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Abstract:



Starch is a major food supply for humanity. It is produced in seeds, rhizomes, roots and tubers in the form of semi-crystalline granules with unique properties for each plant. Though the size and morphology of the granules is specific for each plant species, their internal structures have remarkably similar architecture, consisting of growth rings, blocklets, and crystalline and amorphous lamellae. The basic components of starch granules are two polyglucans, namely amylose and amylopectin. The molecular structure of amylose is comparatively simple as it consists of glucose residues connected through α-(1,4)-linkages to long chains with a few α-(1,6)-branches. Amylopectin, which is the major component, has the same basic structure, but it has considerably shorter chains and a lot of α-(1,6)-branches. This results in a very complex, three-dimensional structure, the nature of which remains uncertain. Several models of the amylopectin structure have been suggested through the years, and in this review two models are described, namely the “cluster model” and the “building block backbone model”. The structure of the starch granules is discussed in light of both models.
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1. Introduction


Starch constitutes a major energy supply for humans worldwide and is produced as a reserve carbohydrate in plants. The most important sources for humans are diverse cereals, rhizomes, roots and tubers. Storage starch is produced in amyloplasts as discrete granules with distinct morphology in different plants, ranging from round, oval, ogival or elongated to flat, lenticular or polyhedral, and sizes from sub-microns to more than 100 μm in diameter [1]. In some cereals, notably wheat and barley, there are two major populations of granules distinguished by their size; the diameter cut-off being approximately at 10 μm [2,3,4]. In barley, the average diameter of the large granules (also called A-granules) is between 15 and 19 μm depending on the variety, and the diameter of the small (B) granules is between 3.1–3.7 μm [5].



The starch granules consist almost entirely of two major polysaccharides, namely amylose and amylopectin. Both consist of chains of α-(1,4)-linked d-glucose residues, which are interconnected through α-(1,6)-glucosidic linkages, thus forming branches in the polymers. Although amylose traditionally is considered to be linear, branched amylose molecules contains few branches [6], but both branched and linear amylose have long chains with several hundreds or even thousand glucosyl units [7,8], whereas amylopectin is extensively branched and have comparatively short chains [9,10]. The branches in amylopectin constitute about 5% of the molecule, which results in a very complex molecular structure. Short chains of amylopectin form double-helices, which crystalize and contribute to the semi-crystalline nature of the starch granules [11]. In most “normal” starch granules, amylopectin constitutes the major component by weight, whereas amylose constitutes 15–30%; however, many exceptions exist. Waxy starches, so named because of the waxy appearance of the endosperm in waxy cereals, contain no or very little amylose. Genetically modified starches may contain 50–80% amylose [12,13,14,15]. A report presented recently an engineered barley starch reaching almost 100% apparent amylose [16].



In addition to amylose and amylopectin, some starches, notably from mutant plants, contain so-called intermediate materials in various amounts [17,18,19,20]. As the name indicates, these polyglucans have structures that are in between that of amylose and amylopectin [18,21,22,23]. Intermediate materials have attained interest because they appear to be the result of an altered biosynthesis in the mutant plants. Indeed, intermediate material was found in wheat starch granules during endosperm development [24]. The study of the structure of intermediate materials might therefore be helpful in understanding starch biosynthesis and the contribution of the enzymes involved in the process.



Minor non-carbohydrate compounds in starch granules contribute at most only a few per cent by weight. Proteins in the granules are mostly related to the biosynthesis of the starch. Some proteins are only loosely associated with the granules, whereas others are firmly bound inside the granules, notably granule-bound starch synthase I (GBSSI), which is required for amylose synthesis [25,26,27,28,29]. Lipids are rare in many root and tuber starches [30,31], but more abundant in cereals in the form of free fatty acids or lysophospholipids, which make inclusion complexes with amylose [32,33,34,35]. In many root and tuber starches, especially potato, the phosphate is not associated with lipids, however, but covalently bound to the amylopectin component [36,37,38,39]. In contrast, cereal and grass starches have only very little covalently bound phosphate. Nevertheless, this phosphate is important as it is involved in starch turnover in the plant [40]. In addition to phosphorus, trace amounts of other elements are also found, of which potassium and magnesium are comparatively abundant [41].



This review highlights the present knowledge of the structure of the starch granule and its two major components, amylose and amylopectin. A special focus is devoted to a new model of amylopectin structure and its impact on our understanding of starch properties and biosynthesis.




2. The Starch Granule


In view of the great diversity in starch granule morphology, it is remarkable to find that their internal architectural features are shared universally among the plants and regardless the plant organ (endosperm, root, stem, etc.). When observed in cross-polarized light in an optical microscope, a “Maltese cross” is typically seen extending the arms from the so-called hilum, which is believed to be the origin of growth of the granule [42,43,44]. This birefringence pattern shows that the molecules, or a large part of the molecules, are arranged in a radial fashion and suggests a high degree of order inside the granules (Figure 1) [45].


