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Abstract

Simulated enzymic debranching of a B-limit dextrin model, prepared from a computed construct made by random extension and
branching, and given the CCL value of w-maize amylopectin (and equal amounts of external chains with ECL values of 2 and 3) has
been related to experimental chromatograms of the debranched B-limit dextrin of the amylopectin. The profile was similar to those from
gel chromatograms and IEC-PAD chromatography.

The equivalent lengths in glucosyl units of grid-links (g-links) of internal and external chains in constructs were calculated from the
ICL and ECL values of amylopectin and models produced from the constructs with the appropriate lengths for internal and external
chains. These derived models were subjected to simulated hydrolysis by Pseudomonas stutzeri amylase and the products compared with
those of the experimental distribution from w-maize amylopectin. With the model the amounts of maltotetraose and maltodextrins
released were similar to the experimental values but the distribution of branched maltodextrins was quite different. Unlike w-maize amy-
lopectin — a polymer with the cluster structure — which has given a profile of molecular sizes of maltodextrins with low amounts of single
and small numbers of internal chains and with a peak at a My, of about 14,000 (13 chains), in the model the proportion of maltodextrin
with one internal chain was high and as d.p. increased the amounts decreased exponentially. This would be expected if the distribution of
internal chains in the core was random. It is suggested that in the core of a model prepared from a construct made with alternating prob-
abilities of extension — one in which this probability is high relative to branching, and a second in which it is low — may give clusters of
branched maltodextrins with short internal chains which are joined by longer chains; more closely approximating the distribution of
internal chains of different lengths in amylopectin.

An arrangement for amylopectin molecules in the starch granule has been proposed. In this, they have a wafer-like, discoidal shape,
composed of the amorphous zone overlain with the double helical, crystalline region. The flat macromolecules are concentrically layered
with the former on the inside and the latter oriented to the outside of the granule.
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1. Introduction

For the development of a model describing the propor-
tions of a(1-4) chains with different lengths and levels of
branching and possible arrangements of these in amylopec-
tin, dendrimeric constructs have been generated by pro-
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grams involving random selection for extension and
branching of chains (Matheson & Caldwell, 1999). Initially
construction was made without any spatial restrictions (R-
SU constructs). This led to a convergent series of the pro-
portion of longer B chains with an increasing degree of
branching. The ratio of probabilities of extension and
branching determines the proportions of the different types
of chains (A and By). In a subsequent study constructs in
two and three dimensional space were generated (Caldwell
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& Matheson, 2003). The introduction of steric restriction
reduces the proportions of B chains with medium levels
of branching and increases both those with one branch
and with high k values. Models with appropriate values
of average chain lengths (CL, ICL, ECL, and CCL) for
particular amylopectins were then prepared from the con-
structs. From comparison of the numbers of chains of each
d.p. with chromatograms of debranched amylopectin, the
chain length distribution of spatially restricted models
was found to have a general resemblance to amylopectin.
Abbreviations used previously appear in Caldwell and
Matheson (2003); Matheson and Caldwell (1999). New
abbreviations are given in Table 1 or explained where they
appear in the text.

As well as complete debranching at o(1-6) linkages, sev-
eral other enzymic procedures indicating aspects of the dis-
tribution of o(1-4) chains have been performed.
Amylopectins have been partly depolymerised with amy-
lases. The exo-amylase, f-amylase, shortens both A chains
and the outermost sections of B chains. The resultant (-
limit dextrins have been debranched and the o(1-4) chains
examined chromatographically (Baba & Arai, 1984; Inou-
chi, Glover, & Fuwa, 1987; Klucinec & Thompson, 2002;
Mercier, 1973; Shi & Seib, 1995; Yuan, Thompson, &
Boyer, 1993). The endo-amylase from Bacillus subtilis
(amyloliquefaciens) (Priest, Goodfellow, Shute, & Berke-
ley, 1987) requires long sections of o(1-4) chains for rapid
hydrolysis (Robyt & French, 1963) and the chromato-
graphic behaviour of the products also gives information
about the clusters (Bertoft & Koch, 2000; Bertoft & Spoof,
1989; Bertoft, Zhu, Andtfolk, & Jungner, 1999).

The amylase from P. stutzeri (Finch & Sebesta, 1992;
Nakakuki, Azuma, & Kainuma, 1984; Schmidt & John,
1979) rapidly exo-hydrolyses external chains, producing
maltotetraose, and then, much less rapidly endo-hydrolyses
longer internal chains, giving more maltotetraose and

Table 1

branched maltodextrins that indicate the nature and
arrangement of clusters.

The aim of this work is to model the action and outcome
of firstly, B-amylolysis and secondly, P. stutzeri amylolysis
on a computed construct of w-maize amylopectin.

2. Methods
2.1. Construct generation and fragmentation

Constructs were generated according to the spatially
restricted algorithm given in a previous publication (Cald-
well & Matheson, 2003). The construct is comprised of
monomeric units henceforth referred to as g-links. Com-
parison of the characteristics of the construct with that of
an amylopectin molecule (Caldwell & Matheson, 2003)
provides a means of equating a g-link to a number of glu-
cosyl units. This number varies slightly depending on
whether the g-link is in an external A or B, or internal B
chain. Simulated B-amylolysis is achieved by removal of
g-links from the external A and B chains of the construct.

Fragmentation (or simulated hydrolytic cleavage) by P.
stutzeri amylase and the tabulation of the resultant frag-
ment sizes is achieved by a sequential reversal of the con-
struction algorithm with a restriction on the minimum
number of g-links between branch points that can undergo
cleavage. When hydrolysis occurs the glucosyl units of the
middle part of an internal chain are released as maltotet-
raosyl units and the g-links at the ends become modified
stubs attached to the two released branched units. This is
illustrated in Fig. 1. These are cleavage diagrams when
the minimum number of hydrolysable, internal unbranched
g-links is 2 as in w-maize amylopectin. In the simulated
hydrolysis of mammalian glycogen this number is 3. The
action of P. stutzeri amylase was chosen because of its spe-
cific release of only maltotetraose from internal B chains.

