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ABSTRACT: Branches in amylopectin are distributed along the backbone. Units of the branches are building blocks (smaller)
and clusters (larger) based on the distance between branches. In this study, composition of clusters and building blocks of
amylopectins from dulll maize mutants deficient in starch synthase III (SSIII) with a common genetic background (W64A) were
characterized and compared with the wild type. Clusters were produced from amylopectins by partial hydrolysis using a-amylase
of Bacillus amyloliquefaciens and were subsequently treated with phosphorylase a and f-amylase to produce @,3-limit dextrins.
Clusters were further extensively hydrolyzed with the a-amylase to produce building blocks. Structures of clusters and building
blocks were analyzed by diverse chromatographic techniques. The results showed that the dulll mutation resulted in larger
clusters with more singly branched building blocks. The average cluster contained ~5.4 blocks in dulll mutants and ~4.2 blocks
in the wild type. The results are compared with previous results from SSIII-deficient amol barley and suggest fundamental

differences in the cluster structures.
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B INTRODUCTION

Starch is composed of two macropolymers of glucose in the
form of amylose and amylopectin. Amylose is essentially linear
with a-(1,4) linkages, whereas amylopectin is highly branched
by a-(1,6) bonds. Although the exact branching pattern of
amylopectin is still to be established, models of the structure
have been proposed. It was suggested that the branches in
amylopectin are mostly distributed and scattered along a
backbone consisting mainly of longer chains."* The branching
zones, representing the internal part of the amylopectin, build
up the amorphous lamellae in the starch granules. Based on a
set of internal structural features, amylopectins from diverse
botanical origins were categorized into four types.’ Type 1 has
the lowest amounts of long B-chains (a B-chain carries more
than one other chain, as opposed to an A-chain, which carries
only one other chain) and the highest amounts of short B-
chains, whereas type 4 has the opposite proportion. Types 2
and 3 are intermediate between types 1 and 4. Previous studies
showed that the structure of amylopectin is linked to that of
their clusters and building blocks. The links can be explained by
the backbone model of amylopectin."?

Structural units of groups of branches are building blocks and
clusters depending on the distances between the branches.
Clusters can be isolated by partial hydrolysis with the a-amylase
of Bacillus amyloliquefaciens, which has a high propensity for
endoaction.* All amylopectins analyzed so far showed that the
clusters, in the form of ¢,f-limit dextrins or f-limit dextrins,
have an average molecular size with a degree of polymerization
(DP) in the range of ~60—90." Further, extensive a-amylolysis
of the limit dextrins of clusters produces tightly branched
building blocks. These blocks can be categorized into groups
based on the average number of chains per block.” Groups 2—4
contain two to four chains per block, respectively, whereas
larger blocks in groups 5 and 6 have up to 10 or more chains.
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All amylopectins analyzed so far showed that building blocks of
group 2 are the most abundant (~50% by number). Systematic
studies of the internal structures of amylopectins from different
plant species revealed correlations between the internal unit
chains, clusters, and building blocks.' ™ Thus, isolated clusters
from amylopectins with higher amounts of long B-chains also
tend to have higher amounts of long chains and vice versa.
However, more samples with diverse structures, especially
mutants with altered structures, remain to be analyzed to obtain
a more refined picture of the relations between the structures of
amylopectin, clusters, and building blocks and the mechanism
of starch biosynthesis.

Maize (Zea mays L.) is one of the most important crops, used
in a wide range of applications in the food and nonfood
industries, and its major component is starch. Maize starches
modified by genetic means can represent novel properties to
better suit specific applications.’ Several known endosperm
mutant genes in maize, such as ae, shl, du, and wx, alter the
properties of starch but have small effects on starch yield.”
Analysis of mutant samples with detailed genetics presents an
excellent opportunity to better understand biosynthesis—
structure—property relationships for diverse applications.
Amylopectin biosynthesis involves the soluble starch synthases
(SSs), starch branching enzymes (BEs), and starch debranching
enzymes (DBEs), and amylose synthesis involves granule-
bound starch synthase I (GBSSI) encoded by the waxy gene in
diverse plants.” Some of these biosynthetic enzymes form
complexes in vivo and interact to synthesize starch in
coordinative ways in diverse plants.® Altering the activity or
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presence of certain enzymes usually leads to changed
expression levels of other enzymes.*™'' Coordination of
enzyme activities due to the protein—protein interactions in
relation to the fine structure of starch remains to be explored.
The dulll (dul) mutation, which results in dull, tarnished, and
glassy mature kernels, is biochemically related to starch
synthase IIT (SSIIT).”*> So far, only one study on the influence
of SSIII deficiency on the cluster and building-block structure
of amylopectin from barley (amol mutation) has been
reported."”'* The interactions of the mutation type, the
genetic background, and also the plant species determine the
structure and functionalities of starch.*'> Comparing the fine
structures of starches from dul maize and amol barley mutants
as influenced by SSIII deficiency thus provides an excellent
opportunity to further understand these interactions.

