA) fitted with an
(dry weight of starch) forg-amylase, maltogenie-amylase, and argon laser (488 nm), and an Optilab 903 refractive index detector
transglucosidase, respectively. In the case of maltogeramylase, (Wyatt Technology). The samples (20Q.) were injected into the
calcium chloride (1.78 mmol/L) was added to maintain the activity of system and run at a flow rate of 1.3 mL/min. The mobile phase used
the enzyme. Incubation with the enzyme was for 5 h. Then 1 volume was deionized water with 0.02% sodium azide that had been passed
of absolute ethanol was added followed by centrifugation at 3000 rpm through a 0.2um filter and degassed under vacuum. The molecular

Materials. Normal maize starch was a gift from Tate and Lyle, Inc.
(Decatur, IL).5-Amylase from barley (Optimalt BBA) and transglu-
cosidase L-500 fromspergilluswere gifts from Genencor International,
Inc. (Rochester, NY). Maltogenia-amylase (Novamyl, 10000 BG)
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weights were calculated using the ASTRA 4.9 software program (Wyatt
Technology) and pullulan standards. Each sample was analyzed in
duplicate.

Chain Length Distribution of Debranched Samples using High-
Performance Size-Exclusion Chromatography with Refractive
Index Detection (HPSEC-RI) Debranched samples were prepared
using the previously reported methotldj with slight modification.

The samples (20 mg) were wetted with 0.04 mL of deionized water
followed by addition of 0.36 mL of dimethyl sulfoxide (DMSO). The
samples were heated in a boiling water bath for 10 min. Sodium acetate
buffer (3.6 mL, pH 3.5, 0.1 mol/L) was added to the sample

N w N (5] (o2 ~
L L L L L

Increased reducing sugar (mg/ml)

T
suspensions. The suspensions were mixed well and kept in a water 0 ' '
bath at 37°C for 5 min. Isoamylase (0.5 U) was added to each 0 50 100 150 200
dispersion, and the mixtures were incubated at@with shaking for Incubation time (min)
24 h. The solution was then heated in a boiling water bath for 10 min - Normal corn starch -a- BA-starch -+ BATG-starch - MA-starch
to deactivate the enzyme. The debranched sample solution (0.5 mL) = MATG-starch —-Glycogen —~Pullulan

was concentrated in a vacuum evaporator (SpeedVac SC100H, Savantfigure 1. Digestion profiles of the normal maize starch control, enzyme-
to remove water. Concentrated debranched sample solutions wereyreated normal maize starches, glycogen, and pullulan incubated with
d"““?(d "‘Th 0.5 mL of 90% DMSO followed by centrifugation at 10000 porcine pancreatic a-amylase at different times. BA-starch = f-amylase-
rpm for 1 min.

The HPSEC-RI system was equipped with a Waters 1515 isocratic
pump, a Waters 2414 refractive index detector (Waters, Milford, MA),
two Zorbax PSM 60-S columns (Quantum Analytics Inc., Foster City,
CA), and a 2Q:L sample loop. The column and detector temperatures
were set at 35 and 41T, respectively. The samples were injected into
the system and run at a flow rate of 0.5 mL/min using DMSO as the 020 min © 120 min
mobile phase. Pullulan molecular weight standards were used for
column calibration. Each sample was analyzed in duplicate.

X-ray Diffraction Patterns . X-ray diffraction patterns were obtained
using a Kristalloflex diffractometer (Siemens, Germany) with a rate of
0.05 deg/s from @ = 4° to 20 = 40°. Cu Ko (1 = 1.5406 A) radiation
was used, and the tube was operated at 40 kV and 20 mA. Starch
crystallinity was measured on the basis of the ratio of the crystalline
to amorphous areas (20). Each sample was analyzed in duplicate.

Proton Nuclear Magnetic Resonanced NMR) Spectroscopy.

H NMR analyses of starch samples were performed using a Varian
Unity Inova 300 MHz NMR spectrometer (Varian Inc., Palo Alto, CA) 0 R
according to the method of Gidleg). Samples were first dissolved A B c D E E G
:':né Palénolfy%%l;\tiﬁgsg? ‘?ﬁfesegr%?))lélsef/tv;?; %iir;sitl\:gg% tggpnt:rl_aétﬁ%rg, Figure 2. Englyst assay (modified) of glucose contents at 20 and 1_20
again, andH NMR spectra were obtained at 8C. min of the normal maize starch control, enzyme?treated normal maize

Statistical Analysis. Analysis of variance and Tukey's tests (P starches, glycogen, and pullulan: (A) normal maize starch control, (B)
0.05) were used to determine significant differences in rapidly digested BA-starch, (C) BATG-starch, (D) MA-starch, (E) MATG-starch, (F)
starch, slowly digested starch, and resistant starch among control anddlycogen, (G) pullulan. Abbreviations are the same as in the Figure 1
enzyme-treated starches using SAS version 9.1 (SAS Institute Inc.,caption.