Formulae for the calculation of mean numbers of g-links in chains and segments of constructs

Chain type Symbol for average length Calculation of L values
In o(1-4)(1-6) glucans (glucosyl units) In constructs (g-link units)

A CLA® La o

B Segments CLp/(F +1)* Lgs b

External B ECLg" Leg b

External (A + B) ECL Lg =alLa + bLgp

B CLB LBC :(F+ l)LBS =F = LI + LEB

Whole CL Lc =ala+ bLpgc=ala+ b(F+ 1)Lgs

All segments CLg~ CL/2 Ls° =0.5aL.x + 0.5bLgg + 0.5L;
=0.5aLa + 0.5(b + 1)Lgs

Internal ICL+1 L] :2LS — llLA — bLEB
=(b+ 1)Lpgs + aLa —alLa — bLgp
=(b+ 1)Lps — bLgp

Core CCL+1 Lcc =F=* L

& Cannot at present be measured.
° From output of program.

¢ The total number of segments (A plus B chains and internal segments including one branch point) is 27 — 1: the numbers of A chains, external B and
internal segments are a7, bT and T, respectively (for a large number of chains).
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Fig. 1. An example of the cleavage of internal construct linkages when the minimum number of internal, unbranched g-links required for cleavage is 2. A
maltotetraosyl unit is represented as G4. The symbol represents a modified g-link.

3. Results and discussion

3.1. Comparison of the structure of the f-limit dextrin of
w-maize amylopectin with that of a model prepared from
a construct

B-Amylolysis of amylopectin gives a limit dextrin con-
taining shortened A chains of two or three glucosyl units.
A number of studies by SEC of the o(1-4) chain profile
of the debranched B-limit dextrin of w-maize amylopectin
have been reported (Baba & Arai, 1984; Inouchi et al.,
1987; Klucinec & Thompson, 2002; Yuan et al., 1993);
and also by IEC-PAD (Shi & Seib, 1995) and HPAEC-
PAD (Bertoft, 2004).

The construct used was the spatially restricted one
(3D(R)(Z = 3)) that gave the debranching profile shown
in Fig. SA in Caldwell and Matheson (2003) (henceforth
referred to as the 3D(R) construct). The types and num-
bers of chains from this construct were A(693), B(310),
By(116), By(43), By(30), Bs(21), B(12), By(10), B(6),
By(5), B1o(2), B11(2), B12(2), Bi3(1), Bi4(1), Bys(1). B-Limit
dextrins have equal numbers of A chain stubs of two or
three glucosyl units whilst the mean DP of a B chain with
k branches is k(ICL + 1)+ 1.5. The ICL was taken as
similar to that of w-maize amylopectin (Yun & Matheson,
1993). Fig. 2 shows the amounts of glucan vs. d.p. for the
o(1-4) chains of the B-limit dextrin of the model. The B
chain numbers were convolved assuming a series of nor-
mal distributions each with a standard deviation of 3.5.
The amounts of A chains have been taken as one half
of each of two and three glucosyl units. The peak value
(as weight of glucan) occurs at d.p. 10-11. In a compari-
son of the relative weights of glucan for the model with
an IEC-PAD plot of debranched w-maize B-limit dextrin
(Shi & Seib, 1995) both had peaks at closely similar val-
ues, 9-10 and 10-11. However, two differences were
apparent. In the chromatographic plot the weights at
d.p. 4-7 were much higher, and those from d.p. 14 to

18 lower, although overall the two curves had a relatively
similar shape. The experimental chromatogram was pub-
lished before the introduction of post-column depolymer-
isation prior to estimation by PAD (Wong & Jane, 1997).
In this method of assay, in the absence of depolymerisa-
tion, the detector response decreases as the d.p. increases.
Also, when w-barley B-limit dextrin was debranched with
isoamylase and chromatographed on Biogel P-4 (Fig. 5c
and d in MacGregor & Morgan, 1984) and w-rice B-limit
dextrin debranched with pullulanase and chromato-
graphed on Biogel P-2 (Fig. 1 in Enevoldson & Juliano,
1988) very small peaks due to maltotetraose were
obtained. Estimation in both was with orcinol-H,SO,.
This oligosaccharide derives from B; chains with an
ICL of 1 or 2. The weight of glucan in chains of d.p. 4
and 5 in the IEC-PAD plot of debranched w-maize B-limit
dextrin implies that the number of B chains with an ICL
of 1 or 2 in the B-limit dextrin is about twice that of
chains at the peak values of d.p. 9 and 10. Conversion
of the amounts of glucan in o(1-4) chains of d.p.4-48
in the IEC-PAD plot to numbers of chains leads to a
CL of 11, giving a CCL of 9.5. The CCL for the model
in the same range of d.p. was 13. w maize amylopectin
(and hence its B-limit dextrin) as well as the model to a
d.p. 126 have a CCL of 14.

In another examination of debranched w-maize and
potato B-limit dextrin by IEC-PAD, (Fig. 4 in Bertoft,
2004) large responses were found for short chains (up to
9). Estimation of the A chain content of w-maize B-limit
dextrin, calculated as

0.5 x detector response of d.p. =2+ 0.33 x detector response of d.p. =3

21144 detector response of d.p.=i
i=2 i

gave a value of 0.75 (an A to B chain ratio =3:1) but
B-amylolysis of amylopectin does not alter the a value,
which for w-maize is 0.55. Also, the ratio of number of
chains of d.p. 2 to those of d.p. 3, equal to
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Fig. 2. A comparison of the glucan mass distribution vs d.p. for the model and the data of Shi and Seib (1995) for debranched w-maize amylopectin. The
inset is a transform of the model data from a d.p. scale to a log d.p. scale.

