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Abstract

Previously published chromatographic profiles of amounts of debranched a(1-4) chains versus d.p. of 10 amylopectins (w-, n- and ae-

maize, w- and n-rice, w- and n-potato and w-, n- and HA-barley) have been compared with convolved plots of randomly extended and

branched, spatially unrestricted models (random dendrimeric) with similar average chain lengths (CL, ECL and ICL) and fractions of A

chains: the number of Bk chains in the model was Tb2ak21 where k is the number of branches. Eight of these comparisons had an undulating,

tri-modal pattern of differences (experimental minus model) in the numbers of chains. This was positive at the calculated d.p. of low

branched ðB1Þ chains, negative at medium branched ðB2–5Þ chains and positive at highly branched (.B5) chains. Two gave a bimodal pattern.

Plots of glucan versus d.p. emphasised differences at high branching.

Convolved profiles of numbers of types of chains for constructs generated on a three-dimensional cubic grid, in which the positions

occupied by chains were exclusive, with extension and branching random—as well as random with a preference for branching into one

plane—were compared with spatially unrestricted models with the same average chain lengths and fraction of A chains. Some had a similar

undulating tri-modal pattern of differences in chain numbers versus d.p. and these occurred at the same ranges of types of chains to those

between debranched amylopectin and the spatially unrestricted models. These differences appeared when the A chain content was equal to or

higher than that of amylopectin and were much more marked when the structure of the three-dimensional models was limited along one axis,

producing an oblate ellipsoidal shape. These three-dimensional models had more B chains with higher numbers of branches and more chains

with longer chain lengths than the spatially unrestricted model with the same number of A chains. In a printout of a two-dimensional

construct based on a square grid, with a total of 500 chains (0.58 of which were A chains) a significant proportion of A chains were inside the

radius of gyration, and the number of tiers was twice that of the spatially unrestricted model with the same total number of chains and fraction

of A chains. The results suggest a model for the distribution between chains with differing numbers of branches in amylopectin, which is

affected by steric restrictions. When the A chain content was near to that of mammalian glycogen and expansion not limited along any axis,

giving three-dimensional models with a spheroidal shape, the B chain distributions for the three-dimensional and spatially unrestricted

models were similar. The resemblance of convolved plots of these to chromatograms of debranched glycogen-also with a spheroidal shape-

indicates that its B chain distribution is similar to a randomly generated model in which steric restrictions do not apply.

q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The generation of models of distributions between

a-(1–4) chains with different numbers of branches by an

algorithm that extended and branched chains by random

selection and different probabilities of extension and

branching—a randomly generated, dendritic polymer,

termed a random dendrimeric model—gave constructs in

which the numbers of types of B chains were defined by

the expression Tb2ak21; where k is their number of

branches (Matheson & Caldwell, 1999). The construct
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applies no spatial restrictions to the placement of new

chains. Different types of chains (A, B1, B2, etc.) can be

generated in any tier. However, the termination of the

process and the dependence of the formation of chains with

higher levels of branching on the prior existence of chains

with fewer branches precludes a fully random, final

arrangement of the various types of chains. This is non-

regular. Calculation of DP values for the A and the various

types of B chains from the generally accepted a; ECL and

ICL values, and convolving these, gave profiles of numbers

of chains or amount of glucan versus d.p. Comparison with

available experimental chain profiles (to about a d.p. of 60)

of debranched mammalian glycogen showed that this

model gave a much better fit to the experimental data of

proportions of debranched a(1–4) chains versus d.p. than a

model with regular branching of B chains with two—and

some single—chains. However, amylopectin, although

showing much similarity, had a major difference: com-

parison of plots of weight of glucan at a d.pn versus d.pn

showed that, in contrast to the model, experimental

chromatographic profiles had another peak at long chain

lengths. The introduction of post-column depolymerisation

of the a(1–4) chains from debranching, by hydrolysis to

glucose with amyloglucosidase (Wong & Jane, 1997) has

overcome any problems of differential detector response to

PAD of a(1–4) glucan chains with differing d.p. These

authors have examined a range of amylopectins (Jane et al.,

1999; McPherson & Jane, 1999; Song & Jane, 2000).

We have now compared the chromatographic profiles

of amount of glucan and numbers of chains versus d.p. to

those of the R(SU) models (called random dendrimeric in

Matheson et al. (1999)) derived from the chain lengths

(CL, ECL, CCL and ICL) determined for 10 of the

experimental chromatograms. Models have also been

generated with two programs in which chains are located

on a three-dimensional cubic grid. The events (extension

or branching of A or B chains) were chosen randomly.

The positions on the grid are unique; two chains cannot

occupy the same space. In one program, if branching was

selected, the direction of the new branch was chosen—

subject to the spatial restrictions—in sequence on a

preferential basis. In the other, the direction of the new

branch was chosen randomly. These two models have

been compared with the R(SU)model and the differences

related to those found between the experimental profiles

and the R(SU) model.

2. Methods

2.1. Construction of convolved R(SU) profiles

Average chain lengths (CL) were calculated from

published experimental chromatographic profiles (Jane

et al., 1999; McPherson et al., 1999; Song et al., 2000) of

amount of glucan in a chain of d.pn as

CL ¼

Xn

n¼1
detector response of chain of d:pn

Xn

n¼1

detector response of chain of d:pn

d:pn

where the unit is number of glucosyl units.

