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Abstract

,B-Limit dextrins of fractions of intermediate products obtained by alpha-amylolysis of waxy-rice starch were analysed for their unit
chain distributions by gel-permeation chromatography. The proportion of long chains decreased in fractions of low-molecular-weight
dextrins, but the ratio of A:B-chains, A:Ba-chains, and Ba:Bb-chains remained almost constant. High-performance anion exchange chro-
matography was used for a detailed analysis of the composition of B-chains. Chains with a length intermediate to the groups of short and long
B-chains increased in small dextrins. The shortest B-chain ikbfadimit dextrins was maltotriose and was preferentially produced during
alpha-amylolysis. Models are proposed showing the fine structure of the clusters of the amylopectin, that probably originated from different
structural domains within the starch granul€s2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction (Hizukuri, 1986). Long internal chain segments, like those
found between the clusters, easily interact with the nine
Starch granules are organized into different structural subsites of the alpha-amylaseRdcillus amyloliquefaciens
levels. The first level includes the crystalline and amorphous (earlier referred to as the liquefying type 8 subtilis
“growth rings” (Yamaguchi, Kainuma & French, 1979). Robyt & French, 1963). As a result a range of intermediate
Recent studies with atomic force microscopy suggest that a-dextrins are produced from which units of clusters can be
both of these structures are build up of units of blocklets isolated (Bertoft & Spoof, 1989; Zhu & Bertoft, 1996). In a
(Baldwin, Adler, Davies & Melia, 1998; Gallant, Bouchet, previous work (Bertoft, Zhu, Andtfolk & Jungner, 1999), we
& Baldwin, 1997). Ellipsoidal 400 nm particles of amylo- isolated the intermediate dextrins, formed from waxy-rice
pectin were also observed inside the starch granules duringstarch (WRS, containing only amylopectin) by a 1 h and a
gelatinization (Atkin, Abeysekera, Cheng & Robards, 3 h alpha-amylolysis, into samples of different size-classes.
1998). The molecular architecture of the amorphous ring Selected samples were treated successively with phos-
is not known, but the existence of blocklets indicates a phorylase and beta-amylase to proddeg-limit dextrins
certain degree of organization in this area. In the crystalline (¢,B-LD) in which the external chains are reduced to
blocklets the branched amylopectin component of the starchmaltosyl- and glucosyl-stubs (Bertoft, 1989).
is organized into a second level of crystalline and amor- Based on the pattern of a second alpha-amylolysis, we
phous lamellae (Gallant et al., 1997). The external, linear suggested that theé,3-LD originated from structurally
chains of the amylopectin exist as double helices in the different domains, designated A and B (Bertoft et al.,
crystalline lamellae, and the chains are connected through1999). Whether these domains originated from different
clustereda-p-(1 — 6)-branches mainly found within the parts of the macromolecular amylopectin, or from the differ-
amorphous lamellae (Imberty, Buale, Tran & Peez, ent types of crystalline and amorphous blocklets in the
1991). In cereal starches, some branches are also scatterestarch granule, is an open question.
into the crystalline lamellae (Jane, Wong & McPherson, Domain A possessed units of clusters with a degree of
1997). polymerization (d.p.) of 100-200, designated cllla, clVa,
Short unit chains of the amylopectin are arranged in and cVa in order of increasing size (Bertoft et al., 1999). By
clusters, whereas long chains interconnect the clustersan extensive alpha-amylolysis, using 2¥0more enzyme,
the clusters were hydrolysed further into small dextrins

* Corresponding author. Tel.:+ 358-2-265-4272; fax:+ 358-2-265- representing branched building blocks of d.p. 5-40 (desig-
4745, nated ell—eVI). Small amounts of linear dextrins with d.p.
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2—-4 (el) were probably produced by a repetitive attack from 2.3. Partial debranching of,8-LD and beta-amylolysis
internal chains inside the clusters. The size distribution

profile of the building blocks, with comparatively high Partial debranching with a diluted isoamylase solution
amounts of the larger building blocks eV and eVI, was was performed as described by Zhu and Bertoft (1996),
characteristic for domain A. Domain B was characterized but with slight modifications because it was difficult to
by clusters of less defined sizes with d.p. 90—130 (dextrins obtain reproducible dilutions of the enzyme. Instead, the
clllb and clVb) and a size-distribution of building blocks enzyme suspension obtained from the supplier was
that became more narrow with decreasing d.p. and alpha-centrifuged and the supernatant, which contained a
amylolysis time. In this work we have extended the research low enzyme activity, was diluted twice with 0.1 M
to a characterization of the types of chains found in the NaOAc buffer, pH 3.5. This solution was estimated to

dextrin samples from domains A and B.

2. Experimental
2.1. Enzymes and samples

Isoamylase ofPseudomonas amyloderamo@gycogen
6-glucanohydrolase; EC 3.2.1.68) and pullulanaskleb-
siella pneumoniagamylopectin 6-glucanohydrolase; EC
3.2.1.41) were obtained from Hayashibara Shoji Inc.
According to the supplier, the activity of the isoamylase
was 71 000 U/mg (1 mg/ml), in which the unit was based

contain~100 U/ml when comparing the time to achieve
complete hydrolysis of WRS with the non-diluted
enzyme. With the diluted enzyme the partial debranch-
ing was empirically tested (Zhu & Bertoft, 1996) to be
completed within 4 h, when a sample dfB-LD in
water (3mg in 1.5ml) was treated with the enzyme
solution (95ul, ~10U) at 25C. The reaction was
stopped by boiling for 10 min and an aliquot (0.2 ml)
was used for gel-permeation chromatography. Another
aliquot (0.45 ml) was diluted with 0.1 M NaOAc buffer
(0.15 ml, pH 4.8) and incubated with beta-amylase (&)5
overnight at room temperature before gel-permeation chro-
matography.

on the increase of the absorbance of a starch solution stained

with iodine according to Yokobayashi, Misaka and Harada
(1970), whereas the activity of the pullulanase was 40.4 U/

mg (10 mg/ml), 1 U catalyzing the liberation ofudmol of
maltotriose/min from pullulan at pH 6.0 and €0 Beta-
amylase from sweet potato [ 4)-a-p-glucan maltohy-

drolase; EC 3.2.1.2] was from Sigma and had an activity

given by the supplier of 880 U/mg (26 mg/ml), 1 U catalyz-
ing the liberation of 1 mg of maltose in 3 min from starch at
pH 4.8 and 2€C. The waxy-rice starch and the samples of
$,B-LD of the WRS and ofx-dextrins obtained after 1 and
3 h of hydrolysis were identical to those described by
Bertoft et al. (1999).