North Carolina).

treated maize starch, BATG-starch = S-amylase- and transglucosidase-
treated maize starch, MA-starch = maltogenic o-amylase-treated maize
starch, and MATG-starch = maltogenic a-amylase- and transglucosidase-
treated maize starch.

T

Glucose content (mg/ml)

its relatively high proportion oft-1,6 linkages, was lower than

that of normal maize starch, but greater than for other samples.
RESULTS
To evaluate further the property of glucose release from the
In Vitro Digestion of Samples with Porcine Pancreatic enzyme-treated maize starches, samples were incubated with a
o-Amylase and a Combination of Pancreatin and Amylo- combination of pancreatin and amyloglucosidase following a

glucosidase.The digestion profiles of samples using porcine modified Englyst assay procedurB (Digestions at 20 and 120
pancreatia:-amylase are shown figure 1. The digestion rates ~ min are shown inFigure 2, and the rapidly digested starch,

of enzyme-treated starches were slower than that of controlslowly digested starch, and resistant starch results are sum-
normal maize starch. In contrast to the rate of digestion of marized inTable 1. The data indicate that the four spray-dried
normal maize starch, the valuespfimylase-5-amylase- and enzyme-treated starch samples significantly differed from the
transglucosidase-, maltogenicamylase-, and maltogenicamy- control starch and had an increase in the slow digestion property.
lase- and transglucosidase-treated starches at 10 min weréNormal maize starch had 87.3% rapidly digested starch at 20
reduced by 67%, 61%, 31%, and 69%, respectively. At 180 min and 13.1% slowly digested starch. Compared to normal
min, the digestion values of these four samples were reducedmaize starch, the contents of rapidly digested starch were
by 49%, 47%, 42%, and 55% of that of the control. Overall, reduced by 14.5%, 29.0%, 19.8%, and 31.0%fAamylase-,

the digestion rates of starches treated with amylase andg-amylase- and transglucosidase-, maltogenamylase-, and
transglucosidase were lower than those of starches treated withmaltogenica-amylase- and transglucosidase-treated starches,
one of the amylases alone. Thus, addition of transglucosidaserespectively, whereas, the contents of slowly digested starch
improved the slow digest property of modified starch by were 22.1%, 32.8%, 18.8%, and 24.1% for these four samples,
B-amylase and maltogenicamylase. Only a minor amount of  respectively (normal maize starch was 13.1%). There were
reducing sugar was found in pullulan treated witfamylase different contents of resistant starch present in spray-dried
(Figure 1), indicating that the hydrolysis of pullulan was samples, as measured in this assay. The starch treated with
restricted by its structure. The hydrolysis rate of glycogen, with maltogenica-amylase alone or concurrently with transglucosi-
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Table 1. Contents (%, wiw, Dry Weight) (Mean + Standard Deviation) 270 1

of Rapidly Digested Starch, Slowly Digested Starch, and Resistant Glucose A
Starch in Normal Maize Starch and Enzyme-Treated Samples? 2181 of |Isomattose
© 4
rapidly digested  slowly digested 5 190 |somaltotriose
sample starch starch resistant starch? Q 105 4
- o Maltose
normal maize starch 87.3+32a 131+16¢ -04+16b 50 - o0 Panose
BA-starch 728+22b 22.1+3.2hc 52+32ab
BATG-starch 58.3+4.8cd 328+31ab 51+32ab 5-
MA-starch 67.5+15hc 18.8 0.4 be 135+04a
MATG-starch 56.3+1.6d 241+27ab 114+27a

N N

= i

(4] o
L L

2 Significant differences in each column are expressed as different letters
(P < 0.05). bResistant starch = total starch — (rapid digested starch + slowly
digested starch).