The dul maize starch samples used in this research were
from a previous report in which the genetics of mutants with a
common genetic background (W64A) were described.'® A
previous study reported the molecular structures of amylose
and amylopectin from the maize mutants.'” It was shown that
the structure of amylopectin was greatly altered by the
mutation. The aim of this study was to further examine the
influence of the dul mutation on the cluster and building block
structures of amylopectin as affected by the SSIII deficiency.
This study could contribute to a better understanding of the
biosynthesis—structure relationships of starch in maize.

B MATERIALS AND METHODS

Starches and Enzymes. The maize samples, including one wild
type (W64A) and three mutants from the same inbred genetic
background, namely, two single dulll mutants (dul-ref and dul-M3)
and one double dulll-waxy mutant (dul-wx), were the same specimens
as used in previous studies.'”'” A truncated enzyme protein was
expressed at low level in dul-ref compared to the wild type, whereas no
protein was produced in dul-M3. The dul-wx sample was essentially
free of amylose. All of the dul mutations caused complete loss of SSIII
enzyme activity. The exact locations of the mutations were given in a
previous report.'® Amylopectin from W64A, dul-ref, and dul-M3 was
isolated following the butanol—isoamyl alcohol precipitation meth-
od.'® The purification procedure was repeated three times to ensure
that the amylopectin fraction was free from amylose. The molecular
structures of the starches were described in a previous report.'”

Rabbit muscle phosphorylase a (EC 2.4.1.1, specific activity 22 U/
mg) was obtained from Sigma (St. Louis, MO, USA). a-Amylase of
Bacillus amyloliquefaciens (EC 3.2.1.1), f-amylase of barley (EC 3.2.1.2,
specific activity 705 U/mg), isoamylase of Pseudomonas amyloderamosa
(EC 3.2.1.68, specific activity 210 U/mg), and pullulanase of Klebsiella
pneumoniae (EC 3.2.1.41, specific activity 699 U/mg) were obtained
from Megazyme (Wicklow, Ireland). The activity of the a-amylase
(315 U/mL at pH 6.5, 25 °C) was determined based on a previous
description." The given activities of other enzymes were reported by
the suppliers.

Time-Course Analysis of a-Amylolysis for Cluster Produc-
tion from Amylopectin. Amylopectin (20 mg) was dissolved in 400
uL of 90% dimethyl sulfoxide (DMSO) by gentle heating and then
constant stirring for one day at room temperature (~22 °C), before
hot doubly distilled water (1.4 mL) was added. After the solution had
been allowed to cool, a-amylase (200 xL, 0.9 U/mL) in NaOAc buffer
(0.01 M, pH 6.5) was added to start the reaction in a water bath (25
°C) with magnetic stirring. The concentrations of substrate and a-
amylase in the reaction system were 10 mg/mL and 0.09 U/mL,
respectively. Samples (200 yL) were taken from 20 to 180 min. If a
sample was not analyzed immediately, NaOH solution (4 uL, 5.0 M)
was added and mixed to destroy the a-amylase, and then the sample
was stored at —30 °C. Before analysis by gel permeation

chromatography (GPC) on Sepharose CL 6B (as described below),

the sample was diluted in water (200 L) and conditioned by NaOH
solution (40 uL, 5.0 M).

Production of a-Dextrins and ¢,8-Limit Dextrins of Clusters
from Amylopectins. Amylopectin (80 mg) was dissolved in 1.6 mL
of 90% dimethyl sulfoxide (DMSO) by gentle heating and then
constant stirring for one day at room temperature (~22 °C). Hot
doubly distilled water (5.6 mL) was added, and after the mixture had
been allowed to cool, a-amylase (800 xL, 0.9 U/mL) in NaOAc buffer
(0.01 M, pH 6.5) was added to start the reaction in a water bath (25
°C) with magnetic stirring. The reaction was continued for 90 min
before being stopped by adding NaOH (160 pL, 5.0 M) and allowing
the mixture to stand at room temperature for 2 h to destroy the a-
amylase. Methanol (40 mL) was added to precipitate the a-dextrins of
clusters. The sample was left at 4 °C for 3 h before the precipitate was
recovered by centrifugation (4000g, 20 min) at room temperature.
The precipitate was washed twice with methanol (10 mL) and allowed
to stand in a fume hood to remove the methanol through evaporation.