2.2. Complete debranching

WRS and theb,3-LD of WRS (3.6 mg) were dissolved in
90% DMSO (0.5 ml) in a boiling water bath for 15 min with

subsequent stirring for 48 h at room temperature. The WRSpulsed amperometric detector

sample was diluted with 0.06 M NaOAc buffer (2.5 ml, pH
3.6) before undiluted isoamylase () was added. The

2.4. Gel-permeation chromatography

Aliquots (0.2 ml) of the debranched samplesl(2 mg/
ml) in 0.5 M KOH were applied on columns (1090 cnt)
of Superdex 30 or Superdex 75 (Pharmacia) and eluted with
0.5 M KOH at 0.5 ml/min. Fractions (0.5 ml) were analysed
for carbohydrates with the phenol-$0, reagent (Dubois,
Gilles, Hamilton, Rebers & Smith, 1956). The columns
were calibrated as described earlier (Bertoft, 1991a; Bertoft
& Spoof, 1989).

2.5. High-performance anion-exchange chromatography
(HPAEC-PAD)

The chromatography was performed on a Dionex DX
500 instrument (Sunnyvale, CA, USA) equipped with a
(ED, 40) essentially
according to (Koch, Andersson & mAan, 1998).
Debranched samples (0.2—0.7 mg/ml) were filtered and

sample was debranched overnight in a shaking water-bathan aliquot (20ul) was injected onto a CarboPac PA-100
at 38C, boiled, and analysed by HPAEC-PAD as described anion exchange columii250x 4 mnt) in combination

below.

The ¢,8-LD of WRS was diluted with 0.1 M NaOAc
buffer (2.5 ml, pH 5.5) before addition of pullulanase
(5 pl). The ¢,3-LD of the hydrolysis products obtained
after alpha-amylolysis of WRS (Bertoft et al., 1999) were
dissolved in water (2.4 mg in 0.75 ml) on a boiling water-
bath for 5-10 min before addition of NaOAc buffer
(0.075ml) and pullulanase ©). The samples were
debranched overnight at room temperature and boiled.

with a CarboPac PA-100 guard column. The acetate
gradient system included two eluents: eluent A was
150 mM NaOH and eluent B was 150 mM NaOH

containing 500 mM NaOAc. The system was equili-
brated with the initial eluent mixture at 1 ml/min for

15 min before each run. The elution gradient was: 0—
5 min, linear gradient from 34.3 to 45% eluent B; 5-
55 min, linear gradient to 67% eluent B; and 55-80 min,
linear gradient to 90% eluent B.
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Table 1

Characteristics ob,3-LD obtained after alpha-amylolysis of waxy-rice amylopectin (from Bertoft et al., 1999)

Samplé Alpha-amylolysis (h) Type of structufe D.p. Number of block$ Density of block$§
Amylopectin 0 Mixed - - -
21 1 DomA 272 145 5.3
10.1 3 DomA 110 5.8 5.3
10.2 3 DomA 75 4.1 5.5
7.2.7 1 DomB(?) 176 - -
7.2.2 1 DomB 139 8.4 6.1
3 1 DomB 66 4.2 6.4
111 3 DomB 47 3.1 6.7
11.2 3 DomB 34 2.3 6.7
13 3 DomB(?) 16 1.2 7.7

2The hydrolysis mixtures were fractionated by methanol and the precipitates were numbered successively. Re-fractionated samples wer@galen additi
successive numbers (e.g. samples 10.1 and 10.2 were sub-fractions of sample 10, etc.).

P Referred to as domain A and B by Bertoft et al. (1999).

¢ Average number of branched blocks ell-eVI in the dextrins.

4 (Number of blocks)/(d.p. of fractiony 100.

° Not reported earlier.

3. Results (Bertoft et al., 1999). The average number of branched
blocks in the fractions ranged from 1.2 to 14.5 (Table 1).
3.1. Composition of different types of chains¢ir3-LD The density of the branched building blocks was also

defined earlier and it was found to be somewhat higher in

The series of fractions df,3-LD from WRS was isolated =~ DomB-type dextrins than in those of DomA.
and partly characterized earlier (Bertoft et al., 1999). Some The fractions were submitted to complete debranching
of their characteristics are summarized in Table 1. The frac- with pullulanase and the unit chain profiles were analysed
tions were produced by two large batches of alpha-amylo- by gel-permeation chromatography on Superdex 30 and on
lysis for 1 and 3 h and grouped into two types of structures Superdex 75 (Fig. 1(a) and (b)). The B-chains (chains
possibly originating from different domains, here desig- substituted by other chains, Peat, Whelan & Thomas,
nated DomA and DomB (to avoid confusion with A- and 1952) of thed,3-LD of WRS could be divided into two
B-chains or with A- and B-type starches). Sample 7.2.1 was groups of long and short chains with dp23 and <23,
not included in our earlier investigation, but most probably respectively (Fig. 1(b)). On the Superdex 30 column the
it possessed a structure of type DomB, because it was a subtonger chains were eluted at the void volume (Fig. 1(a)).
fraction of sample 7.2, to which also 7.2.2 belonged. The As a result of the attack by the alpha-amylase, the long B-
average d.p. of the fractions ranged from 16 to 272. chains were reduced in length and number, and the ratio of

Small sub-cluster dextrins were obtained by an extensive short:long chains increased both with the incubation time
alpha-amylolysis and were regarded as units of building and with the decrease of dextrin size (Table 2). The
blocks that build up the units of clusters in the amylopectin A-chains (unsubstituted chains, Peat et al., 1952) were

10 5 2 D.p, 102 5 2 10' 5 2 Dp,

(b) L-chains l S-chains

B-chains A-chains

©

B-chains A-chains

(2]

w

Carbohydrates (rel. conc.)