Figure 1. Dimensions in starch: from granules to glucosyl units. (a) Maize starch granules observed under polarised light showing the “Maltese cross”, which is indicative of a radial organisation within the starch granule. (b) A hypothetical granule (in this case polyhedral) with growth rings extending from the hilum. (c) Blocklets in semi-crystalline (black) and amorphous (grey) rings. (d) Crystalline and amorphous lamellae formed by double helices (cylinders) and branched segments of amylopectin (black lines), respectively. Amylose molecules (red lines) are interspersed among the amylopectin molecules. (e) Three double-helices of amylopectin. Each double-helix consists of two polyglucosyl chains, in which the glucosyl residues are symbolised by white and black circles, respectively. The double helices form either A- or B-polymorphic crystals (A and B, respectively, in which the circles symbolises the double helices seen from the edge). (f) Glucosyl units showing α-(1,4)- and α-(1,6)-linkages at the base of the double-helix. The bar scale (in nm) is only approximate to give an impression of the size dimensions.
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2.1. Crystallinity


As mentioned above, starch granules are semi-crystalline, i.e., they contain both crystalline and amorphous parts. If starch granules are treated in dilute hydrochloric acid, or sulphuric acid, the amorphous parts in the granules are removed and the crystalline parts remain [46,47]. The “Maltese cross” also remains [48], which shows that the organized molecular segments are confined to the crystallites. The crystallites are formed by short, external chain segments of amylopectin with a degree of polymerization (DP) approximately 10–20 glucosyl units [49,50,51,52]. As two chains unite into a double-helix with 6 glucose residues per turn of each strand and a pitch of 2.1 nm [53], the length of these double-helices is about 4~6 nm. Wide-angle X-ray scattering (WAXS, also known as X-ray diffraction, XRD) has shown that the double-helices crystallises into either of two polymorphs, the so-called A- or B-types (Figure 1). Some plants, such as peas and many other legumes, possess granules with a mixed pattern assigned C-type [42,54,55,56]. In the A-type crystal, the double-helices are closely packed into a monoclinic unit cell (with dimensions a = 20.83 Å, b = 11.45 Å, c = 10.58 Å, space group B2) containing 8 water molecules [57]. In the B-type crystal, the double-helices are packed in a hexagonal unit cell (dimensions a = b = 18.5 Å, c = 10.4 Å, space group P61) with 36 water molecules [58]. In this crystalline lattice the water molecules fill up a channel, which does not exist in the A-type. The relative crystallinity in starch granules greatly varies between plant varieties in the range 17~50%, most often being higher in waxy starches compared to their normal, amylose-containing counterparts [9,59,60,61,62,63].




2.2. Lamellar Structure


Small-angle X-ray scattering (SAXS) shows a 9–10 nm repeat distance in all starch granules [54,64,65]. This was suggested to stem from stacks of repeating crystalline and amorphous lamellae, of which the former are represented by the double-helices (Figure 1) [66]. The crystalline lamellae have been isolated from acid-treated granules. In transmission electron microscopy (TEM) images, waxy maize granules with A-type crystallinity show regularly formed parallelepipedal blocks having acute angles of 60~65° and with lengths and widths of 20–40 and 15–30 nm, respectively [67]. The dimensions suggest that a single nanocrystal contains between 150 and 300 double-helices [68]. Amylose-containing starches give rise to nanocrystals with less perfect symmetry, suggesting interference of amylose on the crystal structure. Nanocrystals isolated from B-type starch granules (e.g., potato granules) possess irregular structures, probably a result of the organisation of the double-helices in the B-crystallites [48]. As the repeat distance is 9–10 nm and the crystalline lamellae fill up 4–6 nm, the amorphous lamellae are 3–6 nm thick. This part consists of longer, internal chains of amylopectin and probably amylose [65,69,70,71]. Unexpectedly, the amorphous lamellae tend to be thicker in the absence of amylose (i.e., in waxy starches) than in its presence, whereas the crystalline lamellae are thinner [72]. The molecular density in the crystalline lamellae is lower in potato starch (1.10 gcm−3) than in waxy maize (1.22 gcm−3), probably due to the higher water content in the B-polymorph crystals, whereas the molecular density of the amorphous lamellae was found to be fairly similar in potato and waxy maize (0.52 and 0.46 gcm−3, respectively, the latter being A-crystalline) [73]. Interestingly, only minor differences appeared to exist between waxy maize and normal maize, as well as between waxy maize and rice or cassava starch, all being A-type crystalline starches [73].




2.3. Granular Rings


The stacks of amorphous and crystalline lamellae form larger shells, or rings, being in the order of 100~400 nm thick (Figure 1) [74]. The rings are semi-crystalline in nature as they contain both the amorphous and the crystalline lamellae [66], but they have also been considered as “crystalline” [74] or “hard” [74,75] shells. The rings are embedded in an amorphous matrix [66] with a lower molecular density in potato (0.49 gcm−3) than in waxy maize (0.68 gcm−3) and other A-crystalline starches [73]. The matrix was described as an “amorphous background” [66], “semi-crystalline shell” [74], or “soft shell” [74,75]. The granular rings, often named “growth rings”, are generally thinner at the periphery of the granules and thicker in their interior parts. In cereals (but not in potato [76,77]) the semi-crystalline rings has been considered as layers formed during photosynthesis in daylight, as old results had shown that the crystalline ring was formed only if the plant (wheat or barley) was grown under constant light supply [76,78]. Surprisingly, however, this could not be confirmed in a recent investigation, wherein the rings remained in barley starch grown under constant light [79]. In fact, the relative crystallinity decreased somewhat, instead of increased, in granules from constant light exposure. Around the granule’s hilum, the rings might be absent and replaced by a void (filled with water, if the granule has not been dried) [80]. In some starch granules, especially in many cereals (e.g., maize, wheat, barley and sorghum), channels penetrate the granules from the surface [81,82,83]. Some of these channels even connect the surface to the interior voids, if present [29,80,84]. The channels are filled with proteins [25,29,83] and also phospholipids were found there [83]. The channels are important sites of penetration of different enzymes, such as α-amylases or glucoamylases, and diverse chemicals during modification of starch in vitro [85,86].