The external chain segments of a-dextrins of clusters were removed
by phosphorylase a and f-amylase to obtain the ¢,f-limit dextrins of
clusters as previously described.”® The solution of ¢,3-LDs of clusters
was stored at —30 °C before use.

Production of Building Blocks from @,f-Limit Dextrins of
Clusters. The carbohydrate content of ¢,-LDs of clusters in solution
(10 mg) was adjusted by adding hot water, after which a-amylase (60
U/mL) in NaOAc buffer (0.01 M, pH 6.5) was added at 35 °C to start
the reaction, which then continued for 3 h to produce the building
blocks. The concentrations of substrate and a-amylase in the reaction
system were S mg/mL and 6.0 U/mL, respectively. The reaction was
stopped by boiling the mixture for 10 min. Then, f-amylase (S uL)
with NaOAc buffer (pH 6.0, 0.01 M, 0.3 volume) was added to
remove any remaining external chain segments. The f-amylolysis was
conducted at 40 °C for 3 h before being stopped by boiling for 10 min.
The building blocks in solution were stored at —30 °C before analysis.

Debranching. Solutions of clusters and building blocks (1 mg)
were diluted in hot water (225 uL). After the solutions had been
allowed to cool, NaOAc buffer (25 uL, 0.01 M, pH S.5), pullulanase (1
uL), and isoamylase (1 uL) were added. The reaction was conducted
at room temperature for 20 h with stirring to completely break the a-
(1,6) linkages before analysis by high-performance anion-exchange
chromatography (HPAEC). The reaction was terminated by boiling
for 10 min.

Gel-Permeation Chromatography (GPC). The clusters were
analyzed on a column (1.6 X 90 cm) of Sepharose CL 6B (Pharmacia,
Uppsala, Sweden). The eluent was NaOH (0.5 M) with a pumping
speed of 1.0 mL/min. The building blocks were analyzed on a column
(1.6 X 90 cm) of Superdex 30 (Pharmacia, Uppsala, Sweden) eluted
with NaCl (0.05 M) at 1.0 mL/min. Fractions (1.0 mL) were analyzed
for carbohydrate content by the phenol—sulfuric acid method.”’ The
columns were calibrated with commercial linear dextrins of DP 1-7
(Supelco, Bellefonte, PA) and with branched dextrins of known DP
(DP > 11) prepared from starch a-amylase hydrolysates.””

High-Performance Anion-Exchange Chromatography
(HPAEC). Samples were analyzed by high-performance anion-
exchange chromatography with pulsed amperometric detection
(HPAEC-PAD) on a Dionex ICS 3000 instrument (Sunnyvale, CA).
The analytical column was CarboPac PA-100 (4 X 250 mm),
combined with a CarboPac PA-100 guard column (4 X 50 mm). The
flow rate was 1.0 mL/min, and the injection volume was 25 uL, with a
carbohydrate concentration of 1 mg/mL. The eluent phase consisted
of solutions A (0.15 M NaOH) and B (0.15 M NaOH, containing 0.50
M NaOAc). The unit chain length distribution of debranched samples
followed the gradient of eluent B: 0—9 min, 15—36%; 9—18 min, 36—
45%; 18—110 min, 45—100% B. The composition of building blocks
was analyzed using the following gradient: 0—15 min, 15—34%; 15—26
min, 34—40%; 26—52 min, 40—49%; 52—54 min, 49—100%. The
column was equilibrated with 15% eluent B for 60 min between runs.
Samples were diluted to fall into the linear range of response of the
PAD detector, and the PAD signal was converted to carbohydrate
content.”> The PAD signals are comparable for branched and linear
dextrins with the same DP.®
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Figure 1. Time course of a-amylolysis of amylopectins from W64A analyses by GPC on Sepharose CL 6B.
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Figure 2. Time course of a-amylolysis of amylopectins from dul-M3 analyses by GPC on Sepharose CL 6B.

Statistical Analysis. Tests were conducted in triplicate and
analyzed using SPSS version 19.0 software (IBM Corporation,
Armonk, NY). Differences between means of data were compared
by least significant difference at a significance level p < 0.0S.