50 75 100 50
Fraction no. Fraction no.

Fig. 1. Distribution on (a) Superdex 30 and (b) Superdex 75 of the unit chains of completely debréyg:h&dof WRS (—) and samples 3 (- - -), 10.2 (- - -),
and 11.2 (--). The ranges of A- and B-chains and of short (S) and long (L) chains are shown.
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Table 2 $,B-LD can be used for the estimation of Ba-chains (Zhu
Chain ratios in fractions ab,3-LD obtained from gel permeation chroma- & Bertoft, 1996), which are defined as chains substituted
tography on Superdex 75 with at least one A-chain, whereas those only substituted
Sample s:e AB AB Ba:Bb with other B-chains are called Bb-chains (Hizukuri &

: Maehara, 1990). The affinity of isoamylase for a short
/;Ty"’pec“” 11‘2?; g'g_:ll iii Zl'g_’i branch with only a maltosyl chain-stub is very low
101 2391 091 141 191 compared to longer branches._A partial quranching with
10.2 23.9:1 091 1.4:1 201 the isoamylase leads under suitable conditions to an attack
7.2.1 14.5:1 0.7:1 1.2:1 1.8:1 at all branches except at those carrying the maltosyl stubs
722 15.6:1 0.8:1 N.&. N.a. (Hizukuri & Maehara, 1990). When submitted to such
3 18.9:1 0.9:1 L4l 211 partial debranching, the profiles of the linear Bb-chains
11.1 24.9:1 0.8:1 1.2:1 1.9:1 : . .

112 36.0°1 0.9:1 141 191 and the branched Ba-chains carrying the A-chain stubs
13 109.3:1 0.8:1 1.2:1 1.7:1 (Ba-A chains) also possessed the two types of short and
— : : long chains (Fig. 2(a)). After treatment with beta-amylase,

. Ratio of short chains (C.k< 23) to long chains (c.|.= 23). the Bb-chains were hydrolysed into maltose and, as for the

Not analysed.
completely debranched samples, the peak for maltose was

mixed with other very small dextrins (Fig. 2(b)). The resi-
represented by the maltose peak, which was poorly resolveddual profile showed the distribution of the Ba-A chains,
in the chromatograms obtained from the column of Super- which was similar to that after the partial debranching and
dex 75. Therefore, the results from Superdex 30 were usedsuggested that both Ba- and Bb-chains were found in all
for a quantitative estimation of the maltose in the samples, chain categories. The molar amount of Ba-chains was calcu-
whereas the distribution of B-chains was obtained from lated from the chromatogram in Fig. 2(b) and the amount of
Superdex 75 (Fig. 1(a) and (b), respectively). The molar Bb-chains was estimated as the difference between all B-
ratio of A:B-chains was 0.8:1 in the amylopectin and was chains and the Ba-chains (Hizukuri & Maehara, 1990). The
similar in all the fractions obtained after the alpha-amylase ratio of A:Ba-chains was 1.2:1 in the amylopectin. Samples

attack (Table 2). 2.1-10.2, that contained DomA-type structures, had a
slightly higher ratio of 1.4:1 and in the fractions with

102 5 2 10 5 2 Dp, DomB-type structures the ratio shifted slightly between

T T 1.2:1 and 1.4:1. The ratio of Ba:Bb-chains ranged from

(@) 1.7:1 to 2.1:1. These small differences were, however,
‘ within experimental error.

The completely debranched samples were also used for
the estimation of the average chain lengths (c.l.), which in
the amylopecting,B-LD was 8.2 (Table 3). In the limit
dextrins of the isolated fractions the c.l. was reduced as a
function of the time of alpha-amylolysis and the size of the
dextrins. Sample 2.1, which had the largest d.p. and
contained DomA-type dextrins from the 1 h hydrolysis
mixture, had a c.l. of 7.1. At 3 h the c.l. of the DomA-
type dextrins was reduced te-6.5 (samples 10.1 and
10.2). DomB-type dextrins possessed comparatively large
values. Sample 7.2.1, with a d.p. less than sample 2.1, had a
slightly longer c.l. value of 7.6, and the same trend was
found for the other samples in this group.

The average number of chains (n.c.) ranged from 2.8 in
sample 13 to 38.5 in sample 2.1 (Table 3). The number of
branches (n.b.) is one less than the n.c. and the density of
branches was expressed @d.)/(d.p.) X 100. The density
of the branches was somewhat higher in DomA dextrins
(13.8-14.5) than in the series of DomB dextrins1@).

The lowest density of 11.3 was found in the small dextrins
Fraction no. of sample 13 that on average had approximately two

branches. From the number of branched building blocks

debranching and (b) the Ba-A-chains after a successive beta-amylolysis of_(T":lble 1), the avera_ge number of branches within the build-
the ¢,3-LD of WRS (—) and samples 3 (- - -), 10.2 (- - -), and 11.2)( ing blocks was estimated as (n.b.)/(number of blocks). As
The range of Ba-A-chains is shown. shown in Table 3, the n.b. per block in the DomA-type

» ©
T

w

Carbohydrates (rel. conc.)

Carbohydrates (rel. conc.)