2.4. Blocklets


Scanning electron microscopy (SEM) and atomic force microscopy (AFM) have revealed protrusions, named blocklets, on the surface of the granules with sizes ranging approximately between 10~300 nm [74,87]. The size appears to be partly species specific. Potato granules have larger blocklets (50~300 nm) [88] than wheat granules (10~60 nm) [88,89]. Blocklets have also been observed within the growth rings in the interior parts of starch granules using diverse microscopic techniques and appear to transverse the entire rings (Figure 1) [74,90,91,92,93,94,95]. The exact nature of the blocklets remains unclear, however. Blocklets were clearly distinguished by AFM in dry, acid-treated potato starch, but upon in situ humidification blocklets in the semi-crystalline rings collapsed and simultaneously fused together [96], suggesting a flexible structure. It is known that the relative crystallinity in starch granules as measured by WAXS increases with the water content [97]. Moreover, the lamellar structure is also only identified in humidified granules by SAXS [98]. Thus, it appears that when blocklets fuse together, the crystalline structure simultaneously emerges. Blocklets have been found in both semi-crystalline and amorphous rings and Tang et al. [75] suggested the latter rings (or soft shells) consist of “defective” blocklets, in contrast to “normal” blocklets in the former, hard shells. The dimensions of the blocklets suggest that a single blocklet might represent a single, or a few, amylopectin molecules [75,90,94]. Also amylose might be a constituent of the blocklets and/or functioning as an interconnecting material outside the blocklets [75,99]. Park et al. [100] found that iodine-amylose complexes extend like “hairs” from blocklets on the granules’ surface in potato and maize starches, and exclusively in maize also from gaps between the blocklets. This confirmed the “hairy billiard ball” hypothesis earlier proposed by Lineback [101]. Zobel [102], and later Saibene et al. [103], concluded that amylose interacts with amylopectin in potato starch granules, but not in maize. Possibly, this relates to how, or to which degree, amylose is involved in the blocklet structures.





3. The Major Starch Components


Any structural analysis of the starch component has to be preceded by the isolation of the starch components from the granules. The first step in this procedure is to dissolve the granules completely in a solvent, most commonly 90% dimethyl sulphoxide (DMSO) followed by precipitation in ethanol, which results in a preparation known as “non-granular starch” [18]. Several methods have been used to further separate the amylose from the amylopectin, of which probably the most common is to precipitate the amylose as 1-butanol complex, a method developed by Schoch in 1942 [104]. In a frequently used modification of this method, Klucinec and Thompson [18] precipitated amylose in a mixture of 1-butanol and isoamyl alcohol and amylopectin was recovered from the supernatant after centrifugation. The precipitate was considered to contain a mixture of amylose and intermediate materials and, in the second step, this mixture was separated by precipitating amylose in 1-butanol only, whereas the intermediate material remained in the supernatant.



3.1. Amylose


3.1.1. Molecular Structure


Amylose is the minor, linear or slightly branched component of starch. Generally, branched amylose molecules are larger than their linear counterparts, however, the average chain lengths are shorter than the single chain in linear amylose [8,15,105,106,107,108]. The molecular size of amylose also varies between starches. Thus, potato amylose is among the largest so far reported, whereas cereal amyloses are smaller (Table 1) [109,110,111,112]. The proportion of branched amylose is estimated by degradation of the amylose molecules with the enzyme β-amylase. The linear component is completely transferred into maltose, whereas branched components only partly form maltose and the rest becomes a β-limit dextrin containing the internal part of the original molecule and all branches [106,113]. This showed that the proportion of branched amylose molecules varies among plants: The molar fraction of branched amylose in wheat, rice, and maize was 0.27, 0.31, and 0.44, respectively, whereas in sweet potato it was as high as 0.70 (Table 1) [8].



Table 1. Amylose content and structure in selected starches.







	
Source

	
Amylose (%)

	
DPna

	
CLnb

	
β-LV (%) c

	
Nbranched (%) d

	
NCbranchede






	
Wheat

	
17–34

	
980–1570

	
135–270

	
79–85

	
26–44

	
12.9–20.7




	
Rye

	
26–30

	
n.a. f

	
n.a.

	
n.a.

	
n.a.

	
n.a.




	
Triticale

	
23–27

	
n.a.

	
n.a.

	
n.a.

	
n.a.

	
n.a.




	
Barley

	
22–27

	
1220–1680

	
315–510

	
76–82

	
21–45

	
6.1–13.8




	
Oat

	
18–29

	
n.a.

	
592–907 g

	
n.a.

	
n.a.

	
n.a.




	
Rice

	
17–29

	
920–1110

	
230–370

	
73–87

	
31–69

	
5.7–9.7




	
Maize

	
20–28

	
960–830

	
305–340

	
81–84

	
44–48

	
5.3–5.4




	
Sorghum

	
22–30

	
n.a.

	
n.a.

	
n.a.

	
n.a.

	
n.a.




	
Sweet potato

	
19–20

	
3280

	
335

	
76

	
70

	
13.6




	
Potato

	
25–31

	
4920–6340

	
520–670

	
68–80

	
n.a.

	
n.a.








Note: Values represent a summary from the literature [6,7,8,13,33,62,63,101,102,109,110,111,113,114,115,116,117,118,119,120,121,122,123,124,125,126,127,128,129,130,131]. a Number average degree of polymerisation. b Number average chain length. c β-amylolysis limit value. d Molar fraction of branched amylose molecules. e Average number of chains in branched molecules. f Data not available. g Weight average values (CLw).








Branched amyloses possess also short chains with lengths normally attributed to amylopectin (i.e., with DP < 100) [132]. The relative amount of these chains by weight is very low and often below the detection limit. On a number (molar) basis, however, these chains even predominate in the amylose. Hanashiro et al. [132] concluded that the organisation of the short chains in amylose is different from that in amylopectin, because their size-distribution is different from that generally found in amylopectin.