160 -

105 A

PAD signal (nC)

151
o
s

dase had a greater resistant starch content than starch treated
with f-amylase or a combination gf-amylase and trans- 5 L
glucosidase. The digestion rate of glycogen was similar to that
of normal maize starch. However, the amount of digestion of
pullulan was much lower than in other samplEgy(rre 2). The
results reflect that amyloglucosidase alone can act on molecules
such as pullulan that are not well hydrolyzedd»amylase alone

105 4

B
C
(Figure 1), but produce a lesser amount of glucose than
IMO Analysis. Chromatograms of IMOs determined by high-
performance anion-exchange chromatography with pulsed am- 50 1
perometric detection (HPAEC-PAD) are illustratedRigure N
D

270 -

215 A

160 -

PAD signal (nC)

structures readily available toamylase and amyloglucosidase.

-5~
3, and the computed results are showrTable 2. The total
amounts of isomaltose, isomaltotriose, and panose (IMOs) were
2.3% for starch treated witfi-amylase and transglucosidase
and 5.5% for starch treated with maltogemicamylase and
transglucosidase. The other two samples treated with only
p-amylase and maltogenia-amylase had 5.0% and 6.8%
maltose contents, respectively, but no IMOs. It should be noted
that glucose was produced by transglucosidase activity as is
confirmed inFigure 3 andTable 2. Transglucosidase catalyzes 50 1
hydrolytic and transfer reactions to convert maltooligosaccha- 5 ad
rides to IMOs. The IMO contents can be varied, depending on
the enzyme dosage and incubation time used.

Molecular Weight and Chain Length Distributions. Figure

4 shows the molecular weight distributions of normal maize E
starch and the enzyme-treated samples determined by HPSEC-

270 1

215 4

160 -

PAD signal (nC)

105

N
I
o

MALLS-RI analysis. The peaks of amylopectin and amylose %215

of normal maize starch wed,, = 3.8 x 107 and 1.1x 1, 5"

respectively (Figure 4A). Starches treated with enzymes had 2 1%

lower proportions of larger molecules and greater proportions * 50 N A

of smaller molecules than normal maize starch; the molecular 5 : o s 2

weights showed varied distributionigure 4B,C). Starches
treated with the combination gfamylase and transglucosidase
or maltogenico-amylase and transglucosdase had substantial
proportions of lower molecular weight molecules. For instance,
the starch treated withramylase and transglucosidase contained
a very small amount of high molecular weight molecules at the
elution volume of 40 mL (position of amylopectin) and had a
major peak with a molecular weight of 2:910% whereas starch Chain length distributions of starch samples debranched using
treated with S-amylase alone showed a higher amount of isoamylase and analyzed using HPSEC-RI are showgiare
molecules in the area of amylopectin and a large proportion of 5. The graph inFigure 5A is a typical profile of debranched
molecules with a peak aM,, = 1.9 x 1C°. The results whole normal maize starch which has the first peak of amylose
demonstrated irFigure 4C also show that the starch treated overlapped with some of the longest chains of amylopectin with
with maltogenica-amylase and transglucosidase had a substan-a peak DP at 671 followed by peaks at DP 45, DP 18, and DP
tially larger proportion of low molecular weight molecules than 13. The majority of short linear chains (A and Bhains) of

the starch treated with maltogenrieamylase alone. The results amylopectin were shortened by the action of the enzymes
indicate that transglucosidase accelerated the hydrolysis of starci{Figure 5B,C), as evidenced by the substantial reduction in
with S-amylase or maltogenie-amylase and created new proportion of the low DP peak. The relative proportion of
molecular weight structures. amylopectin branch chains §B®r Bs chains) was reduced, and

Elution time (min)
Figure 3. HPAEC chromatograms of standard sugars and enzyme-treated
normal maize starches: (A) standard sugars (glucose, maltose, isomaltose,
isomaltotriose, and panose), (B) BA-starch, (C) BATG-starch, (D) MA-
starch, (E) MATG-starch, () a-1,6 linkage, (—) a-1,4 linkage. Abbrevia-
tions are the same as in the Figure 1 caption.
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Table 2. Contents (%, w/w) (Mean + Standard Deviation) of
Oligosaccharides in Enzyme-Treated Maize Starches