Fig. 2. Distribution on Superdex 75 of (a) Ba-A- and Bb-chains after partial
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Table 3

Chain length and density of branches in fractiong@-LD obtained from waxy-rice amylopectin

Sample C.k N.cP N.b° Density of branchés N.b. per block
Amylopectin 8.2 - - - -
21 7.1 38.5 375 13.8 2.6
10.1 6.5 17.0 16.0 14.5 2.8
10.2 6.4 11.8 10.8 14.4 2.6
721 7.6 233 22.3 12.7 -
7.2.2 7.3 19.0 18.0 13.0 21
3 6.8 9.8 8.8 13.3 21
111 6.7 7.0 6.0 12.8 1.9
11.2 6.2 5.5 4.5 13.2 2.0
13 5.7 2.8 1.8 11.3 1.5

2 Chain length obtained by gel permeation chromatography on Superdex 75.

® Number of chains= d.p./c.l.

°Number of branches n.c. — 1.

4(N.b.)/(d.p.) x 100

€ Average number of branches in building blocks.

dextrins was typically higher+<2.6) than in DomB dextrins

(~2.0) and was apparently independent of the size of the

3.2. Distribution of B-chains

dextrins within each structural type. Sample 13, classified as The distribution of chains in the original WRS,
a DomB-type structure was somewhat uncertain (Bertoft et obtained by complete debranching with isoamylase,

al., 1999), had only 1.5 branches per block.

1 6 11 16 21 26 31 36 41 46 51 56 61
T T T T T T T T T T T T T
Short chains (a)

Ser

c

Q

o

B

=4t

1]

[0}

8

©

>

S

] 2r Long chains

38

0
_Short B-chains
6 B1a(l)
B1a(s) |
A4
B1b
4 r Long B-chains

B2

Carbohydrates (rel. conc.)
N

36 41

16 21 26 31 46 51

D.p.

1 6 11

Fig. 3. Bar graphs showing the chain length distribution on HPAEC-PAD

(b)

56 61

of (a) WRS and (b) the B-chains of tideB-LD of WRS. Groups of different
chains and of maltotriose (3) and maltotetraose (4) are shown.

was compared with that of itsh,-LD by analysis
with HPAEC-PAD (Fig. 3(a) and (b)). The group of
short chains of the WRS possessed a maximum at d.p.
12 and a shoulder at d.p. 18-20, in accordance with a
recent report (Hanashiro, Abe & Hizukuri, 1996). The
long chains had a maximum at d.p. 43 and the longest
chains that could be detected had a d.p. of 62. Though
the chromatogram possessed a minimum at d.p. 38, a clear
division between the groups of chains could not be done. On
the basis of the composition of the chains of $hg-LD, in
which the long chains had d.pz 23, and the external chain
length (e.c.l) of the WRS (which was 11), the long chains of
the WRS would be expected to have a d.p. of approximately
=33 (Fig. 3(a)).

The amount of maltose released from th@-LD upon
debranching was very large compared to the other chain
lengths. In addition, the maltose gives the highest response
by pulsed amperometric detection (Koch et al., 1998). These
circumstances made it very difficult to get a correct quanti-
tative estimation of the maltose simultaneously with the
longer chains within the same sample. For this reason the
results from HPAEC-PAD were only used for the detailed
study of the composition of the B-chains in the samples of
&,B-LD. The B-chains of the WR®,B-LD were clearly
divided into long and short at d.p. 23 (Fig. 3(b)). The profile
of the short B-chains suggested a further sub-division.
Based on the nomenclature used in an earlier studg-on
LD of waxy-maize starch (Bertoft, 1991b), Bla-chains were
defined as chains with d.p<14, and Blb-chains had d.p.
14-22. The details in the chromatograms suggested,
however, a further sub-division of the Bla-chains into
longer chains [Bla(1)] with d.p. 8—13 and shorter chains
[Bla(s)] with d.p. 5—7. The shortest B-chains with d.p. 3
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when compared to the originab,3-LD of WRS. The
amount of intermediate chains had also decreased some-
what, whereas that of the short chains was practically
unchanged. The exception was maltotriose that had
increased more than three times and now both on a total
carbohydrate and on a molar basis represented the most
common single species of the B-chains. After an additional
2 h of hydrolysis the amount of B2-chains had decreased
somewhat more (samples 10.1 and 10.2). Instead a small
increase of the intermediate and Blb-chains was found
together with the shorter Bla-chains. The Bla(l)-chains
remained at a constant relative amount.

The B-chain distributions of dextrins of the DomB-type
structure are shown in Fig. 4(b) and (c). Larger dextrins of
the size found in sample 7.2.1 were earlier shown to be
preferentially hydrolysed into those found in sample 11.1
(Bertoft et al., 1999). These two samples are compared in
Fig. 4(b). Sample 7.2.1 had a very similar distribution of B-
chains as sample 2.1, but the additional 2 h of hydrolysis
resulted in a more profound attack on the B2-chains and a
clear increase of intermediate and Blb-chains. A small
increase of Bla(s)-chains (and of maltotriose) was also
found, whereas again Bla(l)-chains remained unchanged.
Sample 3, that represented smaller dextrins obtained in the
1 h hydrolysis mixture, possessed a similar composition of
B2-chains as the larger dextrins in sample 7.2.1, but
increased amounts of the intermediate chains and of longer
B1b (Fig. 4(c)). The chains within the group of Bla were all
found in somewhat lower amounts. Dextrins of the sizes
found in sample 3 were preferentially hydrolysed into
sizes represented in sample 11.2 (Bertoft et al., 1999). In
this sample all long B-chains had decreased in amounts and
all short chains (especially B1b) had increased. Sample 13,
containing the smallest dextrins in the 3 h alpha-amylolysis
mixture, possessed mostly increased relative amounts of the

Bla-chains, with the exception of maltotetraose. Only

Fig. 4. Distribution of B-chains on HPAEC-PAD of thig-LD of: (a) remnants of intermediate chains remained.

samples 2.1{)), 10.1 @), and 10.2 {); (b) samples 7.2.1{) and 11.1 @);
and (c) samples 39), 11.2 @), and 13 (). Groups of different chains and

of maltotriose (3) and maltotetraose (4) are shown. . .
4. Discussion

and 4 were found in comparatively low amounts and were 4.1. Characterization of unit chains in WRS
therefore not considered as Bla(s)-chains.