0.5 x detector response of d.p. =2

is 1.6, whereas it should be 1.
0.33 xdetector response of d.p. =3 18 15, whereas it should be

Since the plots being compared in Fig. 2 are relative
percentages, reduction of the amounts of chains of d.p.
4-7 would raise the values at the higher d.p. values. This
combined with higher values for longer chains — when
estimated after depolymerisation — could be expected to
lead to a graph of the experimental chromatogram closer
to the model. The results indicate that a construct, pre-
pared by random extension and branching and given
the CL, ECL and CCL values of w-maize amylopectin
B-limit dextrin, when subjected to simulated debranching
gives a distribution of o1-4) chains similar to experi-
mental values.

Debranched chains in the model are plotted as the con-
centration of glucan in B chains vs. log d.p. and shown in
the inset in Fig. 2. Precise comparison of simulated
debranching of the model and experimental SEC of deb-
ranched w-maize B-limit dextrin is not possible, since in
SEC a nearly linear relationship between elution volume
and log d.p. is not maintained towards the ends of the
inclusion range of the matrix (Andrews, 1965). Also, all
material larger than the maximum size for inclusion elutes
at the exclusion volume. However, SEC of w-maize
B-limit dextrin (Fig. 2 in Yuan et al., 1993; Fig. 1 in
Klucinec & Thompson, 2002) and also w-rice (Fig. 5 in
Inouchi et al., 1987) and w-barley (Fig. 4 in MacGregor
& Morgan, 1984) B-limit dextrins indicated ranges of
debranched B chains up to about d.p. 100, similar to that
of the model. As well within this range they consisted of
two major, broad peaks — one in the region of d.p. 10 and
the other near 40. In the model of w-maize B-limit dextrin,
By chains have peaks at DP 10-12 and Bg chains at
45-48.

3.2. Estimation of the average number of glucosyl units in a
g-link for the A, internal B and external B chains of a
construct corresponding to a specific amylopectin or glycogen
model

Three types of structure have had aspects of their chain
distribution compared. The first is the computed construct,
in which chains are composed of g-links, and have a char-
acteristic distribution of B chain lengths with different
degrees of branching and numbers and disposition of inter-
nal chains of differing average chain lengths. With spatial
restriction [3D(R) or 3D(P)] the number of B; chains is
higher, of B,_s chains lower, and of chains with more than
five branches higher than the R-SU values (Caldwell &
Matheson, 2003).The second structure is the model pre-
pared from the 3D(R) construct by setting ECL and ICL
values (in glucosyl units) equal to those of a natural amy-
lopectin. The third structure is the natural amylopectin
with its a value, average chain lengths and characteristic
structure. The chromatographic profile of the o(1-4) chains
produced by debranching the last provides the experimen-
tal data for the o(1-4) chain distribution.

In computed constructs the mean length of each type of
chain comes from a distribution of numbers of g-links. In
models of amylopectin (and glycogen) the average chain
lengths (internal and external) are in glucosyl units. In
comparing the behavior of models derived from computed
constructs with amylopectin (or glycogen) to decide the
likelihood of amylolytic hydrolysis of an internal or exter-
nal chain, it is necessary to estimate the average number of
glucosyl units represented by a g-link unit for each type of
chain.

The 3D(R) construct for amylopectin gave on debran-
ching the profile of weight of glucan vs d.p. of o(1-4)
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chains shown in Fig. 5A in Caldwell and Matheson, 2003
and labeled 3D(R)(Z = 3). From the computed outputs
of mean numbers of g-links in external A (L,), external
B (Lgg) and segments of B chains (Lgs), means for external
(Lg) and internal (L) chains, as well as average lengths of
B (Lgc), whole (L¢), and core (Lcc) chains and also aver-
age segment lengths of whole chains (Lg), can be derived

Table 3

Mean chain lengths (in g-links) of a computer construct [3D(R)],
Ex=0.80, Eg =0.20, Bo =2, Bg =2, X,Y and Z = 60 g-links, a = 0.42]
and the equivalent average chain lengths (in glucosyl units) in mammalian
glycogen®: the number of glucosyl units in one g-link of external and
internal chains of the model derived from this construct

Construct Glycogen

(Table 1). Then, for a particular o(1-4)(1-6) glucan, the scylsjgi,llength (\t;a_lllil;eks) scylrlj:,ri,llength Xf}g (glucos]
average number of glucosyl units represented by one g-link I 151 - -
in external and internal chains in the construct can be esti- 1.47 _ _
mated. For an external chain it is ECL/Lg and hence for a Len 1.57 - -
chain composed of n g-links the length (in glucosyl units) is  Le 1.55 ECL 8
n*(ECL/Lg). For internal chains one g-link represents  Lec 3.89 - -
[(CCL + 1)/Lcc] glucosyl units. Table 2 shows the mean éc ?'ig gi ;4
lengths (in g-links) of the various types of chains in the Lf 132 . 6
described construct (¢ = 0.55), and also the average chain Lec 2.32 CCL+1 11
lengths (in glucosyl units) in the chains of three genotypes ECL/Lg 5.2
of maize (w, n and ae). In internal chains the g-link at one (CCL + D/Lce 47

end includes a section that is a branch point and corre-
sponds to one glucosyl unit, so an internal chain composed
of n g-links consists of n*[(CCL + 1)/Lg]— 1 glucosyl
units. The last two lines give estimates of the average num-
ber of glucosyl units in a g-link unit of external and internal
chains for each type of amylopectin. Table 3 does the same
for a construct of mammalian glycogen.