total
sample glucose  maltose isomaltose isomaltotriose  panose  IMOs®
BA-starch 00+0.0 50+02 0.0+00 00+00 00+00 00
BATG-starch 3.6+0.1 09+00 12+00 0.3+0.0 08+00 23
MA-starch 03+0.0 68+01 0.0+£00 00+00 00+00 00
MATG-starch 83+0.1 54+01 31+01 08+00 1.6+01 55
2 Total amount of isomaltose, isomaltotriose, and panose
0.2
3.8 x107
> 0.16 -
E
=
2 0.12
(7]
"4
o
§ 008 -
T
£
2 0.04 1 1.1 % 10°
'
0 T T T T T T
30 40 50 60 70 80 90 100
Elution volumn (ml)
0.1
B
S 0.08
E
El 2.9x10*
2 0.06 4 4
w
4
5
§ 0.04 1.9x10
T BA-starch
£ ~
2 0.02 - .
BATG-starch
0 e ‘ ‘ ‘ ‘
30 40 50 60 70 80 90 100
Elution volume (ml)
0.1
S 0.08 ¢
E
w© 4
£ 006 1.9:10
w
4
K
& 0.047 13 % 10°
g MA-starch i
5 ~
2 0.02
“~
MATG-starch
0 T T T T T T
30 40 50 60 70 80 90 100

Elution volume (ml)

Figure 4. Molecular weight distributions of the normal maize starch control
and enzyme-treated normal maize starches analyzed using HPSEC-
MALLS-RI: (A) normal maize starch, (B) BA-starch and BATG-starch,
(C) MA-starch and MATG-starch. Abbreviations are the same as in the

Figure 1 caption.

Ao et al.

1.4
1.2 4 A

0.8 671

0.6 18 13

0.4 - |

Normalized RI signal (mV)

0.2 4

10.5 125 14.5 16.5 18.5
Elution volume (ml}

1.4
1.2 4 B

— BA-starch

- BATG-starch

Normalized RI signal (mV)

0.2 1

10.5 12.5 14.5 16.5 18.5
Elution time (min)

396 — 347 — MA-starch
—~ MATG-starch

— a
- N £
| |

0.8 1

«—

0.6

-
— N

0.4 - i

Normalized RI signal (mV)

0.2 '

0 —

105 12.5 14.5 16.5 18.5
Elution time (min)

Figure 5. Chain length distributions of the isoamylase-debranched normal
maize starch control and enzyme-treated normal maize starches analyzed
using HPSEC-RI: (A) normal maize starch, (B) BA-starch and BATG-
starch, (C) MA-starch and MATG-starch. Abbreviations are the same as
in the Figure 1 caption. Numbers above the curves are DP (degree of
polymerization) values.

hydrolyzed samples, though maltotriose may have originated
from debranching of shortened A chains. The peak DPs of linear
long chains of enzyme-treated starches were shifted from 671
to 539 (Figure 5B) and from 396 to 347#{gure 5C). When
starches were prepared with combinations of transglucosidase
andp-amylase or maltogenie-amylase, the Band B; chains
of amylopectin were of less proportion than starches prepared
without transglucosidase.

X-ray Diffraction Patterns. X-ray diffraction patterns are
shown in Figure 6. Normal maize starch showed a typical
A-type X-ray diffraction pattern (main peaks at 26 14.9°,

the peak was shifted from DP 45 to DP 37, which means that 17.0°, 17.9°, and 23%). Starches modified by enzymes had a
the B, or Bz chains were shortened as well. The graphs also mixture of B-type (main peak at 26 17.1°) and V-type (main
show that there were some oligosaccharides present in thepeaks at 2 = 7.6°, 12.9, and 19.7) X-ray patterns. The
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A

JUA A%_J‘L

Normal corn starch

4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 C
Two Theta

Figure 6. X-ray diffraction patterns of the normal maize starch control

and enzyme-treated normal maize starches. Abbreviations are the same

as in the Figure 1 caption. D

MATG-starch

MA-starch
BATG-starch

Intensity (Arb. Units)

BA-starch

degrees of crystallinity of starches treated witkamylase,

p-amylase and transglucosidase, maltogemiamylase, and

maltogeniax-amylase and transglucosidase were 16.9%, 15.6%,

22.2%, and 19.2%, respectively, which were lower than that of E

the control normal maize starch of 30.1%. The peakét2

17.7 of starches treated witframylase or maltogenie-amy- A

lase alone was higher than that of starches prepared with the

combination of transglucosidase gfichmylase or maltogenic

a-amylase. This can be attributed to the fact that there were

higher proportions of long chains in these samplegre F

5B,C). All enzyme-treated samples had a greater intensity at

260 = 19.7°, which indicates an amylose (or long chailipid r\\_

complex or an amylose (or long chain)—ethanol complex. -

Ethanol was used to precipitate enzyme-treated starches, and i

forms a complex with amylose or longer chai®(23). s.8 s.6 5.4 52 so0 a8 a8 LM
H NMR Spectroscopy. To further characterize the structural  figyre 7. 1H NMR spectra of panose (A), waxy maize starch (B), and