B RESULTS AND DISCUSSION

Time-Course Analysis of a-Amylolysis of Amylopec-
tins. The molecular weight distributions of the a-amylolysates
of all of the amylopectins, including wild type and dul mutants,
had very similar patterns, with examples from W64A (Figure 1)
and dul-M3 (Figure 2) shown. Generally, all amylopectins,
including mutant samples, from diverse botanical origins
analyzed so far showed the same pattern of a-amylolysis,"'*>°

12347

which thus appears to be a universal feature according to the a-
amylase of B. amyloliquefaciens. The reaction was very fast in the
initial stages, and branched dextrins with a wide range of
molecular sizes (fractions 45—120) were produced. Within 20
min, domains containing groups of clusters were mainly
produced. Dextrins with a peak at DP < 25 (fractions 120—
145) represented mostly linear dextrins from the attack by the
a-amylase on external chains and possibly also the intercluster
segments.24 After 80 min, the reaction became slow as a result
of hindrance from the branches in the clusters to a-amylase
action, and mostly clusters containing groups of building blocks
were produced.*> All dul mutant samples showed a similar
pattern comparable with that of W64A. The average DP of
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Figure 3. Development of average DP of branched dextrins as a function of time during the time course of a-amylolysis of amylopectins.
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Figure 4. Molecular weight distribution obtained by GPC on Sepharose CL 6B of ¢,f-limit dextrins of clusters.

branched dextrins (DP > 25) is plotted against time in Figure 3.
Based on the time-course analysis, 90 min was chosen for
cluster production on a preparative scale. The branched a-
dextrins representing clusters of branches were recovered by
precipitation with methanol.

Characterization of @,f-Limit Dextrins of Clusters.
Only the internal part of clusters can be structurally compared
between samples since the length of external chains left after a-
amylolysis is uneven. Thus a-dextrins of clusters were further
subjected to phosphorolysis and B-amylolysis to remove the
remaining external chains. The molecular weight distributions
of the ¢,f-limit dextrins (¢,5-LDs) of clusters from different
genotypes are shown in Figure 4. The peak DP for different
genotypes was either 120 (W64A and dul-wx) or 140 (dul-M3
and dul-ref). However, all dul mutants exhibited a higher
average DP of their clusters than in W64A. In the amylose-free

double mutant dul-wx, the clusters had DP 80.6, and the values
were even larger in the amylose-containing samples dul-ref
(87.9) and dul-M3 (88.1). In the nonmutant sample W64A,
the DP was only 68.2. A previous study on the amol mutation
in barley, which results in SSIII deficiency, showed that amol
mutant samples also had larger cluster sizes."®

The samples of ¢,$-LDs were debranched, and the internal
unit chain length distributions were analyzed by HPAEC-PAD
(Figure S). With the combination of DP from GPC and chain
length (CL) from HPAEC, diverse structural parameters (DB,
degree of branching; NC, number of chains per cluster; ICL,
internal chain length; TICL, total internal chain length) could
be calculated (Table 1). DB was highest in the nonmutant
sample (16.7%), and it was almost the same in dul-wx, whereas
it was somewhat lower in dul-ref and dul-M3. Because of their
larger cluster size, dul mutant samples also had higher NC

dx.doi.org/10.1021/jf403865n | J. Agric. Food Chem. 2013, 61, 12345—12355
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Figure S. HPAEC fractionation of internal unit chain length distribution of ¢,f-limit dextrins of clusters.

Table 1. Characterization of @,f-Limit Dextrins of Clusters
from Maize Amylopectins®

genotype Dp NC CL ICL TICL DB

W64A 68.2 ¢ 125 ¢ 54D 33b 105 b 169 a
dul-ref 879 a 152 a S5.8a 36a 115 a 16.1 a
dul-M3 88.1 a 15.0 a 59a 3.7 a 116 a 158 a
dul-wx 80.6 b 145b 5.5b 34b 115 b 16.7 a

“DP, average degree of polymerization (DP) estimated by GPC; NC,
number of chains estimated as DP/CL; CL, average chain length
estimated by HPAEC; ICL, internal chain length = (CL — ECL) X
NC/(NC — 1) — 1, in which ECL is 1.5 for ¢,f-limit dextrin; TICL,
total internal chain length = CL of b-chains in ¢,4-LD — 1; DB, degree
of branching (%) = (NC — 1)/DP X 100. Different lowercase letters
within a column indicate significant differences (p < 0.05).

values (14.5 for dul-wx, 15.2 for dul-ref, and 15.0 for dul-M3).
Short chains (S-chains) in amylopectin were suggested to
mostly participate in the formation of clusters, whereas long
chains (L-chains) are involved in the interconnection of
clusters.”> A previous report showed that the SSIII deficiency
resulted in a decrease of L-chains and an increase in S-chains in
both whole amylopectin and its internal part in maize dul
mutant samples.'” The S/L molar ratios were 9.9 in W64A and
13.6, 14.1, and 13.7 in dul-ref, dul-M3, and dul-wx,
respectively.'” These values corresponded well with NC in
the clusters, if it is assumed that NC in isolated clusters
approximately equals S/L + 1.' In contrast, for example,
isolated clusters from barley, rye, and oat had lower NC values
than suggested by the S/L ratio in their amylopectins because
some shorter chains were also involved in the interconnection
of the clusters in those samples.”'®> CLs of clusters from the
single-mutant maize samples were 5.8—5.9, which was longer
than that of W64A (5.4), whereas dul-wx had an only slightly
elevated CL (5.5). CLs of clusters for all genotypes were
shorter than those of their respective amylopectin ¢,f-LDs

12349

(~7.8)."7 A similar trend was observed for ICL and TICL.
Interestingly, therefore, the larger size of the clusters in the
mutants was associated not only with more chains in the
clusters but also with longer internal chains. This result was
different from that of a previous study on the amol mutation in
barley in which the clusters had TICLs similar to that of the
nonmutant.'