3.1.2. Amylose in the Granule


Even if amylose generally is considered to be in the amorphous state in the starch granules, the actual localisation of amylose within the granules remains a matter of debate. If starch granules are treated in concentrated calcium chloride or lithium chloride solution, the granule erodes [133]. Some starches (e.g., potato and maize) erodes in a controlled manner starting from the surface inwards [134], and the solubilised matter as well as the remaining granular residues can be analysed [135]. Jane and co-workers [136,137] concluded that in both potato and maize starch granules the amylose is more concentrated at the peripheral parts of the granules than in their interior. In contrast, Blennow et al. [82,138], using confocal laser scanning microscopy and 8-amino-1,3,6-pyrenetrisulfonic acid (APTS) as a fluorescent probe for reducing ends, concluded that amylose is more confined to the interior parts of granules from potato, tapioca, maize, wheat, barley, and peas.



Another intriguing question is as to what extent amylose and amylopectin are associated with each other in the granule. When starch granules are heated in a water suspension, they swell to different degree depending on the temperature and amylose tends to leach out from the granules [139,140]. Amylose leaches more readily from maize starch granules than from potato starch granules. This, and many other experimental findings, led Zobel [102] to conclude that amylose in potato is associated with amylopectin, but not, or to a lesser degree, in maize starch granules, as well as other cereals such as rice and wheat. In contrast, Jane et al. [141] were able to cross-link amylose with amylopectin in the granules and came to the conclusion that amylose is interspersed among amylopectin molecules in both maize and potato granules.



With regards to the lamellar structure in the granules, amylose was shown to affect the SAXS analyses in wheat and, therefore, it was concluded that amylose together with amylopectin participates in the lamellar stacks [65]. Amylose introduces defects into the crystalline lamellae, which affects the stability of the crystals in the wheat starch granules [71,142,143]. This is also the case in rice and potato, and the involvement of amylose in the crystalline lamellae increases with amylose content in the granules [69,70,144].




3.1.3. Helical Conformation


An optimal solvent for amylose is concentrated DMSO, 6–8 M urea or 0.5 M KOH [145]. At pH > 13 the hydroxyl groups on the glucose residues become negatively charged and the molecule expands to its largest volume. In neutral water solution amylose obtains a random coil [146,147], an extended coil, a random coil with extended helical segments [148,149,150], or a wormlike helical conformation [151,152,153]—interpretation of experimental data are diverse. Nevertheless, amylose is unstable in aqueous solutions, especially in pure water, and forms double-helices that readily precipitate. These precipitates are crystallites of the B-polymorph type described above [154]. Single amylose molecules also form helices, which readily interact with a range of different compounds, such as iodine, fatty acids, or different alcohols to form inclusion complexes [155,156]. These left-handed helices are more compact than the double-helices and one turn of the helix may comprise between 6 and 8 glucosyl units depending on the guest molecule. Single amylose helices crystallises into so-called V-polymorph pattern [157,158]. WAXS powder diffractograms of many starch granules, especially from cereals, show a characteristic peak at 20° 2θ, which is attributed to V-amylose-phospholipid complexes [17,158,159,160]. However, it should be noted that a peak near 20° 2θ also is found in other than cereal starches with only low amylose content—even in amylose-free potato starch [44,160,161], and thus it can not solely be attributed to amylose-lipid complexes. Nevertheless, 13C-cross-polarization/magic-angle spinning nuclear magnetic resonance (13C CP/MAS NMR) studies confirmed that a part of the amylose in cereals is complexed with lysophospholipids [162]. Therefore, in cereals the amylose is divided into lipid-complexed amylose (LAM) and free amylose (FAM) [65,114]. The well-known blue colouration of starch with iodine is due to the amylose-iodine complex and is much used to quantitatively measure amylose in starch. However, LAM interferes with the measurement (in particular in cereal starches) and therefore only FAM is detected (corresponding to “apparent amylose”, AAM). To achieve a measurement of the total amylose content (TAM), the sample has to be defatted completely [114]. LAM is then estimated as the difference between TAM and FAM.





3.2. Amylopectin


Amylopectin is the major, highly branched component in starch. The size of amylopectin is much larger than amylose. Physicochemical techniques, such as light scattering, viscometry or ultracentrifugation, suggest the weight average molecular weight (Mw) to be in the order of 107–108 Da [163,164,165,166,167], whereas number average values (Mn) are only 105–106 Da [7,111,168,169]. The polydispersity index (Mw/Mn) is therefore very large [170]. Takeda et al. [171] found that amylopectin from diverse sources consist of three size-fractions with approximate average DPn-ranges of 700–2100, 4400–8400, and 13,400–26,500, of which the large molecules generally predominate.



3.2.1. Chain Categories


Amylopectin consists of numerous chains that are much shorter than the major chains found in amyloses. The size-distribution of the chains is analysed after debranching by either SEC [115,172,173,174], high-performance anion-exchange chromatography (HPAEC) [9,10,175] or fluorophore-assisted carbohydrate electrophoresis (FACE) [176,177,178] (Figure 2a). The chains of amylopectin are divided into two major groups, short (S) and long (L) chains; the division between the groups generally being at DP ~36. Short chains predominate and the molar ratio of S:L chains varies between starches, with cereals generally having the largest ratios (Table 2). As already mentioned, the S-chains form double helices that are involved in crystal formation in the starch granules [53]. S-chains are anchored on the L-chains, which thereby functions as the interconnecting chains and are mainly confined to the amorphous lamellae [11]. Already in 1952, Peat et al. [179] suggested a useful nomenclature of the chains in amylopectin: A-chains are unsubstituted, whereas B-chains are substituted with other chains, and the C-chain carries the single reducing-end group of the macromolecule but is otherwise similar to the B-chains. Hizukuri [180] found that the long B-chains (BL) could be further sub-divided into B2-chains (with average DP 42–48) and B3-chains (DP approx. 69–75) and eventually even longer chains. The major group of S-chains contains the A-chains and short B-chains (BS), the latter named B1-chains by Hizukuri [180]. In addition to S- and L-chains, several amylopectin molecules have also been found to contain extra long chains (EL-chains), sometimes called super-long chains [181]. EL-chains consist of several hundred or even thousand glycosyl units and thereby they resemble amylose chains and are difficult to distinguish from the amylose. They also form complexes with iodine resulting in overestimated amylose contents [182]. EL-chains were found in indica rice varieties, but not in japonica rice varieties [182], and also in, e.g., cassava, potato, barley, and wheat [109,183,184,185,186,187]. Finally, the C-chain in amylopectin preparations has generally a broad size-distribution between DP 15~120, with a peak around DP 40 [188]. As a single amylopectin molecule only contains a single C-chain, this shows that the length of the C-chain greatly varies between individual molecules.