properties of the enzyme-modified starches, their ratias b4 enzyme-treated normal maize starches: BA-starch (C), BATG-starch (D),

anda-1,6 linkages were analyzed usiftg NMR spectroscopy.  ma-starch (E), MATG-starch (F). Abbreviations are the same as in the
This technique can be used to determine the degree of branchingjgyre 1 caption.

of starch amylopectin or glycoger2X). a-p-Glucopyranosyl
units of starch polysaccharides are mainly linkedxey,4 bonds, Table 3. Concentrations (%) of o-1,4 and a-1,6 Linkages in the
as well as some-1,6 bonds. In this experiment, panose was Samples?

used as a standard to verify the positions for H-t.¢ff,4- and

o-1,6-linked units since it has 50%-1,4 and 50%o0-1,6 , , ratio of a-1,4 to
linkages.Figure 7 shows partiatlH NMR spectra of enzyme- sample o-l4linkages  o-16linkages  a-1,6linkages
treated starches. Percentagesudf,4 ando-1,6 linkages were panose 50 50 1
determined using the area ratios from the spectra in which peaks 2% "4 starch gg 1(5) 28

at 5.4 and 5.0 ppm were assigned to H-loet,4- anda-1,- BATG-starch 87 13 6.7
6-linked units Figure 7 and Table 3). The results show that MA-starch 90 10 9

all of the enzyme-treated starches had lower ratios-@f4 to MATG-starch 7 23 33
a-1,6 linkages than waxy maize starch. The starches treated

with g-amylase and maltogeniz-amylase had the same ratio 2 Percentages were determined using the area ratios from *H NMR (Figure 7)

of a-1,4 toa-1,6 linkages although they showed different fine ip which Apeaks at 5..4 and 5.0 ppm were assigned to H-1 of a-1,4 and a-1, 6
structures (Figures 4nd5). The ratios from the combination  'Iked units, respeciively.

treatment of transglucosidase with eitifeamylase or malto-
genic a-amylase were 6.7 (13%-1,6) and 3.3 (23%x-1,6),
respectively, which were lower than those for samples treated
without transglucosidase. This confirmed that transglucosidase
added moren-1,6 linkages to the products.

maltotetraose (24). Instead glucose is produced from the action
of amyloglucosidase on-amylase degradation products. Amy-
loglucosidase not only consecutively hydrolyzed,4 linkages,
but also hydrolyzest-1,6 linkages to produce-glucose from
the nonreducing ends of starch and glycogen. However, the
hydrolysis ofa-1,6 linkages takes place at a slower rate than
that of a-1,4 linkages 14—16). For example, the rate of

In the Englyst assay (1), starch is digested by a combination hydrolysis of thea-1,4 linkage of maltose is-28-fold the rate
of a-amylase and amyloglucosidase. The actiomatfmylase of hydrolysis of thea-1,6 linkage of isomaltose2f). TheKy,
alone does not produce an appreciable amount of glucose, andMichaelis constant) values of amyloglucosidase for maltose,
that which is produced is a very minor product formed from a isomaltose, and panose are 0.91, 42, and 13 mM, respectively
very slow secondary reaction afamylase on maltotriose and  (26). Taken together, these reports clearly demonstrate that, in