In isolated clusters, new chains are formed when they are
released from amylopectin by the a@-amylase. These chains were
therefore designated by lowercase letters to be distinguished
from the chain categories in amylopectin' and are illustrated in
Figure 5. The profile of unit chain composition of clusters from
all genotypes was rather similar, with peaks at DP 5 for bO-
chains and at DP 11 for bl-chains. This was consistent with
previous reports on this characteristic of the cluster structure of
maize starches.”?® The molar composition of the diverse chain
categories in the clusters is presented in Table 2. In the ¢,3-
LDs, a-chains appear as maltosyl residues.”® However, in the
clusters, some a-chains in the form of maltotriose also exist as a
result of @-amylase attack. The exact amount of a-chains can
therefore not be determined. Nevertheless, the molar amount
of a-chains in the form of maltose in all genotypes was rather

Table 2. Relative Molar Composition (%) of Chain
Categories in @,f-Limit Dextrins of Clusters from Maize
Amylopectins®

genotype a DP 3 b0 bl b2 b3
W64A S14 a 139 a 102 a 19.6 a 35b 14 ¢
dul-ref 517 a 13.5a 90b 192 a 4S5a 2.1 ab
dul-M3 525 a 11.8 b 95 b 194 a 44 a 23 a
dul-wx 534 a 142 a 83 ¢ 182 ¢ 4.1 a 18 b

“DP ranges of a = 2, b0 = 4—6, bl = 7—18, b2 = 19-27, b3 > 28.!
Chains at DP 3 are mixtures of a- and b-chains. Different lowercase
letters within a column indicate significant differences (p < 0.05).
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Figure 6. Fractionation of building blocks in clusters of maize amylopectins by GPC on Superdex 30.

similar (51.4—53.4%). The amount of chains at DP 3, which is
a mixture of a-chains and the shortest b-chain,>’ greatly
increased from ~2% in the amylopectins'’ to 13.5—14.2% in
the clusters, with the exception of dul-M3, in which it was
lower (11.8%). The dulll mutant samples had lower amounts
of bO-chains (8.3—9.5%) and higher amounts of b2- (4.1—
4.5%) and b3- (1.8—2.3%) chains compared with W64A (b0,
10.2%; b2, 3.5%; and b3, 1.4%). This result was unexpected,
because the situation in the original amylopectins was the
opposite, that is, S/L was higher in the mutants because of
fewer long chains than in W64A. In contrast, it was previously
reported that the amol mutation in barley, which like dulll in
maize has fewer long chains, results in clusters with decreased
amounts of b2-chains."® This suggests different organizations of
chains in the cluster structure in SSIII-deficient maize and
barley mutant samples and is discussed in more detail below.
Characterization of Building Blocks in Clusters. The
@,p-LDs of clusters were extensively hydrolyzed by a
concentrated a-amylase solution (6 U/mL) for 3 h and
sequential S-amylolysis to reveal the composition of building
blocks (practically a-limit dextrins).”® The molecular weight
distribution of building blocks was analyzed by GPC on
Superdex 30 (Figure 6) and HPAEC (Figures 7 and 8). All of
the building blocks in clusters of amylopectins with different
botanical origins produced by extensive hydrolysis with a-
amylase of B. amyloliquefaciens so far exhibited a similar general
pattern. It is therefore well-known that peak 1 in Figure 6
corresponds to glucose, maltose, and maltotriose (compare
with Figure 7). The branched building blocks clearly consisted
of four populations of dextrins (by relative weight) (P2—PS)
with peak DP at 7, 11, 15, and 19, respectively (Figure 8),
suggesting a nonrandom and systematic nature of branching in
the clusters. The periodicity of building block size distribution
in relation to the actual organization of chains in clusters
remains to be explored. The branched building blocks have also
been categorized into different groups (2—6) according the
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Figure 7. HPAEC chromatographs of building blocks from clusters of
dul-M3 amylopectin. Numbers show DP, and “L” denotes linear
dextrins.

average number of chains per block.” The groups of two to four
roughly correspond to the populations P2—P4 in terms of the
DP boundary, whereas PS corresponds to groups S and 6. The
largest blocks in groups S and 6 were better distinguished by
GPC (Figure 6). All of the building blocks analyzed so far from
diverse botanical origins had the minimum-sized block at DP
5,% indicating a universal feature of amylopectin that can be
revealed by a-amylolysis.