Nomenclature

a fraction of A chains

b fraction of B chains

b fraction of glucosyl residues removed by b-

amylolysis

BA probability of branching an A chain

BB probability of branching a B chain

CCL average core chain length (glucosyl units)

CL average chain length of A þ B chains

CLA average chain length of A chains

CLB average chain length of B chains

CLS average number of glucosyl units in segments of

B chains between branches (including one

branching residue in each segment of the a(1–

4) chain) plus the A and external B chains

d.p. degree of polymerisation (glucosyl units)

DP mean degree of polymerisation of a population

of a particular type of chain, such as A, B1,…

3D(P) three-dimensional model with preferential

branching

3D(R) three-dimensional model with random branch-

ing

EA probability of extension of an A chain

EB probability of extension of a B chain

ECL average external chain length

ECLB average chain length of segments of B chains

external to the outermost branch point

F average frequency of branching

Gx;y;z radii of gyration

ICL average internal chain length

IEC ion-exchange chromatography

MS molecular size

MW molecular weight

N value of the highest tier number

PAD pulsed amperometric detection

R(SU) spatially unrestricted randomly constructed

model (random dendrimeric)

SEC size exclusion chromatography

T number of chains per molecule

w range of d.p. at half height of the distribution of a

population of a particular chain type
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Then

bCL ¼ aðCLA 2 2:5Þ þ bðECLB 2 1:5Þ

¼ aCLA þ bECLB 2 2:5a 2 1:5ð1 2 aÞ

and

ECL ¼ bCL þ a þ 1:5 ¼ bpCL 2 b þ 2:5

and

CCL ¼ ðCL 2 ECL 2 bÞ=b and ICL

¼ bCCL 2 a ðYun&Matheson; 1993Þ

For calculation of DP, CLA and ECLB were taken as equal,

b as 0.56, and the DP of Bk as ECL þ kðICL þ 1Þ: The

average numbers of chains of a B type were calculated as

Tb2ak21 and the numbers of A chains as Ta ðT ¼ 1260Þ:

Gaussian distributions for each type of chain (based on its

DP) were convolved with Microcal Originw software

(Matheson et al., 1999). The w values for B chains were 6

for w--rice, 8 for amylomaize V and 7 for all other

amylopectins. The A chains were convolved as skew curves

from two populations of 220 and 486 chains. Their DP

values and w values (in brackets) were; w-rice 8.5 (3) and

11.5 (4); w-maize 10.7 (4) and 12.7 (6); w-barley 10.5 (4)

and 12.5(6); w-potato 11.0 (4) and 13.0 (6); n-rice 10.5

(4) and 12.5(6); n-maize 10.8 (4) and 12.8 (6); n-barley 11.2

(4) and 13.2 (6); n-potato 11.6 (4) and 14.1 (6); amylomaize

V 12.5 (5) and 14.5 (7); HA barley 11.2 (4) and 13.2 (6).

2.2. Algorithm for the generation of a spatially

limited model

The algorithm developed for the three-dimensional

models follows the conformational requirements for either

extension or branching of a randomly branched dendrimer

[R(SU)] as outlined in program 1, which appeared in a

previous publication (Matheson et al., 1999) together with

spatial restrictions placed upon the growing construct. In

summary these consist of a pre-event configuration and

status value, the event, and a post-event configuration and

status value. The possible events are extension of an A

chain, extension of a B chain, branching of an A chain, and

branching of a B chain. Each event can be assigned a

probability (EA; EB; BA; and BB; respectively). The program

commences with a linear three-link segment and terminates

when a pre-assigned number of chains ðTÞ have been

generated (#1260). In the 3D(R) and 3D(P) programs the

constructs are generated in a cubic grid with the spatial

restrictions preventing chains from extending or branching

into coordinates already occupied. Two further controls may

be placed on the growing three-dimensional construct,

namely a radial limit in the X –Y plane and a limit of growth

in the Z direction. In both programs the radial limit in the

X –Y plane is set at 60 grid units whilst, the limit of growth

along the Z-axis is either þ 60 to 260 or þ 3 to 23 grid

units. The permitted range of coordinates is therefore

cylindrical with the centre of mass of the cylinder at

x; y; z ¼ 0: The initial linear three-linked segment occupies

co-ordinates from x; y; z ¼ 0 to x ¼ 3 and y and z ¼ 0 grid

units. In the 3D(P) program, after a chain and event are

chosen randomly, if the event is branching the direction to

be occupied by the new chain is chosen in a preferential

sequence as shown in Table 1. If the selected space is

already occupied, the next direction in the sequence is

examined. In the 3D(R) program the chain and the event are

chosen randomly but, if the event is branching, the direction

of the new chain is also chosen randomly. If the selected

position is already occupied, the event is voided and a new

chain and event chosen randomly. The program re-

commences for a pre-set number of repeats (normally set

at an additional 7) with the same input values. On

completion of the program the following information is

presented:

1. the average number of A chains

2. the average number of chains with specific chain lengths

3. the average number of B chains with a specific number of

branch points

4. the average number of links (equated to a degree of

polymerisation) in the construct generated for a pre-set

number of chains and probabilities

5. the average number of links in the A chains

6. the average number of links between branch points of the

B chains

7. the moments of inertia and radii of gyration about each

axis for each repeat

8. the centre of mass of the generated construct for each

repeat

Standard deviations of the eight repeat replicates were

also provided. Radii ðx; y; zÞ of the ellipsoid were estimated

with Routh’s rule from the average radii of gyration ðGx;y;zÞ

assuming a symmetrical shape with uniform density

(Bullen, 1962) as:

x ¼ 2:5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G2

y þ G2
z 2 G2

x

q

Similar expressions apply for y and z: The axial ratio is

ðx þ yÞ=2z:

Table 1

Sequence of branching choices in the 3D(P) model

Axis and direction

of chain undergoing

branching

Sequence of possible axes and

directions for the new branch

X þ ve Into Y þ ve then Y 2 ve, Z þ ve and Z 2 ve

Y þ ve Into X 2 ve then X þ ve, Z þ ve and Z 2 ve

Z þ ve Into X 2 ve then X þ ve, Y þ ve and Y 2 ve

X 2 ve Into Y 2 ve then Y þ ve, Z þ ve and Z 2 ve

Y 2 ve Into X þ ve then X 2 ve, Z þ ve and Z 2 ve

Z 2 ve Into Y þ ve then Y 2 ve, Z þ ve and Z 2 ve
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3. Results and discussion

3.1. Comparison of experimental profiles with R(SU) models

The CL values (Table 2) of 10 amylopectins were

derived from their chromatographic profiles (Jane et al.,

1999; McPherson et al., 1999; Song et al., 2000). The

average chain length is the total number of glucosyl residues

divided by the total number of chains, that is:
Xn

n¼1
number of Glc residues in a chain of d:pnXn

n¼1
number of chains of d:pn

where n is the longest chain.Since the ‘number of Glc

residues in a chain of d.pn £ number of chains of d.pn’

equals the amount of glucan in chains of d.pn, the first

expression is equivalent to:
Xn

n¼1
detector response of chain of d:pn

Xn

n¼1

detector response of chain of d:pn

d:pn

To make profiles of the models, DP values of B chains with

the various numbers of branches were calculated (Section

2.1) from the ECL, CCL, and ICL values (Table 2).