3.3. Determination of the distribution of internal chains of
varying lengths in the core chains of models fitted to
constructs prepared by random extension and branching

From a wide range of physico-chemical evidence and
examination of the partial hydrolysis products of amylo-
pectin, the accepted formula is the cluster structure
(French, 1984; Kainuma, 1988; Manners, 1989; Zobel,
1988). In this structure, core chains have o(1-6) branches.
The sections between adjacent branches are internal chains
of varying lengths. In the cluster structure branched malto-

Table 2

% Chain length data from Yun and Matheson (1993).

dextrins with short internal chains are joined by longer
unbranched chains. The short internal chains are not
hydrolysed (or very slowly) by endo-amylases, whereas
the longer unbranched chains linking the maltodextrin
clusters are hydrolysed more rapidly. For amylopectin
the models that have been proposed can be broadly divided
into two types: those in which the A and external B chains
(the outermost section of a B chain) are depicted with vary-
ing chain lengths (Hizukuri, 1986; Manners & Matheson,
1981; Robin, Mercier, Duprat, Charbonniere, & Guilbot,
1975) or those with these chains having a more constant
length (Bertoft, 2004; Gallant, Bouchet, & Baldwin, 1997;
Imberty, Buleon, Tran, & Perez, 1991 Jenkins, Cameron,
& Donald, 1993; Nikuni, 1978; Oostergetel & van Bruggen,
1993; Waigh et al., 2000; Yamaguchi, Kainuma, & French,
1979). The former are usually proposed from studies on
solubilised amylopectin — and are formulae showing pri-

Mean chain lengths (in g-links) of a computer construct [3D(R)], Ea = 0.60, Eg = 0.40, B =2, Bg =2, X and Y = 60 and Z = 3 g-links, ¢ = 0.55] and the
equivalent average chain lengths (in glucosyl units) in amylopectins from three genotypes of maize®: the number of glucosyl units in one g-link of external

and internal chains of the models derived from this construct

Construct

Amylopectin

Chain length symbol Value (g-links)

Chain length symbol

Value (glucosyl units)

w n ae

La 1.62 - - - -
Lis 1.43 - - - -
LEB 1.80 - - - -
L 1.70 ECL 12 14 17
Lgc 4.57 - - - -
Lc 2.96 CL 18 2 33
Ls 1.48 CLsg 9 11 17
L 1.27 ICL + 1 7 8 11
Lece 2.78 CCL+1 15 18 26

ECL/Lg 7.1 8.2 10.0

(CCL + 1)/Lce 54 6.5 9.4

# Chain length data from Yun and Matheson (1993).
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mary structure without consideration of conformational
effects — whereas the latter are associated with physico-
chemical measurements on granules or amorphous, solid-
state material, and include the representation of double
helical regions. The conformation adopted in solution is
unlikely to be the same as that in the solid state (Gidley
& Bociek, 1985). Solution studies indicate a range of
o(1-4) chain lengths: complete debranching gives smooth
chromatographic profiles of o(1-4) chains on PAD-IEC
(Jane et al., 1999).

In a number of models — usually two-dimensional repre-
sentations — the clusters are shown to be of relatively uni-
form size and appearance, and in a regular pattern
(Jenkins et al., 1993; Kainuma, 1988; Nikuni, 1978; Yam-
aguchi et al., 1979). In others they are shown as differing
in size and shape and not arranged regularly (Hizukuri,
1986; Manners, 1989; Manners & Matheson, 1981; Robin
et al., 1975).

Partial hydrolysis with enzymes or acid gives of(1-06)
branched maltodextrins of a range of sizes (Bertoft &
Spoof, 1989; Finch & Sebesta, 1992). X-ray crystallogra-
phy of granules shows the presence of ordered structures
in which some o(1-4) chains are involved in parallel double
helices (Imberty et al., 1991). The extended nature of the
chains in this double helix is shown by a comparison of
the advance along the helical axis due to the addition of
one glucosyl residue (& = 0.35) with the value for V amy-
lose (A =0.13) and the distance between O; and O, in the
a-glucosyl structure (0.45 nm).These crystalline regions
are considered to involve double helical formation between
an outermost segment of B chains and an A chain attached
as the outermost branch. (CP/MAS) '*C NMR spectros-
copy has shown the presence of both crystalline and amor-
phous regions in granules and re-precipitated amylopectin
(Cooke & Gidley, 1992; Gidley & Bociek, 1985). Electron
microscopy also shows regions of organization within
granules (Gallant et al., 1997; Nikuni, 1978; Yamaguchi
et al., 1979).

A further structural aspect of amylopectin is the distri-
bution of internal chains with differing lengths that pro-
duce the clusters. The amylase from P. stutzeri rapidly
releases maltotetraose units from the external chains of

Table 4A

amylopectin, and then more slowly hydrolyses some inter-
nal chains (Finch & Sebesta, 1992; Nakakuki et al., 1984;
Robyt & Ackerman, 1971; Schmidt & John, 1979). Hydro-
lysis of unbranched o(1-4) chains starts at the non-reduc-
ing end, removing tetrasaccharide units sequentially.

SEC of the products from reaction of wheat amylopec-
tin with P. stutzeri amylase — reacted until the reducing
power of the mixture was constant — gave a peak due to
maltotetraose as well as a broad peak with a maximum
at an elution volume corresponding to that of a dextran
with a My of about 14,000 (Finch & Sebesta, 1992). The
range of Mg values was broad; from maltotetraose to that
of a dextran standard of 250,000. All of the original poly-
saccharide had been partly depolymerised. Precipitation
from the solution with ethanol, followed by a second amy-
lase treatment of the re-dissolved precipitate and ethanol
precipitation gave material that on SEC had a peak at
the elution volume of dextran with a My of 12,000 and a
range of 70,000 down to that of maltotetraose, The wide
range of the fraction of branched o(1-4)(1-6) dextrins indi-
cated considerable variation in the structures of these and
hence in those of the clusters. NMR indicated an average
My of 14,300.