Figure 2. Unit chain profile of rice amylopectin (a) and its internal chain profile as obtained from the ϕ,β-limit dextrin (b), which possesses type 2 structure. Different chain categories are indicated. The A-chains (maltose peak) in (b) are actually external chain stubs and each B-chain carries a glucose residue as an external chain stub.
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Table 2. Chain lengths and chain ratios in amylopectins a.







	
Source

	
Structure b

	
CL

	
ECL

	
TICL

	
ICL

	
S:L

	
BS:BL

	
A:B






	
Wheat

	
A:1–2

	
17.7

	
12.3

	
12.7

	
4.4

	
16.2

	
6.8

	
1.4




	
Rye

	
A:1

	
17.4

	
10.7

	
12.6

	
5.3

	
16.2

	
7.3

	
1.1




	
Barley

	
A:1

	
17.6

	
11.5

	
12.3

	
5.1

	
17.9

	
8.6

	
1.0




	
Oat

	
A:1

	
17.0

	
10.7

	
12.6

	
5.3

	
18.2

	
8.6

	
1.0




	
Asian rice c

	
A:2

	
16.9

	
10.7

	
12.4

	
5.2

	
14.2

	
5.4

	
1.0




	
African rice d

	
A:2

	
18.1

	
12.1

	
11.9

	
5.0

	
11.7

	
5.0

	
1.0




	
Maize

	
A:2

	
19.7

	
13.1

	
12.6

	
5.6

	
9.9

	
6.3

	
1.1




	
Pearl Millet

	
A:2

	
18.0

	
12.0

	
11.9

	
5.0

	
15.9

	
7.4

	
1.0




	
Amaranth

	
A:2–3

	
17.7

	
11.4

	
13.4

	
5.3

	
10.0

	
4.2

	
1.1




	
Cassava

	
A:3

	
18.8

	
12.4

	
14.6

	
5.3

	
11.0

	
4.6

	
1.3




	
Potato

	
B:4

	
23.1

	
14.1

	
19.9

	
8.0

	
6.3

	
2.3

	
1.2








Note: Values represent a summary from the literature [9,189,190,191,192,193,194]. a CL = Number average chain length; ECL = External chain length; TICL = Total internal chain length; ICL = Internal chain length; S:L = Ratio of short to long chains; BS:BL = Ratio of short to long B-chains; A:B = Ratio of A- to B-chains. b Type of granular crystalline structure and type of amylopectin molecular structure. cOryza sativa. dOryza glaberrima.








External chains are defined as segments extending from the outermost branch of a chain to its non-reducing end [195]. By this definition, A-chains are completely external, whereas all B-chains have one external segment and the rest of the chain is internal. The whole internal chain from the outermost branch to the reducing-end side of the chain is called the total internal chain segment [196], whereas the chain was defined as a core chain segment if excluding the outermost branched residue [197]. Chain segments between branches are considered simply as internal chain segments [195] and the average length of these latter segments was the only internal parameter that could be measured before the invention of gel-permeation chromatography (Table 2).



It is necessary to remove the external chains in order to study the internal chain structure of amylopectin. There are two exo-acting amylolytic enzymes that can be used for this purpose. Phosphorylase a (the enzyme in muscles and liver involved in glycogen metabolism) removes successively one glucose residue from the non-reducing ends through a phosphorolytic mechanism producing glucose 1-phosphate [198,199], whereas β-amylase produces β-maltose by hydrolysis [200] (as mentioned above in Section 3.1.1). Neither of the enzymes by-pass the branches. Phosphorylase a produces a ϕ-limit dextrin (ϕ-LD), in which all A-chains have been reduced into maltotetraosyl stubs [201,202,203]. If the ϕ-LD is further hydrolysed with β-amylase, each chain is reduced by an additional maltose residue, thus leaving the A-chains as maltosyl stubs in the so-called ϕ,β-LD [202]. In the β-LD the length of external residues depends on if the original external segment contains an odd or even number of glucosyl units. Therefore, A-chains remain as DP 2 or 3 [204].