Combined with the numbers of each type of chain, these

were convolved to give a profile of relative numbers of

chains per 1260 residues versus d.p. These were normalised

to a total of 1000 chains. Amount of glucan of d.pn was then

calculated by multiplying by d.p. and the values normalised

to 1000 to give a profile of relative amount of glucan of d.pn

versus d.p. Experimental chromatographic profiles of

amount of glucan versus d.pn—of four waxy, four normal

and two high-amylose samples—were converted to num-

bers of chains of d.pn by dividing by d.pn, and normalising

to a total of 1000 chains. Of the four waxy samples

considered, apparent amylose contents (from I2 absorption)

of rice and maize were zero (Jane et al., 1999), whereas

those of barley and potato were 9.1 and 19.2 (Song et al.,

2000). In the experimental chromatographic profiles there

are some differences in the various chain lengths (CL, ECL,

CCL and ICL) among the amylopectins; in particular w-rice

compared to n-rice and to all other samples, as well as

amylomaize V to n-maize and to the other structures.

The experimental samples were prepared by the removal

of molecules with long a(1–4) chains as the n-butanol

complexes (Jane et al., 1999; McPherson et al., 1999; Song

et al., 2000). Estimation of Amax and lmax values of the

iodine complexes across the chromatographic profiles

obtained by SEC of starches (Baba & Arai, 1984; Baba,

Uemura, Hiroto, & Arai, l987A,B; Boyer, Damewood, &

Matters, 1980; Ebermann & Schwarz, 1975; Gérard, Barron,

Colonna, & Planchot, 2001; Yamada & Taki, 1976; Yeh,

Garwood, & Shannon, 1981) and fractions of starches (Baba

& Arai, 1984; Matheson, 1971, 1990, 1996; Klucinec &

Thompson, 1998; Matheson and Welsh, 1988; Yamada and

Taki, I976; Yun and Matheson, 1992, 1993) indicates that

starch consists of a continuum of structures, present in

differing proportions according to genotype. The spectrum

of structures ranges continuously from highly branched

molecules of high molecular size in which CLS is short, and

which have low Amax and lmax values of their iodine

complexes, to those of lower molecular size with increasing

CLS and which have higher lmax and Amax values of their I2

complexes. The patterns of amounts of these structures

detected on SEC varies among genotypes. Waxy maize is

essentially devoid of material of low MS and high CLS,

n-maize has a region of low frequency of occurrence

between the material of high MS with short CLS and of low

MS with very long CLS (amylose): ae-maize has higher

amounts in this intermediate region. Extracts of phytogly-

cogen from su1 maize can be separated by increasing

centrifugal force into fractions with progressively lower MS;

CL and amounts of polymer with a high CLS that forms I2

complexes characteristic of amylose (Matheson, 1975). For

a branched structure in which T is large the average number

of glucosyl units in segments of B chains between branches

(including the branching residues in the a(l–4) chains) plus

the A and external B chains (CLS) approximates CL/2

(Burchard & Thurn, 1985). CLS equals the total number of

glucosyl units/total number of segments, namely

T £ CL=½Ta þ TbðF þ 1Þ� ¼ CL=ð1 þ bFÞ

and since F ! 1=b when T is large CLS < 1=2CL

The total number of segments is 2T 2 1:

The nature of the fraction isolated as amylopectin

depends on the method of fractionation and the conditions

used; for example, the centrifugal force sedimenting a

complex, or the point of division on chromatography. Chain

length values differ according to the fractionation pro-

cedure. SEC and ultracentrifugation depend on MS;

complexation with alcohols (such as n-butanol) on CLS,

and in concanavalin A complexation, degree of branching

and MS are factors. The different methods separate broadly

into two fractions but points of division vary. The

precipitate from complexation with n-butanol, when

Table 2

Average chain length values of amylopectins calculated from experimental

chromatograms (numbers of glucosyl units)

Amylopectin CL ECL CCL ICL d.p. of longest chain

in experimental

profile

d.p. of B10

chain in

model

w-Maize 18.3 12.1 13.1 5.2 73 74

w-Rice 15.5 10.6 10.1 3.9 66 60

w-Potato 18.8 12.4 13.6 5.4 86 76

w-Barley 17.8 11.9 12.6 5.0 67 72

n-Maize 18.4 12.2 13.1 5.2 80 74

n-Rice 17.8 11.9 12.5 5.0 80 72

n-Potato 20.4 13.3 15.2 6.1 85 84

n-Barley 19.2 12.6 13.9 5.6 83 79

ae-Maize 21.6 13.9 16.4 6.6 86 90

HA-barley 19.1 12.6 13.9 5.5 77 79
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examined by SEC shows material of high MS with low lmax

and Amax values (Baba et al., 1987A,B; Matheson, 1971,

1990; Matheson et al., 1988; Oates, 1990; Takeda, Hizukuri,

& Juliano, 1986; Yamada et al., 1976). Different alcohols

give different amounts of complex (Greenwood & Robert-

son, 1954; Klingler & Zimbalski, 1992; Klucince et al.,

1998; Whistler & Doane, 1961). n-butanol interacts with

longer uninterrupted a(1–4) sections than thymol and so

precipitates more material of higher MS as amylose. As SEC

does not give baseline separation, fractionation is incom-

plete (Gérard et al., 2001). Concanavalin A gives more

material as amylopectin than does n-butanol, as it

complexes with some branched polymer with longer a(1–

4) chains. Consequences are that branched fractions

prepared by n-butanol complexation of different starches

have less product with longer branches, showing greater

similarity in structural properties (CL, ECL, CCL and ICL)

among one another than is found among those prepared by

complexation with concanavalin A or by SEC: an

amylopectin fraction is defined operationally, according to

the method of fractionation.