DISCUSSION
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the hydrolysis of branched starch structured,,6 linkages are interior chains that were more easily retrograded to reduce
the rate-limiting step. Therefore, enrichedl,6 linkages in enzyme susceptibility. This was evidenced by higher resistant
starch products should slow the enzyme digestion rate. Therestarch levels, though most notably in maltogeaiamylase-
are several ways to increase the relative ratio-df,6 linkages treated starch (Table 1). The retrograded fraction formed B-
compared ton-1,4 linkages: use branching enzymes such as and V-type crystalline structures (Figure 6) that are inherently
glycogen branching enzyme to increas4,6 linkages 27) or, more resistant to enzymatic hydrolysis than A-type structures
as in the study reported here, to decrease directly the amount(37).
of a-1,4 linkages using enzymes such/amylase or malto- In conclusion, partial shortening of the outer branch chains
genic a-amylase, or in combination with transglucosidase to of amylopectin, and possibly amylose, Bramylase and
further increasex-1,6 linkages. maltogenico-amylase reduced the overall starch digestion rate,
B-Amylase hydrolyzes the secorut1,4 linkage from the which was related to an increase in the amournt-Gf6 linkages
nonreducing ends of chains in amylose, amylopectin, and and a decrease of-1,4 linkages. Changes in chain length and
glycogen to produce maltose. The rate amylase action  their distributions appear to facilitate retrogradation to produce
gradually decreases as thel,6 linkages are approached. The B-and V-type crystalline structures, leading to a more resistant
average end groups @tlimit dextrins cannot be shorter than ~ Property of the starch. Transglucosidase not only amplified the
2.5 glucose units in lengti28). Maltogeniax-amylase (glucan ~ action of f-amylase and maltogenia-amylase on starch
1,4-a-maltohydrolase, EC 3.2.1.133) is defined as an enzyme modification, but also |_ncreas¢d _the con_tentxel,B linkages
that hydrolyzesx-1,4-0-glucosidic linkages in polysaccharides ~and produced IMOs with prebiotic functions.
to remove successive maltose residues from the nonreducing
ends of the chains. This originally led to speculation that ABBREVIATIONS USED

maltogenica-amylase is an exoenzyme with a requirement of A g.amylase; MA, maltogenic-amylase; TG, transglu-
nonreducing ends likg-amylase. However, maltogenicamy-  cosidase; BA-starch-amylase-treated maize starch; BATG-
lase exhibits no specificity or requirement for polymer chain - starch,g-amylase- and transglucosidase-treated maize starch;
ends since it can catalyze the hydrolysis of terminally modified \ja-starch, maltogenic-amylase-treated maize starch; MATG-
maltodextrins and cyclodextrin2). It was hypothesized that  gtarch, maltogenico-amylase- and transglucosidase-treated
maltose represents the final reaction product from prolonged majze starch; DP, degree of polymerization; IMO, isomaltoo-
hydrolysis with a multiple-attack mechanism (30). ligosaccharide.

Our results indicate that starch modified wjthamylase or
maltogenic a-amylase had lower ratios of-1,4 to o-1,6 ACKNOWLEDGMENT
linkages than waxy starch (Table 3). Maltose was the byproduct
(Table 2). The concentration of maltose increased with the We are grateful to Dr. S. Janaswamy for discussing the X-ray
extent of the enzyme hydrolysis of the starch. It is known that diffraction patterns and to Dr. Y. Yao for his help in using the
the enzyme hydrolysis speed is partially inhibited by its HPSEC-RI system.
hydrolysis products 31). Transglucosidase was chosen to
remove maltose and increasel,6 linkages through both
increasing reaction speed and accumulation of aely6 branch
linkages. The commercial enzyme of transglucosidase is a (1) Englyst, H. N.; Kingman, S. M.; Cummings, J. H. Classification

LITERATURE CITED

purified b-glucosyltransferase free from glucoamylase activity. and measurement of nutritionally important starch fractiés.
Transglucosidase catalyzes the transfer of one glucosyl group J. Clin. Nutr. 1992,46, S33—S50.

from many types ofb-glucosyl donor substrates, preferably ~ (2) Englyst, H. N.; Veenstra, J.; Hudson, G. J. Measurement of
maltose, to suitable acceptor substrates, forming the new rapidly available glucose (RAG) in plant foods: a potential in

vitro predictor of the glycaemic respon&. J. Nutr.1996,75,
327-337.
(3) Wolever, T. M.; Jenkins, D. A.; Jenkins, A. L.; Josse, R. G.

oligosaccharides. The enzyme anejlucosyl group form a
complex as an intermediate followed by displacing the

glucosyl group from the enzyme by acceptor substrates. Trans- The glycemic index: methodology and clinical implicatioAsn.
glucosidase also synthesizes oligosaccharides from maltooli- J. Clin. Nutr. 1991,54, 846—854.

gosaccharides of higher molecular weight to yield compounds  (4) Ludwig, D. S. The glycemic index: physiological mechanisms
havinga-1,6-linkedp-glucosyl groups at the nonreducing end relating to obesity, diabetes, and cardiovascular disgagen.

