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Abstract

Sodium hypochlorite oxidized (HO) and hydrogen peroxide oxidized (PO) potato starches were
fractionated on an ion-exchange chromatography column of DEAE-Sepharose. Bound dextrins
represented the major fraction and possessed larger d.p.-values than the minor fraction of
unbound dextrins. The HO- and PO-starches were also debranched prior to separation on the ion-
exchanger. The proportion of bound chains was much larger in the HO-starch. In both starches
only 63% of the bound chains were resistant to beta-amylolysis, suggesting that the non-resistant
chains possessed substitutions at the reducing end. The relative molar concentration of modified
chains were 34 and 20% in the HO- and PO-starch, respectively. '3C NMR spectra of fractions
obtained from the HO-starch showed that carboxylic groups were concentrated on the bound
chains. © 1998 Elsevier Science Ltd. All rights reserved
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Enzymic methods have been successfully used in
structural studies of native starch polysaccharides
for several decades [1]. However, the methods have
been only little used in the structural investiga-
tions of chemically modified starches [2-9]. Intro-
duced substituents have in several cases been
shown to interfere with the enzymic reaction in a
similar way to the branching points in amylo-
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pectin [4-9]. Recently, we investigated the possi-
bility of using enzymes as tools in structural studies
of oxidized potato starches [10]. In the present
study, the enzymic methods were used in combi-
nation with ion-exchange chromatography and '*C
NMR spectroscopy to identify modified chains
and to locate the positions of substituents along
them. During the oxidation process, the starch
was extensively depolymerized [11] and became
substituted with carboxyl and carbonyl groups
[12-15].
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1. Results and discussion

Background data on the sodium hypochlorite
oxidized (HO) and the hydrogen peroxide oxidized
(PO) potato starches used in this study are shown
in Table 1. Both samples possessed similar chain
lengths (c.l.) but slightly different d.p.-values. The
HO-sample contained both longer and higher
amounts of R-chains (defined as chains resistant to
B-amylase attack [10]) than the PO-sample.

The starches were applied to an ion-exchange
chromatography column of DEAE-Sepharose after
being dissolved in sodium acetate buffer, pH 6.5.
The major part of the carbohydrate material in the
oxidized samples was bound to the resin (Table 2)
showing that charged groups were commonly
found among the starch components. On a molar
basis ~64% of the dextrins were bound in both
samples.

The molecular-weight-distributions of the bound
and unbound fractions were very different (Fig. 1).

Table 1
Some data for sodium hypochlorite oxidized (HO) and
hydrogen peroxide oxidized (PO) starches

Parameter HO-starch PO-starch
CHO (weight%)* 0.22 0.41
COOH (weight%)P 1.04 0.50
D.p.© 177 130
Cle 22.9 23.4
C.1. of R-chains® 32.4 28.7
R-chains (mole %)° 26 20

aSubstitution of carbonyl groups on dry weight basis.
bSubstitution of carboxyl groups on dry weight basis.
°From reference [10].

Table 2

Characterization of fractions isolated by ion-exchange chro-
matography of sodium hypochlorite oxidized (HO) and
hydrogen peroxide oxidized (PO) starches

Unbound dextrins Bound dextrins

Parameter HO PO HO PO
Yield
(weight %) 7 15 85 78
(mole %) 37 36 63 64
D.p., 17 40 172 125
ClL 13 24 24 22
C.L. of R-chains 13 14 34 30
R-chains (mole %)?* 10 7 26 20
B-Limit after 95 96 64 74
debranching (%)
N.c.b 1.3 1.7 7.2 5.7

aPercent of R-chains within each fraction.
"Number of chains calculated as d.p./c.l.

The distribution of the bound dextrins was broad
and resembled the original samples [10], whereas
unbound dextrins possessed narrow distributions
with low d.p. of 17 and 40 for the HO- and PO-
samples, respectively (Table 2). The characteristics
of the bound dextrins were similar to those of the
whole samples (Table 1).

Dextrins without charged groups should not be
bound to the ion-exchanger. The existence of the
small unbound dextrins indicated, therefore, that
they had been produced during the oxidation by
simple hydrolysis without further modification of
the D-glucosyl residues. However, the beta-amylo-
lysis of the debranched sample was not complete,
which suggested the existence of a small number of
R-chains in the unbound dextrins (Table 2). The
nature of these apparent R-chains was uncertain.
The average number of chains in the unbound
dextrins was 1.3 for the HO-sample and 1.7 for the
PO-sample. Because linear dextrins have a chain
number of 1 and a pure solution of branched
dextrins have a n.c. of > 2, a part of the dextrins
were linear.
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Fig. 1. Molecular-weight-distribution on Sepharose CL 6B
of (a) unbound dextrins and (b) bound dextrins from HO-
starch ( ) and PO-starch (- - - -) after ion-exchange
chromatography.
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The HO- and PO-starches were also first deb-
ranched with isoamylase and the unit chains were
then separated on the ion-exchanger. Two types of
chains, unbound and bound, were isolated (Fig. 2),
of which the former were obtained in higher yield
from the PO-starch (Table 3). Their B-limit was
>90% and on a molar basis 4 and 10% of the
unbound chains in the HO- and PO-samples,
respectively, were resistant to the attack of beta-
amylase. The c.l. of these apparent R-chains was
similar to the average for all the unbound chains
and it was lower than the c.l. of the bound chains.