The experimental chromatographic profiles of deb-

ranched amylopectins obtained by Jane et al. (1999), Song

et al. (2000), and McPherson et al. (1999) re-plotted as

relative numbers of a(1–4) chains versus d.p., have been

compared with the distribution of relative numbers of chains

in models convolved from the chain-length values (ECL and

ICL-Table 2) derived from the experimental graphs and the

numbers of chain types calculated for the R(SU) model.

Fig. 1 shows difference plots for w-, n- and ae-maize, w- and

n-rice and w-potato. Table 3 gives numerical data for the

differences in numbers of chain types for all 10 amylo-

pectins and compares other data of their profiles.

Since the amount of glucan at d:pn=d:pn ¼ the number of

chains at d.pn, plots of amount of glucan at d.pn versus

d.p.—a common method of reporting experimental pro-

files—accentuate differences at high a(1–4) chain-lengths

relative to those at short chain-lengths. Conversely, plots of

numbers of chains versus d.p. emphasise differences at low

d.p. relative to high d.p. This is shown in Fig. 2A and B,

where plots of amounts of glucan and numbers of chains of

the experimental profiles of debranched n-potato amylo-

pectin are compared with the convolved R(SU) model.

When plotted as weight of glucan versus d.p., the

experimental curves had a second peak or point of inflection

(w-rice, w-barley, n-barley and HA-barley) at a d.p., that

corresponded approximately to the d.p. of B5–B6 chains.

When plotted as number of chains versus d.p., this peak was

reduced to a plateau or a diminished rate of decrease for

w-rice, w-barley, w-barley, and w-maize, and a much

reduced size of peak for w-potato n-rice, n-maize, n-potato

and ae-maize.

The experimental chromatograms and the convolved

profiles of models of the same genotype have a number of

resemblances (Table 3). The d.p. values of their maxima are

similar, as also are the mean d.p. values of the 560 chains of

lowest d.p., as well as the d.p. of the chain numbered 560

(starting from the shortest chain): an a value of 0.56 gives

560 A chains per 1000 chains. In amylopectin, due to the

high number of A chains, the maximum in the chromato-

graphic profile of numbers of debranched chains versus d.p.

can be expected to be due largely to A chains. The

coincidence of the d.p. of the experimental maximum and

the ECL calculated from CL, b and a of the experimental

profiles, and the correspondence of this peak to those in the

models—where CLA, ECLB and ECL have been set equal—

indicates that in these amylopectins CLA < ECL and hence

ECLB < CLA.

A feature of the experimental profiles of the amylopec-

tins is an excess of numbers of B chains of d.p. of

approximately 14–24 (except n- and w-barley) over those in

the convolved model, a shortfall at intermediate values of

d.p. 25–42 and another excess at d.p. values of more than 42

(high d.p.). From the calculated DP of B chains, there is an

excess of B1 chains (low branching), a shortfall in the region

of B2, B3, B4 and B5 chains (medium branching) and another

excess at the d.p. values of chains with more than five

branches (high branching). An undulating pattern of

differences was found by Hanashiro, Abe, and Hizukuri,

(1996)when chromatograms of the amount of glucan at

different d.p. values of debranched chains of a number of

amylopectins were compared to arrowhead amylopectin. A

peak at high chain lengths has been described for both SEC

and IEC-PAD profiles (Gunja-Smith, Marshall, Mercier,

Smith, & Whelan, 1970; Hanashiro et al., 1996; Jane et al.,

1999; MacGregor & Morgan, 1984; Manners, 1989;

Shibanuma, Takeda, & Hizukuri, 1996) and also for

electrophoresis of fluorescently labelled chains (O’Shea &

Morell, 1996). In w-rice (Fig. 1, Table 3) this peak was just

detectable and the difference from the model very small

(1 chain in 1000). The maximum difference was found in n-

potato (35 chains per 1000—Table 3 and Fig. 2A and B). In

general, the differences in the numbers of long chains were

less than for both short and medium chains in the same

polymer.

3.2. Generation of spatially restricted three-dimensional

models

From the physico-chemical data of amylopectin it was

proposed (Banks, Geddes, Greenwood, & Jones, 1972; Kerr,

1945) that its behaviour in aqueous solution was consistent

with it being a flat molecule—a two-dimensional entity—

and that this structure was a consequence of the method of

synthesis in the plastid. A wide range of Mw values

(approximately 1–600 £ 106) has been reported for amylo-

pectin solubilised by different procedures from various

sources (Ahmad, Williams, Doublier, Durand and Buleon,

1999; Durrani & Donald, 2000; Millard, Wolf, Dintzis, &

Willett, 1999; Thorn & Mohazzeb, 1990). Estimation is

difficult because of the tendency for aggregation in solution

and the dependence of sedimentation on concentration
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during ultracentrifugation (Bryce, Cowie, & Greenwood,

1957; Durrani et al., 2000). Molecules of a wide range of

sizes are present. Examination of amylopectin from wheat

grains by ultracentrifugation and pulsed-field gradient

n.m.r. in DMSO (Lelievre, Lewis, & Marsden, 1986;

Callaghan & Lelievre, 1985) indicated a Mw of 0.4–

2 £ 106 in this solvent, and a disc-like shape (oblate

ellipsoid) with an axial ratio of about 38 by ultracentrifuga-

tion and 18 by pulsed-field gradient n.m.r. The b-limit

dextrin had a reduced (but still high) axial ratio, ,5,

(Callaghan, Lelievre, & Lewis, 1987) indicating that the

external chains lie in the plane of the long axes of the parent

amylopectin and that the core chains also have an oblate

ellipsoidal structure. The disc-shaped amylopectin mol-

ecules were considered not to aggregate in the ‘good’

solvent DMSO, whereas in water (which is a less ‘good’

solvent) to aggregate to a less planar assembly with a

volume up to about 400 times that of individual molecules.