(32, 33). Therefore, transglucosidase catalyzes hydrolytic and Med. Assoc2002,287, 2414—2423.

transfer reactions to convert maltooligosaccharides to IMOs, as  (5) Pawlak, D. B.; Kushner, J. A.; Ludwig, D. S. Effects of dietary
well as to create more-1,6 linkages on the long chains of glycaemic index on adiposity, glucose homoeostasis, and plasma

lipids in animals.Lancet2004,364, 778—785.
(6) Ludwig, D. S.; Majzoub, J. A.; Al-Zahrani, A.; Dallal, G. E.;
Blanco, |.; Roberts, S. B. High glycemic index foods, overeating,

starch structures. Consequently, this enzyme increased the
reaction speed of botfi-amylase and maltogenie-amylase

(Figure 5), not only decreasing the concentration of maltose and obesityPediatrics1999,103, E26.

(Table 2), but also adding more-1,6 linkages to the products (7) Lerer-Metzger, M.; Rizkalla, S. W.; Luo, J.; Champ, M.; Kabir,

(Table 3) that were more slowly hydrolyzed by amyloglucosi- M.; Bruzzo, F.; Bornet, F.; Slama, G. Effects of long-term low-

dase (Figure 2). IMOs were also produced, particularly in the glycaemic index starchy food on plasma glucose and lipid

maltogenica-amylase and transglucosidase treatméiaib(e concentrations and adipose tissue cellularity in normal and

2). IMOs are used as prebiotics to increase the levels of health- diabetic ratsBr. J. Nutr. 1996, 75, 723—-732.

promoting bacteria in the intestinal tract of humans and animals  (8) Ball, S. D.; Keller, K. R.; Moyer-Mileur, L. J.; Ding, Y.-W.;

(34—36). Donaldson, D.; Jack§on, W. D. Erqlonganon of ;atlety after low

. . . versus moderately high glycemic index meals in obese adoles-

The slowly digested and resistant properties of the starch cents.Pediatrics2003, 111, 488—494.

modified by the enzyme treatments were attributed to not only  (9) Hizukuri, S. Starch: analytical aspects. @arbohydrates in

an increase in the amount of-1,6 linkages and shortened Food; Eliasson, A.-C., Ed.; Marcel Dekker, Inc.. New York,
chains, but also likely new structures of more exposed long 1996; pp 347—429.



Starch with a Slow Digestion Property

(10) Peat, S.; Whelan, W. J.; Thomas, G. J. Evidence of multiple
branching in waxy maize starcd. Chem. Soc1952, 4546—
4548.

(11) Jane, J.; Chen, Y. Y.; Lee, L. F.; Mcpherson, A. E.; Wong, K.
S.; Radosavljevic, M.; Kasemsuwan, T. Effects of amylopectin
branch chain length and amylose content on the gelatinization
and paste properties of stardbereal Chem1999, 76, 629—
637.

(12) Takeda, Y.; Hizukuri, S.; Takeda, C.; Suzuki, A. Structures of
branched molecules of amyloses of various origins, and molar
fractions of branched and unbranched molecu@sbohydr.
Res.1987,165, 139—145.

(13) Takeda, Y.; Maruta, N.; Hizukuri, S. Examination of structure
of amylose by tritium labelling of the reducing terminal.
Carbohydr. Res1992,227, 113—120.

(14) French, D.; Knapp, D. W. The maltase of clostridium acetobu-
tylicum-its specificity range and mode of actiah.Biol. Chem.
1950,187, 463—471.

(15) Kerr, R. W.; Cleveland, F. C.; Katzbeck, W. J. The action of
amylo-glucosidase on amylose and amylopecti’Am. Chem.
Soc.1951,73, 3916—3921.

(16) Tsujisaka, Y.; Fukumoto, J.; Yamamoto, T. Specificity of
crystalline saccharogenic amylase of mouNature1958 181,
770—771.

(17) Zhang, G.; Hamaker, B. R. Low alpha-amylase starch digest-
ibility of cooked sorghum flours and the effect of prote@ereal
Chem.1998,75, 710—713.

(18) Nelson, N. A photometric adaptation of the somogyi method
for the determination of glucosé. Biol. Chem1944 153 375—

380.

(19) Yao, Y.; Guiltinan, M. J.; Thompson, D. B. High-performance
size-exclusion chromatography (HPSEC) and fluorophore-as-
sisted carbohydrate electrophoresis (FACE) to describe the chain-
length distribution of debranched star€arbohydr. Res2005,
340, 701—-710.