The internal chains are analysed after debranching with isoamylase and/or pullulanase (Figure 2b). It should be noted that there are some differences in the preferences for different substrates by the two enzymes: pullulanase (which completely hydrolyses the polysaccharide pullulan) more effectively hydrolyses maltosyl chain stubs, whereas isoamylase (which possesses no activity against pullulan) more effectively hydrolyses whole amylopectin [205,206,207,208]. Glucosyl branch-stubs are resistant to both enzymes [209]. The ratio of A:B-chains is normally between 1.0 and 1.4 (Table 2). The internal short B-chains (BS) in the internal chain profiles are distinguished as two sub-groups: “fingerprint” B-chains (Bfp) possessing a typical “fingerprint” profile in the chromatograms depending on the plant source, and a major group of BS-chains (BSmajor) [9]. The internal BL-chains are divided into the same sub-groups (B2- and B3-chains) as for the unit chains in the original amylopectin. In the internal chain profile they are shorter, however, as the external segment has been removed so that the division between BS- and BL-chains typically is between DP 23 and 28, depending on the plant source (Figure 2b) [9]. Also the A-chains have been sub-divided into two groups. The shortest chains in the unit chain profile of the whole amylopectin (before removing the external chains, Figure 2a) at DP 6–8 are considered as A-chains (they are likely too short to be B-chains) and have been called “fingerprint” Afp-chains in analogy to internal Bfp-chains because of their typical profiles in the chromatograms [203]. The rest of the A-chains were considered to be crystalline A-chains (Acrystal) [189] as it was shown that chains with DP < 9 do not readily form double-helices with other chains [210].



The unit chain profile of the whole amylopectin can be used for the estimation of the average chain length (CL). By combining the information from both the unit and internal chain profiles, the average external, total internal, and internal chain lengths (ECL, TICL, and ICL, respectively) can also be calculated (Table 2) [202,203].




3.2.2. Structural Types


The internal chain profile of amylopectin was found to be specific for different plant species and was divided into four types suggesting distinctive structural groups [9]. Type 1 amylopectin is typical for certain cereals, namely barley, rye and oat. In these starches the relative number of long chains is very small with hardly any B3-chains (typically < 1%). The ratio of S:L-chains (as well as BS:BL) is therefore high (Table 2). The BS-chains possess an unusually broad size-distribution due to an abundance of BSmajor-chains resulting in an almost complete disappearance of the otherwise typical groove between BS- and BL-chains. Type 2 amylopectin has more B-chains than type 1, and less BSmajor-chains and therefore the groove between BS- and BL-chains is clearly distinguished (Figure 2b). In addition, Bfp-chains are more abundant than in most other structural types. The important cereals maize and rice [9,190], as well as the pseudo-cereal amaranth [211], belong to type 2 amylopectin, whereas wheat amylopectin was found to have an internal chain structure intermediate to that of types 1 and 2 [212]. Type 3 amylopectin, which includes e.g., cassava and mung bean starch, has less Bfp-chains than types 1 and 2 and slightly elevated B3-chains. Finally, type 4 amylopectin, which includes all B-crystalline starches (e.g., potato and edible canna), possesses the highest amount of B3-chains and thus the lowest S:L chain ratio (Table 2) [9].




3.2.3. Branched Units


The chains in amylopectin are arranged into larger or smaller groups and diverse groups can be isolated using endo-acting enzymes. Though there exist a manifold of endo-acting amylolytic enzymes, only few have been used for structural analyses. As the α-amylase of Bacillus amyloliquefaciens is the enzyme that by far has been mostly used for the purpose of investigating branched structural parts of diverse amylopectins, this review only considers the results obtained by this particular enzyme. Among several amylolytic enzymes, B. amyloliquefaciens α-amylase gives the most pronounced endo-action pattern [213] and is therefore especially useful for the isolation of larger branched α-dextrins from amylopectin. The enzyme contains nine subsites arranged around the catalytic site [214,215]. The reaction is effective only with all subsites filled with glucosyl units of the substrate. Initially the rate of the reaction is very fast because at this stage the substrate contains several long internal chain segments that completely fill up the subsites [214]. Soon, however, this criterion is no longer fulfilled, resulting in a quite dramatic decrease in the reaction rate. α-Dextrins isolated at this stage are considered to represent unit clusters of chains [216,217,218,219,220,221,222]. Because of the nature of the subunits in the enzyme, the internal chain segments between branches in the isolated clusters is DP < 9, and this is the only structural definition of a cluster so far presented [223]. Groups of clusters, named “domains”, have also been isolated by interrupting the hydrolysis before the fast, initial stage ends [211,224,225,226].



As the α-amylase also attacks the external chains in amylopectin in a more uncontrolled fashion, the remaining external segments have diverse lengths [227,228] and are removed by the addition of phosphorylase and/or β-amylase. The limit dextrins of the clusters or domains can then be structurally characterised. The size-distribution of clusters is large, varying from approximately DP 15 up to DP 500 or more, and depends on the source of the amylopectin [224,227,228,229]. The largest clusters are found in type 1 and 2 amylopectins, which include the cereals, having average size around DP 66–73 [229]. This corresponds to an average number of chains (NC) of about 11–14. However, barley was found to have very large clusters with NC 19.5 (Table 3). In the isolated dextrins, the amount of long chains have been reduced compared to the original amylopectin, in clusters more than in domains, showing that the α-amylase attacks the long internal chains [224,226,227,228]. As a result, new shorter chains are formed, some of which are similar to those already existing in the amylopectin, others apparently representing new categories, which is especially significant around the characteristic groove in the chromatograms between short and long chains of amylopectin. The chains in the α-amylolysis products were therefore assigned lower case letters to emphasise their difference from chains in amylopectin (assigned capital letters) [229].



Table 3. Structure of intermediate α-dextrins (“clusters”) isolated from amylopectin with the α-amylase of B. amyloliquefaciens a.