For reasons discussed below, the long B-chains were also In our earlier study of the dextrins obtained by an exten-
subdivided. B2-chains had d.p. 28—53 and a narrow group sive alpha-amylolysis, it was found that the3-LD of WRS
with d.p. 23—-27 was designated as intermediate chains (Fig.had a different composition to that of the intermediate
3(b)). This group of chains was similar to a group called B1c dextrins isolated from it (Bertoft et al., 1999). The WRS
that was earlier found in thé-LD of waxy-maize starch,  ¢,3-LD possessed more small building blocks than the frac-
though in that sample they were classified as a sub-group oftions of DomA and DomB dextrins. Therefore, the unit
the short chains (Bertoft, 1991b). chain profile of the WRS and ité,3-LD represented a

The composition of B-chains was also analysed in the mixture of chains from different structural parts (or
fractions ofd,3-LD obtained after alpha-amylolysis. The domains) found within the starch granule or within the
distributions of the samples possessing DomA-type struc- amylopectin macromolecule.
ture are shown in Fig. 4(a). Sample 2.1, obtained after 1 h of It was suggested that the A-chains in amylopectins in
alpha-amylolysis, still contained the longest B2-chains, general are the shortest chains within the fraction of short
though the amount of this group of chains had been reducedchains (Hanashiro et al., 1996; Inouchi, Glover & Fuwa,
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In Fig. 5 the molar concentrations of chains in WRS is
compared to the concentration of B-chains in th@-LD
after adding a d.p. of 10 to each chain type. The two curves
fitted almost perfectly in the d.p. range 18—-32. Interestingly,
this part of the profile included the groups of Bla(l)- and
B1b-chains and would suggest not only that no A-chains
existed of similar lengths, but also that each chain of this
type had an external length that closely corresponded to the
experimental average. At low d.p. the reconstructed super-
imposed curves suggested that only A-chains existed,
whereas at d.p. 13 and 14 the difference between the two
curves represented the amount of A-chains, and thus there
was a mixture of the two types of chains. The d.p. range 15—
17 represented Bla(s)-chains. Except for d.p. 15, the result
Fig. 5. Molar distribution of unit chains on HPAEC-PAD of WRS)( and suggested very small amounts of A-chains within this size-
the B-chains of itsh,3-LD (- - -). The distribution of the chains of thig3- class. Finally, the situation was different within the region
LD is superimposed() on the pr‘ofile of WRS and the A-chains in WRS corresponding to long chains, in which the molar concen-
are theoretically traced as the difference between the two cutves ( tration of chains with d.p. 33—47 was slightly higher in the
reconstructed,3-LD than in the WRS. Perhaps the longest
1987; Ong, Jumel, Tokarczuk, Blanshard & Harding, 1994), chains preferentially had e.c.l. valuesl1, but a common
and based on this assumption the ratio of A:B-chains for internal length in the range 23-37, and therefore could not
waxy-rice amylopectin was estimated to 1.8—2.2 (Hizukuri, be superimposed on the WRS chain profile. Indeed, the
1986; Ong et al., 1994). The reported values based on theaverage length of the apparent A-chains in the reconstruc-
estimation of maltose and maltotriose as A-chains in WRS tion was 10, so when the average e.c.l. was 11, some of the
B-LD are in the range 1.2—-1.5 (Asaoka, Okuno & Fuwa, B-chains should possess longer external segments.
1985; Enevoldsen & Juliano, 1988; Yun & Matheson,
1993). In comparison, the ratios obtained with the former 4 o Composition of chains in samples¢af3-LD
method tend to be high. The ratio of A:B-chains in this work
(Table 2) was low when compared with the reported values. The ratio of A:B-chains in the samples df,p-LD
We used theb,3-LD of WRS, in which all A-chains are  obtained from the WRS was almost similar to the original
found as maltose, and the shortest possible B-chain is malto-sample. This suggested that both A- and B-chains were
triose (Bertoft, 1989). This is in contrast with tRelLD, in produced as a result of the alpha-amylase attack at the inter-
which also some B-chains can appear as maltotriose (Yun & nal chains, with no special preference. The result was simi-
Matheson, 1993) and, thus, cause an overestimation of thelar to that obtained earlier for waxy-maize starch, in which
amount of A-chains (and an underestimation of B-chains). all dextrins possessed the same ratio of 1:1 as in the amylo-
As seen in Fig. 3(a), it was practically impossible to make pectin (Bertoft, 1991b). In a potato amylopectin, however,
a distinction between A-chains and the short B-chains in the ratio increased with decreasing size of the dextrins from
WRS in accordance with the suggestion that all A-chains 1.4:1 to 1.8:1 (Zhu & Bertoft, 1996). This suggested funda-
are the shortest ones in the amylopectin. It was therefore ofmental differences in the predominating mode of intercon-
interest to try to trace the A-chains within the profile of nection of structural units within the amylopectins of the
WRS. In thed,B-LD, the external segments of the B-chains tuber and the cereal starches.
have been reduced into oneglucosyl residue (Bertoft, The amount of A-chains was best obtained by gel-
1989), thereby causing a shortening of the original chains. permeation chromatography on Superdex 30, whereas the
If it is assumed that all B-chains had the same e.c.l. (Inouchi short B-chains strongly interfered with the maltose peak
et al., 1987), and that this equalled the average e.c.l. in thewhen Superdex 75 was used (Fig. 1). This was also the
amylopectin, which was 11, then all B-chains should have case after the partial debranching and the succegsive
been reduced by 10 residues. The molar amount of chainsamylolysis to obtain the profile of Ba-A-chains (Fig. 2(b)),
should, however, still remain the same as in the original which made the estimation of the amount of Ba-chains
WRS, and therefore it would be possible to superimpose uncertain. The ratios of A:Ba and Ba:Bb (Table 2) are there-
the molar distribution of the B-chains of thigB3-LD onto fore approximations. However, compared to potato amylo-
the B-chains of the WRS. Because the ratio of A:B-chains pectin, the ratios were lower (Zhu & Bertoft, 1996). In the
was 0.8 (Table 1), the B-chains represented 55% of all potato sample the ratios were also clearly dependent on the
chains in the amylopectin. This factor was used to obtain size of the dextrins, whereas for the WRS the ratios were
an estimation of the relative molar concentration of the more or less unaffected by both the size of the dextrins and
B-chains in thed,3-LD in Fig. 3(b) (in which the A-chain the time of the alpha-amylolysis. Again, this suggested
concentration was uncertain) comparable to that of WRS. differences in the architecture of the two amylopectins. In

Relative molar conc.