(20) Hayakawa, K.; Tanaka, K.; Nakamura, T.; Endo, S.; Hoshino,
T. Quality characteristics of waxy hexaploid wheat (Triticum
aestivum L.): Properties of starch gelatinization and retrograda-
tion. Cereal Chem1997,74, 576—580.

(21) Gidley, M. J. Quantification of the structural features of starch
polysaccharides by N.M.R. spectroscopgrbohydr. Res1985
139, 85-93.

(22) Biliaderis, C. G.; Galloway, G. Crystallization behavior of
amylose-V complexes: structure-property relationshijzgbo-
hydr. Res1989,189, 31-48.

(23) Rondeau-Mouro, C.; Le Bail, P.; Buleon, A. Structural investiga-
tion of amylose complexes with small ligands: inter- or intra-
helical associationstt. J. Biol. Macromol 2004, 34, 251—
257.

J. Agric. Food Chem., Vol. 55, No. 11, 2007 4547

(25) Pazur, J. H.; Kleppe, K. The hydrolysis @fD-glucosides by
amyloglucosidase from Aspergillus nigdr.Biol. Chem1962,
237, 1002—1006.

(26) Abe, J.; Nagano, H.; Hizukuri, S. Kinetic and strucural properties
of the three forms of glucoamylase of Rhizopus delerhaippl.
Biochem.1985,7, 235—247.

(27) Fuertes, P.; Roturier, J. M.; Petitjean, C. Soluble highly branched
glucose polymers. U.S. Pat. Appl. 20050159329, 2005.

(28) Summer, R.; French, D. Action gf-amylase on branched
oligosaccharidesl. Biol. Chem.1956,222, 469—477.

(29) Christophersen, C.; Otzen, D. E.; Norman, B. E.; Christensen,
S.; Schafer, T. Enzymatic characterisation of Novamyl®, a
thermostablext-amylase Starch/Starkel 998,50, 39-45.

(30) Dauter, Z.; Dauter, M.; Brzozowski, A. M.; Christensen, S.;

Borchert, T. V.; Beier, L.; Wilson, K. S.; Davies, G. J. X-ray

structure of Novamyl, the five-domain “maltogenie*amylase

from bacillus stearothemophilus: maltose and acarbose com-

plexes at 1.7 A resolutiorBiochemistry1 999,38, 8385—8392.

Takeda, Y. Sweet potahamylaseHandbook of Amylases and

Related Enzymes; The Amylase Research Society of Japan,

Pergamon Press, Inc.: Elmsford, NY, 1988; pp 89—93.

Pazur, J. H.; Cepure, A.; Okada, S.; Forsberg, L. S. Comparison

of the action of glucoamylase and glucosyltransferase on

D-glucose, maltose, and malto-oligosacchari@esbohydr. Res.

1977,58, 193—202.

Pazur, J. H.; Tominaga, Y.; DeBrosse, C. W.; Jackman, L. M.

The synthesis of 1, 6-anhydf$D-glucopyranose and D-glucosyl

oligosaccharides from maltose by a fungal glucosyltransferase.

Carbohydr. Res1978,61, 279—290.

(34) Crittenden, R. G. Prebiotics. Probiotics: a Critical Reiew;

Tannock, G. W., Ed.; Horizon Scientific Press: Norfolk,

England, 1999; pp 141—-156.

Rastall, R. A.; Gibson, G. R. Prebiotic oligosaccharides evalu-

ation of biological activities and potential future developments.

In Probiotics and Prebiotics: Where are we gojnannock,

G. W., Ed.; Caister Academic Press: Wymondham, England,

2002; pp 107—-148.

Cashman, K. Prebiotics and calcium bioavailabilityPhobiotics

and Prebiotics: Where are we goingannock, G. W., Ed.;

Caister Academic Press: Wymondham, England, 2002; pp 149

174.

Han, X.-Z.; Ao, Z.; Janaswamy, S.; Jane, J.-L.; Chandrasekaran,

R.; Hamaker, B. R. Development of a low glycemic maize

starch: preparation and characterizati@iomacromolecules

2006,7, 1162—1168.

(C1Y)

(32

(33)

(35)

(36)

@7

Received for review October 30, 2006. Revised manuscript received

(24) Robyt, J. F.; French, D. The action pattern of porcine pancreatic March 18, 2007. Accepted March 22, 2007.

a-amylase in relationship to the substrate binding site of the
enzyme.J. Biol. Chem.1970,245, 3917—3927.

JF063123X