Small-angle X-ray scattering with synchroton radiation

gave strong evidence that amylopectin is a non-spherical

Fig. 1. Comparisons of the experimental chromatographic profiles of a(1–4) chains of debranched amylopectin with the convolved profiles of the R(SU)

models with the same a; CL, ICL and ECL values. (- - -) R(SU) model; (—)experimental chromatogram.
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macromolecule in both water and DMSO (Durrani et al.,

2000). The high viscosity of amylopectin and the large

decrease in elution volume on SEC after periodate oxidation

followed by borohydride reduction (with opening of the

pyranose ring) of the b-limit dextrin (Tao & Matheson,

1993) are also consistent with a flat structure. Its behaviour

contrasts with that of glycogen, whose properties in solution

indicate a spherical molecule (Banks et al., 1972; Bryce

et al., 1957; Callaghan & Lelievre, 1986; Larner, Ray, &

Crandall, 1956; Madsen & Cori, 1958; Tao et al., 1993). The

sedimentation constant of glycogen shows slight or nil

concentration dependence, the solution viscosity is approxi-

mately one order of magnitude lower than for amylopectin,

the limiting viscosity number is virtually independent of

solvent and its b-limit dextrin gives no significant change in

elution volume on SEC after oxidation with periodate and

reduction with borohydride.

From the products of partial hydrolysis by acid

(Gérard, Colonna, Buleon, & Planchot, 2002; Robin,

Mercier, Charbonniere, & Guilbot, 1974) or a-amylase

(Bertoft, 1989; Bertoft & Koch, 2000) and the physico-

chemical properties, the currently accepted arrangement

of chains in amylopectin (Manners, 1989; Thompson,

2000) is the cluster model. The various two-dimensional,

partial representations of this model show differences. In

some, the a(1–4) chains linking the cluster-units have

Fig. 2. Comparisons of differences between numbers of a(1–4) chains (A) and weight of glucan (B) versus d.p. of the experimental profile of n-potato

amylopectin (—) and the convolved profile of the R(SU) model (- - -) with the same CL, ICL, ECL (ECLB¼CLA) and a value.

Table 3

Comparison of chain length data of debranched chains in experimental ðEÞ chromatograms with the R(SU) model ðMÞ (expressed as number of glucosyl

residues)

Amylo-pectin Type

of data

CL of 560 chains

of lowest d.p.

d.p. of

chain 560

d.p. of high peak

and number of chains

(in brackets)

Difference in number of chains ðE 2 MÞ

and range of d.p. (in brackets)

Low branching Medium branching High branching

w-Maize E 12.1 16 12(77) þ57 230 þ11

M 11.6 16 12(82) (14–24) (25–42) (43–67)

w-Rice E 10.8 14 11(74) þ84 226 þ1

M 10.3 14 11(79) (14–25) (26–40) (41–66)

w-Potato E 12.0 17 13(74) þ54 254 þ43

M 12.1 16 12(83) (14–24) (25–41) (42–86)

w-Barley E 11.3 15 11(92) 212 236 þ21

M 10.9 16 11(82) (13–22) (23–43) (44–67)

n-Maize E 11.9 16 12(53) þ37 248 þ19

M 11.9 16 12(54) (14–22) (32–42) (43–80)

n-Rice E 11.9 16 12(82) þ71 259 þ16

M 11.6 16 12(82) (12–23) (24–41) (42–79)

n-Potato E 12.4 18 13(67) þ18 260 þ35

M 13.1 18 13(78) (17–24) (25–44) (45–85)

n-Barley E 11.8 16 11(84) 228 239 þ24

M 11.6 17 12(82) (14–22) (23–43) (44–83)

ae-Maize E 13.7 19 14(60) þ49 236 þ16

M 13.5 19 14(70) (18–27) (28–45) (45–86)

HA-barley E 12.2 17 12(84) þ15 234 þ14

M 12.3 17 12(82) (15–24) (25–43) (44–77)
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relatively long sections free of any a(1–6) linked

branches (French, 1984; Nikuni, 1978) in others these

longer linking chains have a(1–6) branches attached

(Hizukuri, 1986; Robin, et al., 1974) with a significant

proportion of A chains in the interior sections of the

molecule (Manners & Matheson, 1981). The longer a(1–

4) chains linking cluster-units may arise non-regularly

from any tier within a cluster-unit in the lower stratum

(Manners et al., 1981) or they may be predominantly an

extension of the zero tier (the single basal chain)in the

cluster-unit in this lower stratum (French, 1984; Hizu-

kuri, 1986). Hence, differences among the models include

the proportions of cluster-units with different numbers of

links to other cluster-units and the tier pattern (including

the basal tier of the unit) from which other cluster-units

arise. At present it is not possible to establish which

particular pattern occurs.

The program for the R(SU) model (Matheson et al.,

1999) is spatially unrestricted. To determine the effects of

spatial restriction, models have been developed on two-

dimensional square and three-dimensional cubic grids, in

which the position occupied by each chain is exclusive.

Fig. 3 is the output of a single random construct on a two-

dimensional square grid with EB ¼ 0:60; ðEA ¼ 1 2 EBÞ BA

and BB ¼ 2 and T ¼ 500: The a value is higher than for the

R(SU) model with the same probabilities (0.58 compared to

0.55) and there are 10% more B1 chains than in the R(SU)

model with the same a value (0.58).The dotted circle shows

the radius of gyration: a mean of three replicates was 16 grid

units. A chains are found in the interior; with 32% lying

inside the radius of gyration. Further extension or branching

of some chains is limited by the presence of neighbouring

chains: development of some is sterically restricted. The

numbers of a-(1–4) chains of various lengths are somewhat

similar in both models (Table 4) but there are major

differences in the tier structures. The two-dimensional

model has many more tiers. Whereas N was nine in the

R(SU) model it was 20 in the two-dimensional construct.

Thirty percent of its tiers were in those numbered .9. The

single basal chain is numbered as 0. A chains were spread

over all tiers with 65% connected to tiers 1–9.

In one of the three-dimensional cubic models [3D(P)] the

direction of branching from each axis was determined on a

preferential basis that included all possibilities. However,

preference was given to branching into one plane, the X –Y :

Some possible directional influences in the biosynthesis of

amylopectin are the chirality of D-glucose and the

synthesizing enzymes, the formation of helices by the

a(1–4)-glucan chains and the tendency for sections of these

to bind to each other. There is also limited extension into the

short axis due to the oblate ellipsoidal shape. In the 3D(R)

model, the direction of branching was chosen randomly.