=N 1 S
T T T T T T )
1 6 11 16 21 26 31 36 41 46 51 56 61
D.p.




128 E. Bertoft, K. Koch / Carbohydrate Polymers 41 (2000) 121-132

(a) 6 nm 3nm 9 nm

c Al [

Q O
O™ g @
oS, .

- ~
-~ oy naloreaiion™
O so0g o O

B0 o0
Q Q o
= e ®a~ 2
SO~ 000 2

o
&
2222888
o

HI
] n
e o
&

-
“~O00

. N
a0
Onciiael¥

e,

at
[TIIITITIT]
%

Fig. 6. Schematic presentation of the preferred mode of binding of struc-
tural branched units in the amylopectin of WRS: (a) alpha-amylase attacks
a long internal chain segment (arrow) on a B-chain. After treatment of the
residuala-dextrins with phosphorylase and beta-amylase to produce their
$,B-LD, the dextrin to the right possesses its new A-chain as a maltosyl
residue. The other segment of the B-chain (carrying a new reducing end-
group) on the dextrin to the left will have a length corresponding to the
intermediate or the B1b-chains; (b) the alpha-amylase attacks a B-chain that
on the fragment to the right possess a configuration of the Haworth type
with two directly adjacent branches, which in theB-LD appears as a
maltotriosyl residue. There is no other branch between the maltotriosyl
fragment and the position of the attack: the circles represent glucosyl resi-
dues, black circles the maltosyl and maltotriosyl residue, dotted circles can
be residues in either A- or B-chains, and the new reducing end formed after Fig. 7. Proposed model of the structure of domain A (DomA): (a) two
alpha-amylase attack is gray. clusters within a crystalline “growth ring” occupy the crystalline and amor-
phous lamellae (C and A, respectively) and the long internal chain segment
is attacked at initial stages of alpha-amylolysis (arrow); (b) the attack

addition. the maltose peak obtained from debrancrh@j results in free clusters that were isolateddaB-LD, represented here by

LD of the potato amylopectin and its-dextrins was much dextrin cIVa._ An extensive alpha-amylolysis attacks the !nternal chain
segments within the amorphous lamellae (small arrows); (c) branched

better sgparated by _S_Uperdex 75, suggesting _diﬁerences IMhuilding blocks of characteristic sizes (ell—eVl) are released together
the detailed composition of the shortest B-chains. with very short linear maltodextrins: black circles represent A-chains,

It was not possible to divide the samples into the two white circles Bla(s)-chains, light gray circles Bla(l)-chains, dark gray
major types of DomA and DomB dextrins only on the circles Blb-chains, and squares long chains (intermediate and B2-chains).
basis of the chain length distributions. However, details in
the composition of the B-chains obtained by HPAEC-PAD of the new external segment into a D-glucosyl! residue by
showed preferential patterns of the Bla(s)-chains. The phosphorylase and beta-amylase. These two preferred
samples containing dextrins of the DomA-type possessedattack patterns are shown in Fig. 6. The configuration giving
a maximum at d.p. 5 (Fig. 4(a)), which was similar to the rise to the maltotriose is of the Haworth type with two
amylopectin ¢,8-LD (Fig. 3(b)). DomB-type dextrins  directly adjacent branches, which was shown to be common
possessed almost equal weight average amounts of allin waxy-rice amylopectin (Umeki & Yamamoto, 1975). The
their Bla(s)-chains (Fig. 4(b) and (c)). Though small, this result was interesting, because it also showed the preferred
detail could indicate principal differences within the cluster mode of interconnection between structural units, and thus
structures. also indicated a preferred mode of biosynthesis of the

When alpha-amylase attacks an internal chain (e.g. amylopectin.
between two clusters) a new external chain will be produced The other part of the attacked chain carries a new redu-
on one of the new fragments. As already discussed, thiscing end (Fig. 6). Probably, these types of chains were found
chain was either an A- or a B-chain. The HPAEC-PAD as the intermediate and the B1b-types, which increased after
analyses showed that the preferred type of B-chain producedonger times of alpha-amylolysis, especially in the DomB
was of a type that became maltotriose after further reduction dextrins (Fig. 4). If the Bla(s)-chains also represented this
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Parameters of proposed structuresh@-LD

E. Bertoft, K. Koch / Carbohydrate Polymers 41 (2000) 121-132

129

Parameter clva clvb clb

Theor? Exp.? Theor. Exp. Theor. Exp.
D.p. 137 150 96 130 39 45
N.c” 23 23 16 17 7 8
C.l° 6.0 6.5 6.0 7.3 5.6 6.2
No. of building block§
Total 18 17.8 17 19.1 7 7.1
Evl 1 1.0 - 0.6 - 0.2
eV 1 0.9 1 0.8 - 0.3
elv 1 1.3 1 1.3 1 0.5
elll 2 2.0 2 2.1 1 0.9
ell 3 2.7 3 3.0 1 1.1
el (linear) 10 9.9 10 11.3 4 4.1
el:branched blocks 1.25:1 1.25:1 1.43:1 1.45:1 1.33:1 1.37:1
Density of blocké" 5.8 5.3 7.3 6.1 7.7 6.7
N.b. per block 2.8 2.8 2.1 2.1 2.0 2.0
Density of branchés 16.1 14.5 15.6 13.0 15.4 13.2
A:BY 0.9:1 0.9:1 0.8:1 0.8:1 0.8:1 0.9:1
A:Ba’ 1.4:1 1.4:1 1.2:1 1.2:1 1.5:1 1.4:1
Ba:Bk’ 2.0:1 1.911 2.0:1 1.8:11 1.0:1 1.9:11
% B-chains a%
B2 - 3 - 5 - 1
Int. 8 3 11 3 - 2
Blb 17 15 11 15 25 19
Bla(l) 25 27 23 28 25 28
Bla(s) 25 24 22 22 25 23
Maltotetraose 8 8 11 9 - 6
Maltotriose 17 20 22 18 25 21