In estimating the extent of simulated hydrolysis of exter-
nal chains in models, the number of units was assigned as
the number of whole tetramer units that could be released
after subtraction of a stub of three glucosyl units. Table 4
shows the estimated average numbers of glucosyl units in
external chains with varying numbers of g-links of a model
of w-maize amylopectin prepared from the 3D(R) con-
struct and the calculated numbers of maltotetraose units
released from these external chains of different lengths. In
external chains a g-link represents more glucosyl units than
in internal chains. In this construct the fraction of g-links in
core chains is 0.43, whereas in w-maize amylopectin the
fraction of glucan is 0.34 (Matheson, 1995).

The partial hydrolysis of blue starch (Nakakuki et al.,
1984; Schmidt & John, 1979) and of the B-limit dextrin
of amylopectin shows that the enzyme can also hydrolyse
by an endo mechanism. Although P. stutzeri amylase can
hydrolyse an o(1-4) linkage in the glucosyl unit next to
the unit linked o(1-6) in the maltotetraosyl sections of

Average numbers of glucosyl units in models of w-maize amylopectin corresponding to chains of different numbers of g-links in the constructs, numbers of
maltotetraosyl units released on hydrolysis and numbers of glucosyl units in remnant internal and external segments

No. of g-links 1 2 3 4 5 6 7 8

External chains ECL/Lg = 7.1 Average No. of glucosyl units* 7 14 21 28 36 43 50 57
No. of Gy units released” 1 2 4 6 8 9 11 13
Glucosyl units remaining® 3.1 6.2 53 4.4 3.5 6.6 5.7 4.8

Internal chains (CCL + 1)/Lcc=5.4 Average No. of glucosyl units® 4 10 15 21 26 31 37 42
No. of Gy units released” 1 2 3 5 6 7 9
Glucosyl units remaining® - 5.8 7.2 8.6 6.0 7.4 8.8 6.2

% To the nearest whole number.
® Whole number part of calculated value.
¢ Shared between two remnant external segments.
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Table 4B

Average numbers of glucosyl units in models of mammalian glycogen corresponding to chains of different numbers of g-links in the construct, numbers of
maltotetraosyl units released on hydrolysis and numbers of glucosyl units in remnant external and internal segments

No. of g-links 1 2 3 4 5 6 7 8

External chains ECL/Lg = 5.2 Average No. of glucosyl units® 5 10 16 21 26 31 36 42
No. of G, units released® 0 1 3 4 5 7 8 9
Glucosyl units remaining® - 6.4 3.6 4.8 6.0 32 44 5.0

Internal chains (CCL + 1)/Lcc = 4.8 Average No. of glucosyl units® 4 9 13 18 23 28 33 37
No. of G, units released® 0 0 1 3 4 5 6 7
Glucosyl units remaining® - - 9.4 6.2 7.8 7.8 8.6 9.4

# To the nearest whole number.
® Whole number part of calculated value.
¢ Shared between two remnant external segments.

pullulan, the limited extent of the hydrolysis of the B-limit
dextrin of wheat amylopectin (11%) indicates that where
o(1-4) chains have o(1-6) branch points at both ends that
hydrolysis is much more restricted. With wheat amylopec-
tin B-limit dextrin the branched dextrin fraction left after
hydrolysis had an average chain length of 6.4 and an esti-
mated average d.p. of 47.

In simulated hydrolysis of the models, the number of
maltotetraosyl units released from an internal chain was
assigned as the number of whole tetramer units remaining
after subtraction of 2 * 3 glucosaccharide units from the
ICL: two stubs of at least three glucosyl units remain at
the two branch points. Table 4A shows the estimated aver-
age numbers of glucosyl units in the internal chains of
models of w-maize amylopectin consisting of different num-
bers of g-links and derived from 25 replicates of the 3D(R)
construct E, = 0.60, Eg =0.40, B =2, Bg =2, X, Y=160,
Z =3, T=1000, total g-links = 2964. The calculated num-
bers of maltotetraosyl units released have also been esti-
mated. For external chains it equals

[(ELLEL) * (no. of g-links) — 3}
4
whilst for internal chains:

[CCL + l} . [(no. of g-links — 1) — (2 * 3)]

4

with the whole number part of the answer giving the num-
ber of maltotetraosyl units released.

This means that in the construct corresponding to the
w-maize amylopectin model all external chains lose
maltotetraosyl units — to varying degrees — according
to the number of g-links they consist of, and that inter-
nal chains made up of one g-link are not hydrolysed,
whereas all others react, releasing varying numbers of
maltotetraosyl units according to their composition of
g-links (Table 4A).

With the construct corresponding to the mammalian
glycogen model, external chains of one g-link are not
hydrolysed and internal chains need to be composed of at
least three g-links for hydrolysis and release of maltotetrao-
syl units to occur (Table 4B).

Lcc

The branched maltodextrins produced by hydrolysis of
o(1-4)(1-6) glucans by P. stutzeri amylase consist of:

(1) Contiguous short internal chains that have not been
hydrolysed.
(i) Remnant external chains that result from exo-hydro-
lysis of A chains and external segments of B chains.
(iii) The remnants of hydrolysed longer internal chains
where maltotetraosyl units have been removed.

(i1) and (iii) Become remnant external segments (or parts of
A chains). These branched maltodextrins are formed exten-
sively from the clusters of the original amylopectin.

They have a number of characteristic features. Struc-
tures with the same number of neighbouring, non-hydro-
lysable internal chains, but different configurations
(Fig. 3) have certain similar structural properties regard-
less of their configuration. They have the same number
of chains and of remnant external segments. Table 5
shows the values of these structural properties for malto-
dextrins with similar numbers of contiguous unhydrolys-
able chains (up to 20) as well as the general case. Several
features are:

(a) The number of whole chains is equal to the number
of unhydrolysed internal chains plus two (n + 2). This
number is also equal to the number of segments plus
one, with the total divided by two.