	
Source

	
Structure b

	
NC

	
CL

	
TICL

	
ICL

	
IB-CL

	
NBbl

	
Molar Distribution of Building Blocks (%) c




	
2

	
3

	
4

	
5

	
6






	
Wheat

	
A:1–2

	
14.2

	
5.8

	
11.9

	
3.6

	
6.4

	
6.3

	
57

	
24

	
10

	
8

	
1




	
Rye

	
A:1

	
11.5

	
6.1

	
10.5

	
4.0

	
5.9

	
5.5

	
55

	
28

	
9

	
7

	
1




	
Barley

	
A:1

	
19.5

	
6.3

	
10.0

	
4.0

	
6.0

	
10.4

	
65

	
25

	
5

	
4

	
1




	
Oat

	
A:1

	
11.8

	
6.1

	
10.4

	
4.1

	
5.7

	
5.7

	
55

	
27

	
9

	
7

	
2




	
Asian rice d

	
A:2

	
12.0

	
6.8

	
7.9

	
4.7

	
6.9

	
5.7

	
50

	
29

	
11

	
9

	
1




	
African rice e

	
A:2

	
14.1

	
5.9

	
7.9

	
3.8

	
6.5

	
5.1

	
40

	
29

	
13

	
14

	
4




	
Maize

	
A:2

	
12.5

	
5.4

	
10.5

	
3.3

	
6.2

	
4.2

	
51

	
27

	
10

	
12 f




	
Amaranth

	
A:2–3

	
8.8

	
6.4

	
10.3

	
4.5

	
6.8

	
4.2

	
55

	
29

	
8

	
8 f




	
Cassava

	
A:3

	
10.0

	
7.0

	
12.0

	
4.6

	
7.1

	
5.1

	
59

	
30

	
5

	
6 f




	
Waxy potato

	
B:4

	
6.2

	
7.9

	
12.4

	
5.4

	
8.0

	
3.1

	
48

	
31

	
13

	
8 f








Note: Values represent a summary from the literature [191,211,223,225,227,229,232,234,236,238]. a NC = Average number of chains in the cluster; CL = Number average chain length; TICL = Total internal chain length; ICL = Internal chain length; IB-CL = Inter-block chain length; NBbl = Average number of building blocks in the cluster. b Type of granular crystalline structure and type of amylopectin molecular structure. c Building blocks of group 2 have two chains, group 3 have three chains, group 4 have four chains, group 5 have 5~7 chains, group 6 have > 7 chains. dOryza sativa. eOryza glaberrima. f Group 5 + 6.








The apparent clusters isolated from amylopectins are very slowly hydrolysed further by the α-amylase eventually into small α-LDs, which constitute the ultimate branched units called building blocks [224,230]. The molecular composition and the detailed structure of building blocks is very complex. Nevertheless, the concept of building blocks can be rationalised to consist of diverse groups of α-LDs with increasing number of chains. Thus, group 2 consists of building blocks with two chains and have DP 5–9, group 3 have three chains (DP 10–14) and group 4 have four chains (DP 15–19) [231,232,233]. As the complexity of each group increases with the size, the larger building blocks have only been isolated as course preparations. Therefore, group 5 consists of dextrins with between 5~7 chains (average 6 chains) and group 6 have at average ~10 chains and DP > 35 [233]. The chains in the building blocks are very short: besides a-chains (DP 2 and some at DP 3), most b-chains are concentrated around DP 5–6. In the larger building blocks trace amounts of chains with DP 12~15 can be detected [233]. In all samples analysed so far, group 2 building blocks predominate in the clusters: roughly 40–65% of all building blocks (on a number basis) have only two chains. The abundance then decreases with increasing number of chains, so that group 6 only represents a few per cent or less of the blocks, and the size-distribution is surprisingly similar regardless the structural type of amylopectin (Table 3) [191,211,223,229,230,231,232,234,235,236,237].



It is noted that the largest building blocks in group 6 contains as many chains as is found in a large part of the clusters. However, the chains in the building blocks are much shorter and the density of branches (DB) is higher (14~20%) [211,229,234,235,239] than in clusters (11~15%) [211,225,229,230,234,239] due to very short distances between the branches: ICL is only 1.4~2.3. The large clusters in cereals have typically 4–6 building blocks, whereas small clusters (many roots and tubers) contain 3~5 blocks on average (Table 3) [229]. Interestingly, the average chain length between the building blocks (the inter-block CL, IB-CL) increases successively in clusters from type 1 to type 4 amylopectins from IB-CL ~5.7 to 8.0 [229]. In only few cases so far the inter-cluster CL (IC-CL) has been estimated in isolated domains from amylopectins. IC-CL appears mostly to be between 10~20 [211,225,226,227,231]. The shortest IC-CL (9.5) was estimated in sweetpotato [226] and barley [231] and the longest (IC-CL 27) in a domain of waxy potato [227]. IB-CL was shown to correlate positively with the onset gelatinisation temperature when starches from ten diverse sources were compared [240]. This remarkable finding suggests that the inter-block segments, and most probably also the inter-cluster segments, have a key role when it comes to contributions to the thermal properties of starch granules.



It is the b-chains in the clusters that interconnect the building blocks, i.e., they consist of inter-block segments as well as intra-block chain segments. The b-chain is given a number that corresponds to the number of inter-block segments along the chain (Figure 3) [229]. Thus, b0-chains lack inter-block segments, because they are found completely inside the building block. The DP of these chains is 3–6 and, if not formed by the α-amylase, they correspond to Bfp-chains in the original amylopectin. b1-chains contain one inter-block segment. They have DP 7–18, and were sub-divided into b1a-chains (DP 7–10), which practically lack an internal segment at the reducing-end side of the chain, and b1b-chains (DP 11–18), which have a segment at the reducing-end side with maybe up to six glucosyl units that extends through an internal building block. b2-chains (DP 19–27) have two inter-block segments and segments that extend through building blocks. Finally, b3-chains (DP ≥ 28) have at least three inter-block segments [229]. Roughly, one can consider that each building block on a b-chain contributes with an intra-block segment (DP 5~6) in addition to an inter-block segment (DP 5~8) that connects to the next block, i.e., the b-chains theoretically possess a periodicity of around 12 residues.