2 Theoretical values are calculated from the models in Figs. 7 and 8 and compared with experimental values.
® Number of chains obtained from Figs. 7 and 8.

¢ From Table 3.
4 From Bertoft et al. (1999).

€ The ratio of linear:branched building blocks, in which the branched blocks are ell-eVI.

" From Table 1.
9From Table 2.

" The proportion of different types of B-chains obtained by HPAEC-PAD.

part of the attacked chains, or if they preferentially were the (Jenkins & Donald, 1995). If assuming that waxy-maize
residues of the other residual fragment, was uncertain. starch granules are similar to waxy-rice, the width of the
However, the reported common configuration of the Stau- amorphous lamellae should be approximately 3 nm,
dinger type with onep-glucosyl residue between two
branches (Umeki & Yamamoto, 1975), should be seen as1995).

d.p. =5 in our experime

nts.

4.3. Structure models of units from domains A and B

whereas the crystalline lamellae is 6 nm (Jenkins & Donald,

A theoretical model for the structure of a fragment in
DomaA, including two clusters of the waxy-rice amylopec-
tin, is shown in Fig. 7. The crystalline lamellae are build up
of the external chains, mostly in double helical conforma-

As was shown in our preceding report, the fractions of tion, and scattered branches (Jane et al., 1997). It is known
dextrins were structurally different on the basis of the distri- that each turn of a single helical strand comprisessix
bution of building blocks obtained by an extensive alpha- glucosyl residues with a length of 2.1 nm in the direction
amylolysis (Bertoft et al., 1999). Because of the regularity in of the helical axis (Imberty et al., 1991). The crystalline
the alpha-amylolysis pattern of the samples containing lamellae will thus contain chains with a maximum length
dextrins from DomA, they possibly originated from the of ~17 residues and would include the A-chains and the
more organized crystalline areas in the granules. The shortest B-chains.
universal distance of one amorphous and one crystalline Very little is known about the conformation of the chains
lamellae is close to 9 nm (Jenkins, Cameron & Donald, within the amorphous lamellae. Recent advances in mole-
1993). The length of the amorphous portion increases with cular modelling suggest, however, that the chains behind the
increasing amylopectin content of the starch granule branches (at the reducing end-side of the branches) in this
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Fig. 8. Proposed model of the structure of domain B (DomB): (a) long chain segments between clusters within an amorphous “growth ring” are initially
attacked by the alpha-amylolysis (arrows); (b) the attack resudisdaxtrins of different sizes, including very small ones (dextrin d); (c) a further hydrolysis
(arrows) of dextrin clllb results in smaller fragments, that were isolatel@4.D (dextrin clb), and an extensive alpha-amylolysis attacks at longer internal
chains within the cluster (small arrows); (d) branched building blocks (ell—elV) and short linear maltodextrins (el) are released; (e) thelbakdifrgm

larger fragments obtained at earlier stages of alpha-amylolysis (clVb) results in a broader size-range of the building blocks: black cierég\repa@ss,

white circles Bla(s)-chains, light gray circles Bla(l)-chains, dark gray circles B1lb-chains, and squares long chains (intermediate andl B2-chains

area considerably bend into directions perpendicular to thatshown in Fig. 4(a), the alpha-amylase attack resulted in the
of the double helices (O'Sullivan & ez, 1999). This is  production of chains of intermediate lengths of d.p. 23-27.
schematically indicated in Fig. 7(a) and shows that the Similar chains were also typically produced from the amylo-
actual chain lengths within the amorphous area can bepectins of waxy-maize (Bertoft, 1991b) and potato (Zhu &
much longer than the width of 3 nm suggests. The irregular Bertoft, 1996). In the model, this chain is found preferen-
structure of the chains would also allow flexibility and tially within the amorphous lamellae, which would explain
permit them to rearrange into energetically more perfect the existence of comparatively long chains within the clus-
conformations. Such movements appear to increase theters. B1b- and Bla(1)-chains also originate from the amor-
perfection of the crystalline lamellae during annealing of phous lamellae. The distances between the branch points in
starch granules (Tester, Debon & Karkalas, 1998). the lamellae are comparatively long with i.c.l. of 6-8. This
The longest chain interconnects the two clusters (Hizu- will allow the alpha-amylase to slowly attack these
kuri, 1986). This B2-chain is preferentially attacked by the segments during an extensive hydrolysis into the branched
alpha-amylase at a long internal chain segment, as indicatedbuilding blocks ell-eVI (Fig. 7(c)). A repetitive attack
in Fig. 7(a). (In this case the right-handed part of the chain releases the very small linear fragments of d.p. 2—-4 (el).
will be obtained as maltotriose after debranching of the Thus, in the model the building blocks are scattered within
residual limit dextrin.) The attack results in the production the cluster through connections to the B-chains within the
of intermediate dextrins representing single clusters. After amorphous lamellae. The building blocks themselves are the
the production of theith,3-LD, they resemble the composi- major contributors to the crystalline lamellae. The smallest,
tion of sample 10.1 (Fig. 7(b)). One group of the dextrins in single branched building blocks (ell), however, represent
sample 10.1 was called clVa (Bertoft et al., 1999). As was mainly the branches in the amorphous lamellae. As seen
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in Table 4, the parameters of the model are within a reason-Atkin, N. J., Abeysekera, R. M., Cheng, S. L., & Robards, A. W. (1998). An
able agreement with the experimental values found for experimentally-based predictive model for the separation of amylopec-

domain A in this and in our previous study (Bertoft et al., tl';;_ufg; fts during starch gelatinizatioGarbohydrate Polymers36,