The yields of bound chains were lower than that
of bound dextrins in both samples (Table 3). This
showed that a large part of the unit chains in the
bound dextrins were not modified, or at least not
charged. On a molar basis, R-chains represented
~60% of all bound chains in both samples. Thus,
though all chains were charged, ~40% were not
resistant to the attack of beta-amylase. The sub-
stitutions in these chains should therefore be
located at or close to the reducing end. Because the
c.l. of the bound R-chains remained practically
similar to that for all the bound chains, they were
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Fig. 2. Distribution on Sepharose CL 6B of (a) unbound
and (b) bound chains from HO-starch ( ) and PO-starch
(- - - -), and after beta-amylolysis of the chains from the HO-
starch (-.-) and PO-starch (----).

Table 3

Characterization of fractions isolated by ion-exchange chro-
matography of debranched sodium hypochlorite oxidized
(HO) and hydrogen peroxide oxidized (PO) starches

Unbound chains  Bound chains

Parameter
HO PO HO PO
Yield
(weight %) 49 70 50 25
(mole %) 66 80 34 20
C.L 13 19 25 27
C.1. of R-chains 11 18 27 25
R-chains (mole %)?* 4 10 62 64
B-Limit (%) 97 91 46 46

aPercent of R-chains within each fraction.

probably either completely resistant or only
slightly attacked by the beta-amylase. Thus, the
modified D-glucosyl residues were found either
close to the non-reducing end or to the reducing
end of the chains.

The '3C NMR spectra of the native potato
starch and the HO-starch, and of the unbound and
bound chains of the latter sample, are shown in
Fig. 3. Small differences in the chemical shifts
between the spectra were seen, especially an
upfield shift of C-1 and C-4 in the spectrum of the
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Fig. 3. 13C NMR spectra of (a) native potato starch, (b) HO-
starch, (¢) unbound chains of HO-starch, and (d) bound
chains of HO-starch.
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HO-starch (Fig. 3b). The spectrum of the HO-
starch was very similar to that of the native starch.
However, weak signals assigned to carboxylic car-
bons were observed at § =176.0 and 177.0 ppm
(Fig. 3b). The spectrum of the unbound chains
showed several signals that could be assigned to
carbons in the reducing and the non-reducing end
groups, but no carboxyl signals were detected
(Fig. 3c). In the spectrum of the bound chains sig-
nal broadening was observed which made the
interpretation of this spectrum more difficult
(Fig. 3d). Weak carboxyl signals were, however,
detected. The line broadening may be due to a
broad distribution of similar carbons in slightly
different surroundings.

The chemical shift ranges and the assignments of
the signals in the '3C NMR spectra are given in
Table 4. The assignments of the signals were based
on data found in the literature [16-20]. However,
the main signal in the range § = 75.5 — 73.5 ppm
was assigned to C-2 by Falk et al. [16]. The exact
chemical shifts of the signals differed from those
given in the references, which could be ascribed to
the presence of D,O in the present samples. This
has been reported to induce downfield shifts of the
signals without chemical shift crossings [16,21],
which facilitates comparison of spectra obtained in
different mixtures of D,O and DMSO-d,. The sig-
nal in the chemical shift range § = 70.7 — 70.0 ppm
was assigned to C-4 in non-reducing end groups
and the signals of C-2 and C-6 were found at
8 =172.5 and 61.0 ppm, respectively [17-20]. The
spectra in Fig. 3 showed signals on the slopes of
the signals for C-2 and C-6 that followed the same
intensity variations as that in the chemical shift
range & = 70.7 — 70.0 ppm. Thus, we concluded
that the assignment was correct, although the sig-
nal at § = 70.7 — 70.0 ppm was assigned to C-6in a
1—6 branch by Falk et al. [16].

Table 4
Chemical shift ranges of carbon atoms

Shift range (8, ppm)  Types of carbons

178-168 COOH

104-98 C-1

98-92 C-1 at reducing end

82-78 C-4

78-75 C-28, C-38, and C-58 at reducing end
75-73 C-3, C-5 at non-reducing end

73-70 C-2,C-5

70-70 C-4 at non-reducing end

64-60 C-6

The NMR spectra of the bound chains showed a
signal that corresponded to the carboxyl groups
(Fig. 3d inset). The spectra of the unbound chains
did not possess this signal and suggested that they
were not oxidized. Possibly, therefore, the resis-
tance to B-amylase attack of a minor part of the
unbound chains in the HO-starch was due to ret-
rogradation.