3.3. Comparison of three-dimensional with their

R(SU) models

From the a values of the three-dimensional models the

numbers of Bk chains ðTb2ak21Þ were calculated for the

R(SU) model with the same a value. Table 5 gives, at

different a values, the numbers of low branched chains in

the three-dimensional models in excess of those calculated

for the R(SU) model with the same a value, the shortfalls in

the sums of the medium branched chains, as well as the

excess of numbers of highly branched B chains. The range

of B chain branching types over which the differences

occurred are also given. The differences, as a percentage of

the total numbers of chains in the branching type, are

presented for the low and medium types. The fractions of

A chains produced for a particular pair of extension
Fig. 3. Printout of a two-dimensional construction of a model, randomly

generated on a square grid ða ¼ 0:58Þ:

Table 4

Comparison of properties of a R(SU) and a two-dimensional randomly

generated construct ðT ¼ 500Þ with the same a value (0.58)

Property Model

R(SU) 2D(R)

EB 0.65 0.60

Lengths of chains (grid units)

Mean 2.8 3.0

Mode 1 1

Median 1.5 1.6

no. . 14 1 7

Tier structure (no.)

Mean 4.4 8.8

Mode 4 8

Median 3.9 7.8

N 9 20
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probabilities differed from those of the R(SU) model for all

three-dimensional constructs and volume limits. Fig. 4

shows the relationship between EB and a (at BA ¼ BB ¼ 2)

for the four types of three-dimensional constructs—3D(R)

and 3D(P) with the Z co-ordinate limits set at either

Z ¼ þ60 to 260 or from þ 3 to 23. In comparison with

the R(SU) model all the three-dimensional constructs, up to

EB ¼ 0:6 had more A chains, and, apart from 3D(R) ðZ ¼

^3Þ this persisted to higher EB probabilities. It became

lower for 3D(R) ðZ ¼ ^3Þ above EB ¼ 0:7: Both 3D(P)

models were higher until a was 0.9. Among the three-

dimensional models at a particular EB; when this was low

(0.05–0.10) a increased in the order 3D(R) ðZ ¼ ^60Þ;

3D(P) ðZ ¼ ^60Þ; 3D(P) ðZ ¼ ^3Þ; 3D(R) ðZ ¼ ^3Þ: For

three of the models this relationship was maintained until

EB ¼ 0:7 but the 3D(R) ðZ ¼ ^3Þ model was lower than

3D(P) ðZ ¼ ^3Þ at EB ¼ 0:3 and lower than all other

models when EB $ 0:5:

When constructs were generated by the 3D(R) program,

with a volume limit for Z set at þ 60 to 260 grid units and

with EB from 0.05 to 0.95 ðEA ¼ 1 2 EBÞ and BA and BB ¼

2; at a values of 0.4–0.5 (Table 5) the numbers of B chains

with each degree of branching were not significantly

different from those of the R(SU) model with the same

a value and, within a 3D(R) construct, the three axial radii

were similar. Below a ¼ 0:68 the mean of x was 12.2 (s.d.

0.81) of y 12.4 (s.d. 0.83) and of z 12.2 (s.d. 0.88). These

indicate that with T ¼ 1260; at all probabilities of exten-

sion, limits to X –Y and Z of ^60 grid units gave no

impediment to an increase in volume in any direction. From

a ¼ 0.68 to 0.82 the radii increased but was still well below

60, and the axial ratios remained near one. Thus, at avalues

near that of mammalian glycogen (0.42) with non-limiting

extension of volume—leading to a spheroidal shape like that

of glycogen—the numbers of B chains with different

degrees of branching are similar in the 3D(R) model to

those in the R(SU). Convolved plots of both 3D(R) ðZ ¼

^60Þ and 3D(P) ðZ ¼ ^60Þ; with the same chain length

constants (ECL and ICL) and a as mammalian glycogen,

resemble the chromatographic elution profiles of deb-

ranched chains versus d.p. of glycogen. All three fit the

formula for the number of Bk chains as Tb2ak21 (where k is

the number of branches) indicating that steric restriction is

not a factor in the distribution between different types of B

chains in glycogen.

From a values of 0.53–0.63 the number of B1 chains (low

branching chains) was higher in the 3D(R) ðZ ¼ ^60Þ than

in the R(SU) model with the same a value—significantly at

Table 5

Differences between three-dimensional and R(SU) models (number of chains per 1000)

Model and Z

limit

a Low branchinga Medium branching High branchingb

3D-R(SU)

3D-R(SU) (s.e.) 3D-RðSUÞ=3D (%) 3D-R(SU) Type of chains 3D-RðSUÞ=3D (%)

3D(R) 0.35 23 (6.4) 20.7 þ4 B2 – 5 þ1.4 21

ðZ ¼ 60Þ 0.43 21 (2.6) þ0.2 22 B2 – 5 20.6 0

0.48 0 (4.6) 0 þ1 B2 – 5 þ0.2 þ1

0.53 þ6 (3.6) þ2.8 28 B2 – 5 23.5 þ2

0.56 þ14 (3.7) þ5.5 210 B2 – 5 29.7 þ4

0.60 þ12 (3.6) þ7.1 217 B2 – 5 28.4 þ4

0.63 þ14 (2.6) þ9.6 220 B2 – 5 211.6 þ6

3D(P) 0.37 21 (4.2) 20.2 þ1 B2 – 5 þ0.5 þ0.2

ðZ ¼ 60Þ 0.44 þ4 (4.4) þ1.2 24 B2 – 5 21.5 þ0.3

0.50 þ8 (3.1) þ3.2 210 B2 – 5 24.5 þ2

0.55 þ8 (5.2) þ3.7 210 B2 – 5 24.7 þ3

0.61 þ14 (5.7) þ8.1 220 B2 – 6 29.9 þ5

0.65 þ16 (3.2) þ11.4 222 B2 – 7 211.5 þ6

3D(R) 0.43 þ8 (6.2) þ1.9 212 B2 – 4 25.7 þ2

ðZ ¼ 3Þ 0.46 þ17 (5.3) þ5.5 223 B2 – 4 211.4 þ6

0.50 þ30 (3.4) þ10.6 241 B2 – 4 222.8 þ11

0.53 þ40 (4.3) þ15.4 252 B2 – 5 229.2 þ12

0.55 þ49 (4.4) þ19.6 262 B2 – 5 238.1 þ13

0.57 þ52 (4.6) þ23.7 265 B2 – 6 243.3 þ12

0.58 þ58 (5.5) þ25.2 272 B2 – 7 244.9 þ14

3D(P) 0.42 þ9 (3.2) þ2.0 210 B2 – 5 23.4 þ1

ðZ ¼ 3Þ 0.49 þ17 (6.1) þ6.1 217 B2 – 5 28.0 þ2

0.54 þ24 (7.4) þ10.4 230 B2 – 5 215.2 þ6

0.59 þ36 (7.1) þ17.9 246 B2 – 6 225.5 þ9

0.63 þ39 (3.4) þ21.9 249 B2 – 8 227.7 þ11

0.67 þ44 (4.8) þ28.2 253 B2 – 8 233.2 þ9

a Chain type, all B1.
b Chain types, all chains . maximum medium chain type.
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a ¼ 0.56 and 0.63 (Table 5). This positive difference was