1999). _ _ ' Baldwin, P. M., Adler, J., Davies, M. C., & Melia, C. D. (1998). High

The dextrins from domain B possessed more irregular  resolution imaging of starch granule surfaces by atomic force micro-
structures and less of the larger building blocks. We  scopy.Journal of Cereal Scienc@7, 255-265. _ _
Suggested that they are found within the |arge amorphousBerg)ft,bE.h(z98t9).RPartlaI ;r;aricgtirlzlaglaon of amylopectin alpha-dextrins.
rings of the granules (Bertoft et al., 1999). In Fig. 8(a) a arbohydrate Researi8g 181-193. . _

. . o Bertoft, E. (1991). Chains of intermediate lengths in waxy-maize amylo-

model showing a part of this domain is drawn. The structure peciin. carbohydrate Researcl12, 245-251.
is less regular when compared to DomA (Fig. 7) and the Bertoft, E. (1991). Investigation of the fine structure of alpha-dextrins
chains are not organized into crystalline and amorphous derived from amylopectin and their relation to the structure of waxy-
lamellae. However, the same types of chains are found as Maize starchCarbohydrate Researc@12 229-244.

. ) . . _ Bertoft, E., & Spoof, L. (1989). Fractional precipitation of amylopectin
in DomA. The alpha-amylase attacks initially at long inter alpha-dextrins using methan@arbohydrate Researcti89, 169—-180.

nal chains givirig dgxtrins ofa range Of sizes, of WhiCh the gertoft, E., Zhu, Q., Andtfolk, H., & Jungner, M. (1999). Structural hetero-
smallest (dextrin d in Fig. 8(b)) are similar to those isolated  geneity in waxy-rice starctCarbohydrate Polymer$8, 349—359.
in sample 13. The dextrins contain increased amounts of theDubois, M., Gilles, K. A., Hamilton, J. K., Rebers, P. A., & Smith, F.

intermediate and the Blb-chains, as suggested in Fig. 4(b) (1956). Colorimetric method for determination of sugars and related
and (c) ’ substancesAnalytical Chemistry28, 350—356.

. . . Enevoldsen, B. S., & Juliano, B. O. (1988). Ratio of A chains to B chains in
A further hydrolysis split off some building blocks from rice amylopectinsCereal Chemistry65, 424—427.

the irregular cluster-like structures (dextrin cllib), thereby Gallant, D. J., Bouchet, B., & Baldwin, P. M. (1997). Microscopy of starch:
slowly reducing the molecular weight (Bertoft et al., 1999). evidence of a new level of granule organizati@arbohydrate Poly-
Finally, the residual fragments resemble those found in ~ mers 32 177-191.

samples 11.1 and 11.2 (Fig. 8(c)). The building blocks in Hanasmro, l., Abe, J.-i., & le'ukurl, S. (1996). A penodlc distribution (_)f
chain length of amylopectin as revealed by high-performance anion-

these fragments have intermediate sizes (Fig. 8(d)) and the exchange chromatograph@arbohydrate ResearcB83 151—159.
proportion of the linear dextrins el is higher than in the Hizukuri, S. (1986). Polymodal distribution of the chain lengths of
clusters of DomA (Table 4). Larger dextrins, as those amylopectins, and its significanc&€arbohydrate Researchl47,
found in samples 7.2.1and 3 (dexmn cIVb in Fig. 8(b))’ Hiziﬁjg?’;?.& Maehara, Y. (1990). Fine structure of wheat amylopectin:
have a broader sme-rgnge o.f b_U|Id|ng blocks (Fig. 8(€)). The the rriodia of Ato B cilain bindingCarbohydrate ResearcR06, {42—
loose inner structure is rich in internal segments that can be 59

attacked repetitively during an extensive alpha-amylolysis, imberty, A., Bulmn, A., Tran, V., & Peez, S. (1991). Recent advances in
giving a higher ratio of linear:branched blocks. knowledge of starch structur8tarch/Steke, 43, 375-384.

Several parameters of the structural models are CC.rm)m.ednouchi, N., G!over, D.V,& Euwa, H. (1987). Chain length distribution of
with the experimental data in Table 4. Some of the para- amyk’pela"r']s t°f Tevera'ns'.’;gﬁ m“éa”tsrsndihe ”;’Tar"/%‘;‘:te;p;”' and
meters agree better than others. It is clear that the experi- 2;33266," yioghycogen in maiz&da mayst.). Starch/Stee, 39
mental data were obtained as an average of a large numbepane, J. I., Wong, K.-s., & McPherson, A. E. (1997). Branch-structure
of individual molecular structures in each sample, whereas difference in starches of A- and B-type X-ray patterns revealed by
the models suggest the major architectural features of the their Naegeli dextrinsCarbohydrate ResearcB0Q 219-227.
domains illustrated by single examples. Overall, the density “¢"kins: P- J., Cameron, R. E., & Donald, A. M. (1993). A universal feature

- : : . . in the structure of starch granules from different botanical sources.
of building blocks in the model of DomB is slightly higher Starch/Steke, 45, 417—420.
than that of DomA. However, the number of branches per Jenkins, P. J., & Donald, A. M. (1995). The influence of amylose on starch
block is higher in DomA leading to a slightly higher average granule structureinternational Journal of Biology of Macromolecules

density of branches. 17, 315-321. . - .
Koch, K., Andersson, R., & fan, P. (1998). Quantitative analysis of

amylopectin unit chains by means of high-performance anion-exchange
Acknowledgements chromatography with pulsed amperometric detectimurnal of Chro-
matography A800 199-206.
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