Table 5 summarizes the types of chains found in
the oxidized potato starches. The total amount of
R-chains (bound and unbound) was estimated
from the figures in Table 3 and agreed with the
experimental values of the original HO- and PO-
samples (Table 1). This suggested that the unbound
R-chains already existed in the original samples,
and were not obtained as a consequence of their
isolation during ion-exchange chromatography. All
detectable modified chains, defined as the bound
chains (both R- and non R-chains), represented
34% and 20% in the HO- and PO-starches,
respectively. A part of the modified chains were
susceptible to the attack of beta-amylase. The
amount of these bound non R-chains were 13% in
the HO-sample and 7% in the PO-sample. The rest
of the chains were then either not substituted, not
detectable as modified chains or not R-chains, that
is not bound to the ion-exchanger and not resistant
to beta-amylolysis. This group of chains con-
stituted approximately ~63% of all chains in the
HO-starch and ~73% in the PO-starch and sug-
gested that the PO-starch possessed a higher
amount of unmodified chains than the HO-starch.

In conclusion, the methods used in this study
offered a possibility to classify and partly char-
acterize the chains that had been modified during
the oxidation of starch. It was shown that there
was no essential difference between the structures
of the HO- and PO-starches in terms of the posi-
tions of the substitutions along the chains. Most of
the chains were apparently substituted either close
to the non-reducing end or to the reducing end.

Table 5
Percentage molar concentration of different types of chains
found in oxidized potato starches

Type of chains HO-starch ~ PO-starch
Bound R-chains 21 13
Unbound R-chains 3 7
Bound non R-chains 13 7
Total of R-chains 24 20
Total of modified chains 34 20
Other chains 63 73
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The samples contained similar types of chains
though the amount of modified chains was higher
in the HO-starch.

2. Experimental

Enzymes.—Isoamylase of Pseudomonas amylo-
deramosa  (glycogen  6-glucanohydrolase EC
3.2.1.68) was purchased from Hayashibara. Sweet
potato beta-amylase [(I1—4)-a-D-glucan mal-
tohydro-lase; EC 3.2.1.2] was from Sigma.

Sodium hypochlorite oxidation—A starch slurry
of 20-30% solids was prepared and the pH was
adjusted to 9-10 with NaOH. Active sodium
hydrochlorite (20% of dry starch weight) was
added into the slurry in small portions and the
temperature was kept at 30-40 °C during the oxi-
dation. After 24 h the starch slurry was neutralized
to pH 6 with sulphuric acid.

Hydrogen peroxide oxidation—A starch slurry
was prepared as described above. CuSOy4 (0.01%)
was added as catalyst after which H,O, (3% of
dry starch weight) was added in small portions at
30-40 °C. After 24h neutralization was done as
above.

lon-exchange chromatography.—Oxidized starch
(10mg/mL) was dissolved in NaOAc buffer
(0.001 M, pH 6.5) by heating on a boiling water
bath for 10 min with stirring. The sample (~3 mL)
was added to a DEAE-Sepharose ion-exchange
column (1.5x50cm). Unbound dextrins were
eluted at 0.5mL/min with the NaOAc buffer in a
fraction of 500mL and concentrated with a
vacuum rotor evaporator to 5Smg/mL. The bound
dextrins were eluted with 0.5M KOH in a fraction
of 350mL, neutralized with 2.0Mm HCI, desalted,
and concentrated to 5mg/mL.

The oxidized starches were also debranched with
isoamylase as described below, but in a preparative
scale (30mg). The unit chains were then fractio-
nated by ion-exchange chromatography into
unbound and bound chains, respectively.

Analytical methods—For debranching, 0.1m
NaOAc buffer (0.1 mL, pH 3.5) and undiluted iso-
amylase (15 L) was added to a sample dissolved
in water (0.65mL, 5mg/mL). The sample was then
diluted to 1 mL and incubated overnight at room
temperature. After boiling for 3min, an aliquot
(0.3 mL) was treated with an equal volume of water
and with 5M KOH (60 L) before it was analyzed
by gel-permeation chromatography.

The pH in an other aliquot (0.3mL) of the
debranched sample was adjusted to 4.8 with 0.2M
sodium acetate and the volume was adjusted to
0.6mL with 0.1M sodium acetate buffer, pH 4.8,
before beta-amylase (3 uL) was added. The mix-
ture was boiled after incubation over night and
analysed by gel-permeation chromatography. R-
chains were defined as chains resistant to beta-
amylolysis.

Gel-permeation chromatography of samples
(~1.5mg/mL, 0.5mL) in ~0.5Mm KOH was per-
formed on a column (1x80cm) of Sepharose CL
6B. The samples were eluted with 0.5mM KOH at
I mL/min and fractions (0.5mL) were analyzed for
total carbohydrates with the phenol-sulphuric acid
reagent [22]. The column was calibrated with dex-
trin standards with known number average degree
of polymerization as previously described [23,24].

NMR-spectroscopy.—Samples of native starch
(100mg), HO-starch (100mg), and the unbound
(55mg) and bound (45 mg) fractions of unit chains
of the HO-starch obtained by ion-exchange chro-
matography, were dissolved in 0.5mL Me,SO-ds
containing D,O. The center peak of the solvent
multiplet was used as an internal standard
(8 = 39.50 ppm). The '3C NMR spectra were
recorded at 70 °C in a quantitative mode, i.e. with
NOE suppression and a pulse delay of 11s. The
spectra were recorded on a JNM-AS500 spectro-
meter operating at 125 MHz.
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