(b) The number of branch points (and branches) equals
the number of internal unhydrolysable chains plus
one (n+1).

(c) The numbers of remnant external segments — both
shortened (and any unreacted) A, remnant external
B segments and remnants from hydrolysis of longer
internal chains — equals the number of internal chains
plus three (n + 3).

(d) The total number of segments equals the number of
remnant external segments plus the number of unhy-
drolysable internal chains (2n + 3).

Various molecular characteristics of maltodextrins in
hydrolysates can be estimated.
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Fig. 3. Possible configurations of maltodextrins composed of five chains showing they have the same number of unhydrolysable internal chains (3),
external segments (from external or internal chains) (6), branch points (4) and non-reducing end groups (5).

Table 5

Properties of maltodextrins produced by P. stutzeri amylase hydrolysis of the w-maize amylopectin model prepared from the 3D(R) construct (E5 = 0.60,

Eg=0.40, BA=2, Bg=2, X, Y=60, Z =3, T=1000, 25 replicates)

No. of unhydrolysable No. of chains No. of branch points No. of remnant segments d.p. Average chain length®
internal chains (n) (n+2) (n+1) (n+3)

0 2 1 3 15 7.3

1 3 2 4 24 8.1

2 4 3 5 34 8.6

3 5 4 6 44 8.8

5 7 6 8 64 9.1

8 10 9 11 94 9.4
18 20 19 21 193 9.6

# For the w-maize amylopectin described in Tables 2 and 3.

The weighted mean chain length (in glucosyl units) of
remnant external segments in branched maltodextrin prod-
ucts-from both external and internal chains — is equal to

1 T n
b (e o)

where GE; is the number of remnant glucosyl units on
external chain i after that chain is externally hydrolysed,
G, is the number of remnant glucosyl units produced when
linkage j is internally hydrolysed, 7 is the total number of
chains in the original model and # is the number of internal
hydrolysable linkages within the original model.

The remnant chain length of external chains equals the
number of glucosyl units present prior to hydrolysis, minus
four times the number of maltotetraosyl units released on
hydrolysis. For hydrolysable internal chains — taking into
account the branch points — it is the number of glucosyl
units prior to hydrolysis minus one, minus four times the

number of maltotetraosyl units released. For models of
w-maize amylopectin and mammalian glycogen, prepared
from particular constructs, the remnant chain lengths (glu-
cosyl units) of segments composed of different numbers of
g-links are shown in Tables 4A and 4B.

For a model of a specific a(1-4)(1-6) glucan, assigned
the native polysaccharide’s chain lengths, and prepared
from a particular construct, approximations can be made
of the average d.p. of released maltodextrins with a known
number of unhydrolysable internal chains, as well as an
approximate estimate of the M.

The average d.p. of the n + 1 released maltodextrins can
be expressed as:

1 n+1 Ni M;
o (ZBP,-+ (ZC,+ZDk>>
i=1 k=1

=1

where BP; is the number of branch points, N, is the number
of remnant external segments, and M; is the number of
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unhydrolysed internal linkages in maltodextrin i respec-
tively. C; is the number of glucosyl units in remnant exter-
nal chain j, and Dy is the number of glucosyl units in
unhydrolysed linkage k.

The average chain length (in glucosyl units) of unhydro-
lysed internal chains can be expressed as:

1 n+l  M;
n+1 ; ;Dk

In Table 5 estimated d.p. values of maltodextrins from 2
to 20 chains produced by hydrolysis of the w-maize amylo-
pectin model in Tables 2 and 4A are listed.

The average My of a branched maltodextrin for a spe-
cific o(1-4)(1-6) glucan derived from a particular construct
can be estimated as:

The number of unhydrolysed internal chains times their
average chain length (glucosyl units) times 162 plus.

The number, less one, of glucosyl units in remnant exter-
nal segments times their average chain length, less one,
times 162 plus.

The number of branch points times 145 plus.

The number of remnant external and internal segments
times 179.

The end groups of internal remnant segments with a
reducing end should be multiplied by 163. However, these
form a small proportion of remnant chains.

Models prepared from constructs in which the g-links
were assigned the lengths in glucosyl units calculated
from the n* ECL/Lg values (for external chains) and
n* CCL/Lcc (for internal chains) were subjected to sim-
ulated P. stutzeri hydrolysis. When the model with the
chain lengths of w-maize amylopectin, prepared from
the 3D(R) construct (Ex =040, Eg=0.60, B =2,
Bg=2, X, Y=60, Z=3, T=1000, 25 replicates, g-link
total 2964, a=0.55) underwent simulated hydrolysis
(under the rules described in Table 4A) the extent of
maltotetraose production from external and internal

Table 6

633

chains and the numbers of maltodextrins released is
shown in Table 6.

The total of maltotetraose units released (2015 per 1000
chains of CL 18) was 45% of the molecule. On hydrolysis of
n-wheat amylopectin Finch and Sebesta (1992), after SEC,
obtained material with a My greater than that of maltotet-
raose of 54%. After two cycles of hydrolysis the superna-
tant, on ethanol precipitation, contained 57% of the
original carbohydrate. In Fig. 5 the percentages of malto-
tetraose and the various maltodextrins obtained by this
simulated hydrolysis vs their log My is plotted. The distri-
bution of maltodextrins is quite different to that produced
experimentally (Fig. 1 in Finch & Sebesta, 1992).They
obtained a broad peak on SEC with a maximum at an elu-
tion volume similar to a fraction of dextran of My, 15,000.
After two cycles of hydrolysis and ethanol precipitation the
maximum of the single peak was similar to a dextran of
My 12,000. The chromatographic behaviour of an o-(1-
4)(1-6)dextrin would be expected to be somewhat different
to an o(1-6) dextran (Tao & Matheson, 1993). NMR of
this maltodextrin from two hydrolysis cycles indicated a
product with a d.p. of 88 (Mw 14,000) and a CL of 7.