The unit chain length composition of building blocks was
also analyzed by HPAEC after debranching (Figure 9) and
compared with the profile before debranching (Figure 7) to
reveal the branching pattern of the blocks in the clusters. With
the combination of GPC and HPAEC data, various structural
parameters of building blocks could be calculated (Table 3). As
expected, compared to clusters and amylopectins, the tightly
branched building blocks had much smaller DP, CL, ICL, and
TICL values and thus higher DB values. The linear fraction
(DP 1-3) in the building block mixture is produced by the a-
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Figure 9. HPAEC chromatographs of debranched building blocks
from clusters of dul-M3 amylopectin. Numbers show DP.

amylase from interblock segments in the clusters.” W64A had a
lower relative molar content of linear dextrins (47.9%)
compared with dulll mutant samples (50.2—54.3%). As a
result, W64A had a higher proportion of branched building
blocks than the dulll mutant samples. The building blocks from
W64A also had a higher average DP (12.1) and a higher

average number of chains per block (NC, 3.3) than the dulll
mutant samples (DP, 11.2—11.4; NC, 3.0—3.1). However, the
chain length values (CL, ICL, and TICL) were similar in all
genotypes. The general features of building blocks from all
genotypes in this study were comparable with those of previous
reports on building blocks from amylopectins from diverse
botanical origins.l’2

From the structural differences between clusters and their
building blocks, the average composition of building blocks in
clusters was calculated (Table 4). The average interblock chain
length (IB-CL), reflecting the interconnection of building
blocks in clusters®® and shown to be related to functional
properties of starch,>" can be estimated from the amount of the
small linear fragments relative to the amount of branched
dextrins.** All maize genotypes had similar IB-CL values (6.2—
6.5). W64A had a lower number of blocks per cluster (NBbl)
(4.2) than the mutant samples, of which dul-wx had a lower
NBbI (5.2) than dul-ref and dul-M3 (5.5—5.6), which can be
attributed to the smaller cluster size (Table 1). This, in turn,
resulted in a somewhat lower density of blocks (DBbl) for
W64A (6.1). The relative distributions of the different groups
of building blocks in the clusters are also summarized in Table

Table 3. Characterization of Building Blocks in @,f-Limit Dextrins of Clusters from Maize Amylopectins®

linear branched
genotype mol % DP wt % mol % DP CL ICL TICL NC DB
W64A 479 c 22a 86.0 a 52.1 a 12.1 a 37a 15 a 4.2 a 33a 18.8 a
dul-ref 50.8 b 21a 83.5b 492 b 112 b 3.7 a 15a 4.1 a 3.0b 182 a
dul-M3 502 b 22a 84.0 b 49.7 b 114 b 37a 14 a 4.1 a 31b 18.6 a
dul-wx 543 a 21 a 819 ¢ 45.7 ¢ 112 b 37 a 15a 4.2 a 3.0b 182 a

“Linear dextrins have DP 1, 2, and 3, and branched building blocks have DP > 5. DP, average DP estimated by GPC; CL, average chain length
estimated by HPAEC; ICL, internal chain length = (CL — ECL) X NC/(NC — 1) — 1, in which external chain length (ECL) is estimated as 2;
TICL, total internal chain length; NC, number of chains = DP/CL; DB, degree of branching (%) = (N — 1) X 100/DP. Different lowercase letters

within a column indicate significant differences (p < 0.05).
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Table 4. Composition of Building Blocks in @,f-Limit
Dextrins of Clusters from Maize Amylopectins®

distribution of block categories (mol %)

IB- groups S
genotype CL  DBbl NBbl group 2 group 3 group 4 and 6
W64A 62b 61b 42c¢c Sllc 27.0 a 104 a 114 a
dul-ref 62b 64a S56a 553a 248c 9.7ab 10.1 be
dul-M3 62b 63a S55a S531b 264a 10.1 a 103 b
dul-wx 65a 64a S52b 551a 262a 92b 95 ¢

“IB-CL, interblock chain length per cluster = (mol % );,car X DPyipear/
(mol % )panched + 4; DBbI, density of building blocks per cluster =
NBbl/DP,, X 100, in which DP, is the average DP of ¢,f-LDs of
clusters; NBbl, number of building blocks per cluster = (wt %)g,/100
X DPye;/DPpy, in which (wt %)g, is the weight percentage of
branched building blocks. Categorization of groups 2—6 of building
blocks based on their numbers of chains per block. Different lowercase
letters within a column indicate significant differences (p < 0.05)