followed by a sequence of negative differences for the series

of B chains with 2–5 branches (medium branched chains).

At higher a values ($0.68) the low branching chains

extended to B2 and at $0.82 to B3. Then the sequence of

negative differences extended to more highly branched

chains (B3 – 7 at a ¼ 0:68 and B4 – 13 at a ¼ 0:82). This

sequence of negative differences in medium branched

chains was always followed by a sequence of positive

differences of chains with more branches (highly branched

chains). These tri-modal patterns of alternating positive and

negative differences resemble those found for the differ-

ences between the experimental chromatographic profiles of

numbers of chains versus d.p. for amylopectins and the

convolved profiles calculated for R(SU) models (Table 3,

Fig. 1). When the differences of the low and medium

branched chains were calculated as percentages of the total

numbers of the type of chain, these could be fitted with high

correlation ðP , 0:0001Þ to linear plots of percentages

against a (Table 6). At low branching they increased as a

increased and at medium branching became more negative.

Another difference was an increase in the numbers of chains

with high branching. This effect appears at a ø 0:5: The

differences are small and considerably less than those found

for the differences between the experimental profiles and the

convolved curves of the R(SU) models (Table 3). However,

the absolute values of the medium branching differences

were higher than the low branching values.

When preferential directions for branching were intro-

duced (Table 1)—the 3D(P) ðZ ¼ ^60Þ model—the

products became more ellipsoidal with a mean axial ratio

½ðx þ yÞ=2z� from a ¼ 0.31 to 0.79 (11 readings) of 2.5 (s.d.

0.65). This is probably due to the preference for directing

new chains into the X –Y plane. The differences from the

R(SU) models with the same a value in the numbers of low,

medium and high branching chains showed similar patterns

to the 3D(R) ðZ ¼ ^60Þ model (Tables 5 and 6). When a

was near that of mammalian glycogen the chain numbers

were similar but as a increased above 0.5 increasing positive

and negative differences for low and medium branching

chains appeared. Differences for high branching chains were

also positive. The differences of low and medium branching

chains (as percentages) versus a could be fitted to linear

plots with high correlation (P , 0:0001; Table 6) and with

somewhat similar rates of change to those of the 3D(R)

ðZ ¼ ^60Þ model. However, the total of differences of

chain numbers (in absolute values) to the R(SU) models

were much lower for these (with all the axial limits to

Fig. 4. a Values generated at different EB probabilities for the R(SU) and

various three-dimensional models.

Table 6

Relationship between differences—3D minus R(SU)—in chain types (low, medium, high) as percentages of their totals, and a

Model Branching

chain type

Change in 3D-RðSUÞ=3D

(%) with a

r s.d. Range of

a values

3D(R) Low 28a 2 11 0.92* 2.0

ðZ ¼ 60Þ 0.28–0.82

Medium 247a þ 19 20.95* 2.8

3D(P) Low 44a 2 17 0.92* 1.0

ðZ ¼ 60Þ 0.43–0.73

Medium 247a þ 18 20.95* 2.7

3D(R) Low 156a 2 66 0.997* 1.2

ðZ ¼ 3Þ 0.31–0.80

Medium 2232a þ 92 20.95* 2.6

3D(P) Low 131a 2 56 0.98* 4.4

ðZ ¼ 3Þ 0.37–0.82

Medium 2150a þ 62 20.99* 3.8

*P , 0:0001; number of readings ¼ 11.
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volume set at 60 grid units) than between debranched

amylopectins and the R(SU) models (Table 3). For n-maize

amylopectin this total was 104 per 1000 chains, whereas for

the 3D(R) ðZ ¼ ^60Þ model with a ¼ 0.56 and the 3D(P)

ðZ ¼ ^60Þ model with a ¼ 0.55 they were 28 and 21,

respectively. When co-ordinates of the volume limit in the Z

direction were reduced to þ 3 to 23, giving a shape similar

to the oblate ellipsoid that has been proposed for

amylopectin, these totals of differences became more like

those between experimental chromatograms and the R(SU)

model. Both the 3D(R) ðZ ¼ ^3Þ and 3D(P) ðZ ¼ ^3Þ

models had tri-modal patterns of differences from R(SU)

models of positive, negative and positive (Table 5).

However, the rates of change (Table 6) were much higher

than for the three-dimensional models with all axial limits

set to 60, and the sums of the absolute numbers of total chain

differences were of the same order as the differences

between the experimental chromatograms and convolved

curves of R(SU) constructs. With the 3D(R) ðZ ¼ ^3Þ

model, when a was 0.55 and 0.57, these were 124 and 129

chains, and with 3D(P) ðZ ¼ ^3Þ at 0.54 and 0.59, 60 and

91. With the volume limit set in the Z direction at ^3 units,

the radius of the X –Y plane increased considerably. In the

3D(R) ðZ ¼ ^3Þ model from a ¼ 0.46 to 0.57 the radius

was approximately 23 grid units and in the 3D(P) ðZ ¼ ^3Þ

somewhat higher; from a ¼ 0.42 to 0.67 approximately 28

grid units. The differences of chain numbers were less

marked in the 3D(P) than in the 3D(R) model. This may be a

consequence of directing new chains in the 3D(P) model

into the X –Y plane, giving a higher X –Y radius.