Simulated hydrolysis of the model of w-maize amylopec-
tin gave a series of maltodextrins with a maximum amount
at a My, of 2400 and then an exponential decrease as the
My increased, so that at a My of 14,000 (log value 4.15,
Fig. 4) only a small amount was present. An estimated
10% had a My above 20,000. Although the model derived
from the randomly constructed 3D(R) program has a dis-
tribution of A, B and core chains similar to the native amy-
lopectin, the distribution of internal chains is very different
to the pattern found from P. stutzeri amylase hydrolysis of
n-wheat amylopectin. In the 3D(R) model the major frac-
tion of maltodextrin (both in number and amount) results
from hydrolysis of a branch point linked to an A chain, an
external B chain and an internal chain long enough to be
hydrolysed; an external B chain and two internal chains
long enough to be hydrolysed; or three internal chains long

Products released from simulated hydrolysis by P. stutzeri amylase hydrolysis of a model of w-maize amylopectin derived from the 3D(R) construct
(Ea=0.60, Eg =0.40, B, =2, Bg=2, X, Y=060, Z= 3, T=1000, 25 replicates)

From external chains (ECL) (glucosyl units) Number From internal chains (ICL) (glucosyl units) Number
Maltotetraosyl units released

7 341 4 0
14 1247 10 162
21 113 15 64
28 37 21 24
36 8 26 11
43 2 31 2
50 1 37 1
57 1 42 1
X 1750 X 265

Maltodextrins released
Number of chains 2 3 4 5 6 7 8 9 10
Number released 71 38 21 15 11 8 5 6

11 12 13 14 15 16 17 18 19 20 >20
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Fig. 4. Amounts of maltotetraose (G4) and maltodextrins released on simulated hydrolysis by P. stutzeri amylase from a randomly constructed model of

w-maize amylopectin.
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Fig. 5. (a) A schematic representation of a section across the short axis of
a model with restricted extension into the third dimension. (b) A
diagrammatic representation of a section of a granule across a long axis
of the wafer-like polymer molecules.

enough to be hydrolysed. There are decreasing amounts of
maltodextrins containing increasing numbers of short, con-
tiguous, unhydrolysable internal chains. This pattern of
maltodextrins released in the model indicates a random dis-
tribution of internal chains of different lengths. In contrast,
in n-wheat amylopectin, the major maltodextrin fraction is
distributed around a branched structure with 12—13 chains
and 10-11 contiguous, unhydrolysable internal chains.
These appear to result from hydrolysis between clusters
with this average structure of neighbouring, short internal
chains, which are joined by longer hydrolysable internal
chains. The high level of maltodextrins made up of two
chains in the model of w-maize amylopectin — relative to

those of about 10-12 chains — is in contrast to n-wheat
amylopectin. It indicates that in the latter there are fewer
branch points surrounded by external chains and one or
two long internal chains, or by three long internal chains.
When other constructs were made with E5 + Eg =1 (to
give a = 0.53-0.56) with Bs and Bg ranging from 0.5 to 5
and X and Y 60 and Z 60, 3 or 0, simulated depolymerisa-
tion of the derived models gave similar patterns of decreas-
ing amounts of maltodextrin fractions of increasing Myy.
The lower values of (CCL + 1)/Loc and ECL/Lg of
mammalian glycogen (Tables 3 and 4B) gave a much lower
extent of hydrolysis on simulated hydrolysis of its model.
The diurnal rhythm of photosynthesis gives a twofold,
alternating rate of starch synthesis. More ADP-glucose —
the substrate for chain elongation — is available during illu-
mination. This suggests a possible process for the forma-
tion of clusters with short neighbouring internal chains in
amylopectin. Light periods — when ADP-glucose is abun-
dant — would provide a period of predominant chain
lengthening leading to the favouring of extension over
branching and hence longer internal chains. This would
be followed by a period when ADP-glucose availability
decreases and branching becomes the major reaction. As
soon as a chain reached the minimum length for branching
it would occur and lead to the formation of short internal
chains. This pattern would indicate two different types of
sections in the core of an amylopectin — one of longer inter-
nal chains hydrolysed by P. stutzeri amylase, and another
of highly branched maltodextrins with contiguous, short
internal chains, not hydrolysed by this amylase. It suggests
a possible method of formation of a construct leading to an
approximate model that involves two alternating periods;
one in which the probability of extension by random addi-
tion is high relative to branching and a second in which the
overriding probability of reaction is branching. This would
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occur as soon as chains reached the shortest permissible
length to react, leading to the highly branched sections with
short internal chains. In the formation of a construct with «a
equal to 0.55, the average length of B chain segments (Lgs)
increases approximately fourfold when the probability of
extension relative to branching increases from 1:10 to
1:0.1 (Fig. 15 in Matheson & Caldwell, 1999).

3.4. A proposal for the arrangement of amylopectin
molecules in the starch granule

Physico-chemical evidence for solubilised amylopectin
indicates that it has an oblate discoid shape — a “two
dimensional entity” (Banks, Geddes, Greenwood, & Jones,
1972; Callaghan & Lelievre, 1985, 1986; Callaghan, Lelie-
vre, & Lewis, 1987; Durani & Donald, 2000; Kerr, 1945).
Ultracentrifugation in DMSO demonstrated that wheat
amylopectin was a highly planar molecule with semi-axes
of 45 and 1.2 nm (Lelievre, Lewis, & Marsden, 1986). Its
B-limit dextrin was still a flat disc. In aqueous solution
the individual molecules appear to associate. A flat discoi-
dal shape for amylopectin is in accord with the large
decrease in viscosity and increase in elution volume on
SEC of the derived B-limit dextrin, after periodate oxida-
tion and borohydride reduction, when the acyclic structure
of the opened o(1-4) pyranose rings allows the formation
of a more compact globular shape (Tao & Matheson,
1993). In contrast, the B-limit dextrin of mammalian glyco-
gen — it already has a globular shape, since on ultracentri-
fugation S, has only a slight dependence on concentration
(Banks et al., 1972) — shows little change in elution volume
relative to the My change when it is oxidised and reduced.