4. In general, the distributions of diverse groups of building
blocks from different genotypes were within the range of the
results on maize amylopectin previously reported.” Among
different genotypes, W64A had a lower amount of group 2
(51.1%) and a higher amount of groups S and 6 (11.4%) than
the dulll mutant samples (group 2, 53.1—55.3%; groups S and
6, 9.2—10.1%), whereas all of the genotypes had similar
amounts of groups 3 and 4. Interestingly, the previous study on
the amol mutant samples showed that SSIII deficiency in the
barley resulted in the opposite change, namely, an increased
amount of building blocks of groups 5 and 6 and a decreased
amount of building blocks of group 2 compared with the wild
type."* This can be attributed to a difference in plant species.
Among the dulll mutant samples analyzed here, minor
structural differences on the building block level were also
noted, further supporting the structural observations on the
cluster and amylopectin levels as discussed above and
previously.'” Thus, the genetics of mutation should be carefully
documented in relation to the amylopectin structure in mutant
samples.

Effect of SSIll Deficiency on Cluster Structure in du1l
and amo1 Mutants of Maize and Barley, Respectively.
Previously, systematic studies on amylopectin from nonmutant
plants revealed some general features. Structural correlations
exist between the cluster structure in diverse plants and their
respective amylopectins,"> the latter of which are categorized
into four different groups based on their internal structure.’
One example is that the amount of long B-chains in
amylopectin is positively related to the amount of longer b-
chains in clusters and also to the interblock chain length (IB-
CL).

The cluster structure of amylopectin can be interpreted by
the backbone model proposed previously,"”” in which the
building blocks and clusters are connected by a backbone. The
longer b-chains in the clusters serve as the backbone, and
shorter chains, including a-chains and short b-chains, participate
in building-block formation. The backbone might be provided
with a few or more side chains that also carry building blocks.
Most, if not all, of the intercluster segments (which are longer
than IB-CL) appear, however, to be found along the actual
backbone.*® Small differences in this general structure give rise
to amylopectins with typical cluster features. According to the
present model," a backbone with few side chains tends to be
found in amylopectins with more L-chains and small clusters
with more b2- and b3-chains, whereas more extensively

branched backbones are found in amylopectins with few L-
chains and large clusters with few b2- and b3-chains. Maize,
which is a type 2 amylopectin, is predicted to have a slightly less
branched backbone than barley, which is a type 1 amylopectin.’
It is therefore interesting to consider how the cluster structure
of SSIII-deficient mutants possibly fits into this general picture.

As noted above, some partly contradictory features and
differences appear to exist between the dul mutant maize
samples analyzed here and the amol mutant barley samples
analyzed previously.">'* In both cases, the long chains of
amylopectin are reduced in relative number, and the short
chains therefore are more abundant. However, whereas both
the internal and external structures are affected in the dul
mutation,'” in the amol mutant, only the internal structure is
altered and the external structure remains similar to that of
nonmutant barley."* On the cluster level, both mutations result
in larger clusters, but for different reasons. In amol mutant
barley, the clusters have more a-chains and the short b-chains
because of an increased number of large building blocks of
groups S and 6 (consisting of five chains or more). In contrast,
the large cluster size in dul mutant maize is due to a higher
number of the longer b2- and b3-chains (Figure S) and more of
the smallest building blocks with only two chains, whereas
fewer large blocks of groups S and 6 are present (Figure 6).
Furthermore, although the length of the internal segments was
shorter in the amylopectin of both mutant types, the internal
segments in dul mutant clusters were longer than in the
nonmutant clusters (ICL and TICL, Table 1), whereas in amol
mutant clusters, the internal segments were similar to those in
nonmutant clusters.

A possible explanation for these apparently partly contra-
dictory results might be found on the basis of the backbone
concept. From the values given in Tables 1 and 2, the number
of chains in a typical dul cluster is given in Table S as the

Table S. Theoretical Composition of Chains in @,f-Limit
Dextrins of Clusters from dul and amol Mutants of Maize
and Barley in Comparison with Their Wild Types®

sample NC a DP 3 b0 bl b2 b3
Maize

W64A 12.5 6.4 1.7 1.3 2.5 0.4 0.2

dul 15.1 7.9 1.9 1.4 2.9 0.7 0.3

NCereoss 2.6 1.5 02 0.1 04 03 o0l

NCoeee (%) 100 54.5 9.1 61 182 91 30
Barley

nonmutant 123 6.0 12 1.4 3.0 0.5 0.2

amol 17.1 7.8 1.8 2.3 4.3 0.6 0.3

NCeroeos 48 1.8 0.6 0.9 13 01 0l

NC,oee (%) 100 375 125 187 271 21 21

“Values are based on the molar composition given in Table 2 for
W64A, and those for dul are average values for dul-ref and dul-M3.
Values for barley starches are based on values given for cluster
fractions I1.2 and IL3 by Bertoft et al.® DP range of a = 2, b0 = 46,
bl = 7—18, b2 = 19-27, b3 > 28.) DP 3 is an unknown mixture of a-
and b-chains.