The three-dimensional models differ from the R(SU)

models in another way. For both the 3D(R) and 3D(P) with a

volume limit of Z ¼ ^3; as the content of A chains

increased the numbers of B chains with more branches

increased relative to the R(SU) model with the same a value

(Table 7). In the 3D(R) ðZ ¼ ^3Þ model with an a value of

0.55 there was 1 chain with .14 branches, whereas in the

R(SU) model the maximum degree of branching was 11.

This greater number of more highly branched chains in the

three-dimensional models was linked to the presence of

more longer chains. In an R(SU) model with an a value of

0.56 (T ¼ 1260; BA ¼ BB ¼ 2) there were 4 chains .13

grid units; whereas in the 3D(R) and 3D(P) models there

were 16 and 14. These longer chains could serve as links

between clusters. On the other hand, when the fraction of A

chains was near that of mammalian glycogen (0.42) the

chains in the R(SU), 3D(R) and 3D(P) models all had

maximum lengths of 11 grid units.

Fig. 5 compares convolved graphs of weight of glucan

versus d.p. of 3D(R) ðZ ¼ ^3Þ and 3D(P) ðZ ¼ ^3Þ with

the R(SU) models with the same A chain content. In Fig. 5A,

Table 7

Highest degree of branching of B chains and, in brackets, no. of chains with

. 14 branches

a Model type a Model type

3D(R) ðZ ¼ 60Þ R(SU) 3D(P) ðZ ¼ 60Þ R(SU)

0.28 6 6 0.37 8 8

0.43 8 9 0.44 9 9

0.48 8 9 0.50 11 10

0.53 11 11 0.55 11 11

0.56 12 11 0.61 13 13

0.60 13 12 0.68 . 14(4) . 14(2)

0.68 . 14 (4) . 14(2) 0.74 . 14(9) . 14(4)

0.82 . 14 (19) . 14(14) 0.79 . 14(15) . 14(10)

3D(R) ðZ ¼ 3Þ R(SU) 3D(P) ðZ ¼ 3Þ R(SU)

0.43 9 9 0.37 8 8

0.46 10 9 0.42 8 9

0.50 11 10 0.49 10 10

0.53 14 11 0.54 13 11

0.55 . 14(1) 11 0.59 . 14(2) 12

0.57 . 14(5) 12 0.67 . 14(7) . 14(1)

0.62 . 14(9) 13 0.73 . 14(17) . 14(4)

0.73 . 14(18) . 14(4) 0.82 . 14(28) . 14(14)

Fig. 5. Comparisons of convolved profiles of weight of glucan of R(SU) and three-dimensional ðZ ¼ 3Þ models with similar CL, ICL and a values. R(SU) (- - -)

and 3D(R) (—) models (A); ICL ¼ 6, ECL ¼ 12 (ECLB ¼ CLA) a ¼ 0:55 convolved as T ¼ 1260; A chains, 216 at d.p. 10.8, w ¼ 4; 477 at 12.8, w ¼ 6; B

chains at w ¼ 7: R(SU) (– –-) and 3D(P) (—) models (B); ICL ¼ 6, ECL ¼ 12 (ECLB ¼ CLA) a ¼ 0:57 convolved as T ¼ 1260; A chains, 237 at d.p.10.8,

w ¼ 4; 514 at 12.8, w ¼ 6; B chains at w ¼ 7:
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relative weight per 1000 versus d.p. of a 3D(R) model (with

a ¼ 0:55; ECL ¼ 12 and ICL ¼ 6 and assuming ECLB <
CLA) and the R(SU) model with the same constants are

compared. In Fig. 5B, this comparison has been made for

the 3D(P) model with a ¼ 0:57 and similar average chain

lengths. They both show the alternating tri-modal (positive,

negative, positive) pattern characteristic of comparisons of

chromatograms of debranched amylopectins with the R(SU)

model with the same A chain content and average chain

lengths (Fig. 1, Table 3).

The architecture of the mammalian glycogen molecule

differs from that of amylopectin in several ways. As well as

lower measurements for the various chain lengths, the axial

ratio indicates a spheroidal shape: amylopectin is an oblate

ellipsoid. F is 1.7 compared to 2.2 for n-maize (Yun et al.,

1993). The fraction of glucan in core chains is greater

(Matheson, 1996). The three-dimensional models generated

with non-limited expansion in any direction, with an a value

near 0.42 gave a spheroidal shape, whose convolved plot of

numbers of chains versus d.p.—calculated with the average

chain lengths of glycogen—resembles that of mammalian

glycogen, which has a spheroidal shape. As well, the profile

of a(1–4) chains of mammalian glycogen is similar to that

of a convolved plot of the R(SU) model with the same

constants (Matheson et al., 1999). This suggests that, at this

lower content of A chains and without limit to expansion in

any direction, the mammalian glycogen chain distribution

between B chains is not affected by steric restriction, giving

fractions fraction of B chains with k branches of

approximately b2ak21:

In three-dimensional models with an a value near that of

amylopectin, in particular those with limited expansion in

one direction [3D(R) ðZ ¼ ^3Þ and 3D(P) ðZ ¼ ^3Þ] the

differences between their convolved plots and those of the

R(SU) model with the same a value and average chain

lengths are similar to those between the experimental

chromatographic profile of a debranched amylopectin and

the R(SU) model: they show an alternating tri-modal pattern

(positive, negative, positive). In the three-dimensional ðZ ¼

^3Þ models, there are increased numbers of chains with

more branches, and also of longer chains, than in the

equivalent R(SU) model. Longer chains than in the R(SU)

model are found in amylopectin. These three-dimensional

ðZ ¼ ^3Þ models have an oblate ellipsoidal shape similar to

amylopectin,. With their limit to expansion in one direction

and steric restrictions to chain placement in three-dimen-

sional space, producing a tri-modal pattern of difference of

chain numbers versus d.p., they indicate a possible model

for the distribution between a(1–4) chains in amylopectin.

Ultimately structural aspects of a(1–4)(1–6) glucans need

to be related to the actions of the biosynthetic enzymes,

including the role of debranching activity (Manners, 1997;

Myers, Morell, Ball, & James, 2000) and the more recent

observation of extension of a(1–4) chains at the reducing

end in amylopectin synthesis (Mukerjea, Yu, & Robyt,

2002).
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