It has been shown that if a construct is made with lim-
ited extension along one axis, simulated debranching of a
model made from this with the various chain length values
of w-maize amylopectin gives a chromatographic pattern
similar to that found experimentally for the native amylo-
pectin (Caldwell & Matheson, 2003). Also, debranched B-
limit dextrin of w-maize amylopectin gives a similar profile
on reaction to simulated hydrolysis of a model (Section
3.1). From this information and the degree of crystallinity
observed in amylopectin in the solid state (Cooke & Gid-
ley, 1992; Imberty et al., 1991; Gidley & Bociek, 1985; Jen-
kins et al., 1993) a model can be proposed in which the
macromolecule has a wafer-like form and the biosynthetic
reactions of chain extension and branching occur essen-
tially in a plane of two axes with limited extension into
the third axis. Then double-helical structures formed
between the outermost segments of B chains (external B
chains) and A chains that are outermost chains attached
to these B segments adopt a conformation with the axes
of their double-helices perpendicular to the two major
dimensions. In a two-dimensional construct (Fig. 3 in
Caldwell & Matheson, 2003) in which the outermost seg-
ments of B chains have A chains attached as their outer-
most chains — and so capable of forming parallel double-
helical structures — they are found spread over the surface

of the two-dimensional plane, providing the material for
the crystalline region. Almost 40% lie close to or within
the radius of gyration. The large decrease in the a value
of w-maize amylopectin, partly debranched by pullulanase,
(Manners & Matheson, 1981) is in agreement with this
interpretation. A section across the short axis of a model
with restricted extension into the third dimension is shown
in Fig. 5a. It consists of two parts, an irregular, amorphous
zone composed of B chains (mostly interior to outermost B
segments) as well as A chains that are not outermost A
chains; and a crystalline region composed of parallel dou-
ble-helices made up of outermost B segments and A chains
that are linked as outermost branches to these.

The growth of starch granules occurs by sequential lay-
ering onto the outer surface of the granule — apposition
(Badenhuizen & Dutton, 1956; Buttrose, 1962). In the
3D(R) construct synthesis of newly forming polymer mol-
ecules, by growth of chains along the long axes (X and
Y) can occur in both positive and negative directions (+X
and +7Y) and is essentially not limited in these directions.
Along the short (Z) axis growth is only possible in one
direction (+Z or not at all if Z = 0), that is, outwards from
the centre of the granule — and it is limited to a short dis-
tance. Production of the combination of an outermost B
chain with an A chain attached as an outermost branch
can occur at the termination of growth of a B chain. Lim-
ited growth of chains along the Z axis, combined with non-
limited development of chains in the X-Y plane would then
lead to a wafer-like form. The outer layer consists of a
region of double-helical chains derived from outermost B
segments with an A chain attached as the outermost
branch, plus an inner zone of B chains with other B chains
attached as outermost chains, and with A chains occurring
as branches at all positions except as outermost chains. The
chains in the inner zone would be incapable of forming par-
allel double-helical structures. Since re-precipitation of sol-
ubilised starch gives a product with a crystalline fraction
(Gidley & Bociek, 1985) it appears that the formation of
the parallel double-helical structure from outermost B seg-
ments and outermost A chains attached to them is a spon-
taneous process. The lack of crystallinity in glycogen and
phytoglycogen may be due the insufficient length of their
A and external B chains to form double-helical structures.

The individual polymer molecules are layered with their
long axes (X and Y) perpendicular to the radial axis of the
granule. Fig. 5b shows a diagrammatic representation of a
section of a granule across a long axis of the wafer-like
polymer molecules. In the crystalline region the long axes
of the parallel double-helices are directed radially. The
amorphous zone in each wafer-like structure lies towards
the centre of the granule: that is, it is the inner layer of each
molecule. This concentric layering of the polymer molecule
gives a repeating pattern, which has been detected by small
angle X-ray scattering for the granules of six starch species
(Jenkins et al., 1993). For an amylopectin in which the
average length of A chains is 12 glucosyl units and the /
value .35 nm, the width of parallel double-helical region
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would be 4.2 nm. Then a repeat distance of 9 nm (from
small angle X-ray scattering) would indicate a thickness
of the amorphous zone of 4.8 nm.

Nageli dextrins arise from the relative resistance to
acidic hydrolysis — compared to unpaired linkages in the
amorphous zone — of the double-helical structures in the
crystalline region. Association by double helix formation
between neighbouring polymer molecules (both laterally
and radially) may occur via amylose chains and longer than
average external amylopectin chains: in this case parallel
and anti-parallel alignment may both be possible.

The reaction of the amylase from P. stutzeri with paral-
lel double-helical structures formed from outermost B seg-
ments and an outermost attached A chain would produce a
branched o(1-4)(1-6) dextrin composed of two o(1-4)
chains, provided the internal B chain linking to the main
chain was long enough. If this linking internal chain is
too short for hydrolysis it will become part of a dextrin
of more than two chains, with the remainder derived from
the amorphous zone. Dextrins composed of two o(1-4)
chains can also be produced from the amorphous zone
where a 1,4,6 linked glucosyl unit is linked to three long
internal chains. The branched o(1-4) dextrins of more than
two chains consist of internal chains too short to be
hydrolysed by the amylase. Although P.stutzeri amylase
hydrolysis of wheat amylopectin produced dextrins with
a range of My values, the peak at a single value of near
to 14,000 was consistent with a cluster structure (Finch &
Sebesta, 1992).
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