average of dul-ref and dul-M3 (selected because they exhibited
a more pronounced difference from W64A than dul-wx) and
compared with the value for the nonmutant. The total increase
in the number of chains in the clusters of the mutants was 2.6.
On a relative basis, it was calculated that around 54% of these
chains were a-chains (in the form of maltose) and the rest were
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Figure 10. Schematic showing the principle differences of the structure of clusters in normal and SSIII-deficient mutants of maize and barley
amylopectins. Chains mainly comprising the backbone (bold lines) and chains forming building blocks (thin lines), together with their definition and
nomenclature in clusters, are indicated. bO-chains are inside building blocks, and bl-, b2-, and b3-chains contain one, two, and three interblock
segments interconnecting two, three, and four building blocks, respectively. The dul mutation in maize results in more a-chains and long b-chains
(b2- and b3-chains) and more of the smallest building blocks (circled) along the backbone. The amol mutation in barley results in more short b-
chains, of which b0-chains increase the number of large building blocks (circled) and bl-chains mainly constitute new branches to the backbone.

distributed among the b-chain categories (Table S). These
values were compared with the large clusters of amol mutants
and clusters of nonmutants of barley reported by Bertoft et al."®
In the mutant barley, the proportion of additional a-chains and
longer b-chains in the enlarged clusters was clearly less
pronounced than that in the maize mutants, whereas the
shorter b-chains increased more in barley than in maize. Of the
short b-chains, b0-chains are found inside building blocks, and
bl-chains contain one interblock segment (and thus connect
two building blocks) and might to a significant degree represent
the branch chains of the backbone. The longer b2- and b3-
chains, however, contain two or more such segments and are
probably more common along the backbone of amylopectin."
Thus, this provides a clue to the principal differences in the
cluster structures of maize and barley. Although a single picture
of a cluster cannot represent the complicated mixture of the
vast variations in individual clusters that probably exist in
reality, general principles of the structural changes can be
envisioned, and schematic representations of these aspects are
presented in Figure 10. Compared to the nonmutant maize
(W64A), the larger dul mutant cluster has more of the small

building blocks of group 2 (circled) along the backbone. This
results in more of the longer b-chains, which are distributed
preferentially along the backbone. It also results in proportion-
ally more interblock chain segments, which would be the reason
for the greater average ICL and TICL values. In contrast, the
larger clusters of amol mutant barley are due to more large
building blocks and more side chains along the backbone (in
the form of bl-chains). This change in the structure compared
to that of nonmutant barley does not necessarily affect ICL and
TICL.

The differences depicted here between maize and barley are,
of course, due to two different mutations that have a deficiency
of SSIII in common, but are probably also due to altered levels
of other enzymes of biosynthesis, as shown previously in maize
and other plant species.” ""** It is likely, however, that
comparable differences can also be found between dul mutants
of maize with different genetic backgrounds, as it has been
shown that the unit chain profiles are different in different
inbred lines."® In addition, it has been shown that the
properties of dul maize mutants with diverse genetic
backgrounds are significantly different.® Thus, it appears that
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this investigation is only an initial step toward a full
understanding of the biosynthetic effects obtained as a result
of SSIII deficiency in plants of diverse species and of diverse
genetic backgrounds within species.

In conclusion, dulll mutation greatly affected the cluster and
building-block structure of maize amylopectin. The dulll
mutation resulted in larger clusters by DP & 20 in the form
of @,f-limit dextrins. Clusters of dulll mutants had more chains
per cluster and also greater chain lengths, internal chain lengths,
and total internal chain lengths than in the wild type. The dulll
mutation resulted in a decrease in the amount of b0-chains (DP
4—6) and an increase in the numbers of b2- and b3-chains (DP
> 19). Furthermore, the dulll mutation created more of the
smallest branched building blocks with two chains, resulting in
more building blocks in the clusters, but without altering the
average internal structure of the blocks. Within clusters, all of
the genotypes had similar IB-CL values. The type of dulll
mutation (dul-ref, dul-M3, or dul-wx) influenced specific
features of the cluster and building-block structures and was
different from the amol mutation in barley, which also exhibits
deficient SSIII activity. The backbone model of amylopectin
can explain the organization of building blocks in clusters
altered by the SSIII deficiency.
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