Figure 3. Chain types and building blocks in an isolated typical “cluster”. a-Chains are shown in red and b-chains (black) are numbered based on the number of inter-block segments they are involved in. Building blocks are encircled (grey) and numbered according to the number of chains they contain.
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3.2.4. Organisation of Structural Units in Amylopectin


The challenge in understanding the structure of amylopectin is to organize the pieces of information (in the form of unit chains, internal chains, and diverse branched units with their composition of chains) into a meaningful model of the entire macromolecule. Besides fitting with the experimental data, any model must also fit with the present knowledge of the granular structure and, importantly, it shall be useful in explaining the properties of starch. Moreover, any model must also agree with what has been achieved in the field of starch biosynthesis, or eventually even boost or refine the present understanding of starch biosynthesis (see review of starch biosynthesis by Tetlow and Emes in this Special Issue). Several models of amylopectin structure have been suggested through the years, and historically their development follows the development of new techniques and the discoveries of new enzymes useful for structural studies [241]. In this review two models are described, namely the “cluster model” and the “building block backbone model”, of which the former is most widely accepted today, but the latter is the most recent model based on experimental results previously not available.



The cluster model was originally proposed in 1969 by Nikuni [242] and independently by French in 1972 [45]. In this model, the short chains in amylopectin form clusters and the long chains interconnect the clusters (Figure 4a). The model is based primarily on the following findings: (i) Acid treatment of starch granules removes mostly the amorphous parts, whereas the crystalline parts remain largely intact. Size-distribution analyses of the molecules in the remaining granular residues (commonly named “lintners” if the granules are treated in dilute HCl, or “Nägeli amylodextrins” if they are treated in dilute H2SO4) show that most of the branches have been removed and the major part of the dextrins are linear chains with DP 13~16 [17,47,49,51,243]. The result suggests that the branches are mostly confined to the amorphous parts and connects to the short chains in the crystalline parts. (ii) The periodic length of 9–10 nm revealed by SAXS corresponds to one amorphous and one crystalline lamella [66], in which the thickness of the latter closely match the DP of the short chains in the acid-treated starch [69,142,143]. (iii) Gel-permeation chromatography shows that amylopectin consists of two major groups of chains (S- and L-chains) [244]. (iv) The polarization cross in starch granules shows that the molecules are arranged radially with all chains pointing in the same direction toward the surface of the granules [45].


Figure 4. Amylopectin in the semi-crystalline growth ring depicted based on the cluster model (a) or the building block backbone model (b). The crystalline and amorphous lamellae are indicated by dotted grey lines. Long B-chains (thick red lines) and short chains (black lines) are shown. The backbone in (b) carries internal building blocks (some encircled in grey) and can also carry short BSmajor-chains that form branches to the backbone and connect to external building blocks (encircled in blue). Cylinders symbolise double-helices formed by external chains. Single chains introduce defects in the crystalline lattice. The directions toward the surface and the hilum of the granule are indicated at the right.
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The works by Robin et al. [46] and Manners and Matheson [245] were also in favour of the cluster model. Moreover, multiply branched dextrins formed from amylopectin using cyclodextrin glycosyltransferase from Klebsiella pneumoniae [246], a maltotetraosyl forming enzyme from Pseudomonas stutzeri [247], or α-amylases from barley [248] and Bacillus subtilis [216], suggested these dextrins were the clusters in amylopectin. Hizukuri [180] found a periodicity in chain length of 27–28 glucosyl units among the B-chains of amylopectin, which closely corresponds to the periodic length of 9–10 nm, i.e., the length of a chain in the form of a double-helix with 6 residues per turn and a pitch of 2.1 nm. Hizukuri [180] therefore suggested that B2-chains span two clusters and B3-chains span three clusters, etc.



Later results have challenged the accuracy of the cluster model, however. By comparing the unit chain profiles of a range of amylopectins, Hanashiro et al. [10] found a periodicity in chain length of 12 glucose residues among the S-chains, but not among the L-chains. This shorter periodicity among S-chains, and the lack of a periodicity among L-chains, cannot be explained as B-chains penetrating successive layers of clusters. Instead, it appears that the periodicity of 12 residues stems from the interconnection of building blocks in the isolated α-dextrins as explained above. O’Sullivan and Pérez [249], working with molecular modelling, showed that the amorphous chain segments involved in interconnecting double-helices in the crystalline lamellae into parallel alignment (to match with either the A- or B-polymorph) take diverse and almost perpendicular directions to the helices. Therefore, it is most unlikely that L-chains penetrating the crystalline lamella as radially organised double-helices also extend through the amorphous lamella as helices and in the same radial direction. Bertoft and co-workers [225,229,230,232] found that the structure of the multiply branched dextrins produced by α-amylase from B. amyloliquefaciens does not conform to the expected structure of clusters proposed in the cluster model. The model predicts that isolated clusters only contain short chains, because the long chains have to be cleaved in order to release the clusters from the macromolecule. However, the isolated dextrins still contain some long chains, even if the L-chains are reduced in number compared to the original amylopectin. Indeed, an aggravating circumstance is that the smaller the isolated apparent clusters are, the more long chains they tend to contain. Furthermore, the S:L chain ratio of amylopectin predicts the average number of chains (NC) in isolated clusters from a certain starch sample, but the isolated α-dextrins most often have lower NC than the predicted theoretical value [229]. Only in the case of amylopectins with type 4 internal structure (the B-crystalline starches), NC of isolated clusters agrees with the cluster model. These circumstances led to a need to find a model that better matches experimental data and resulted in what is now known as the building block backbone model [250].



In the building block backbone model, the L-chains (or BL-chains) in amylopectin are linked to each other and form collectively a longer backbone (Figure 4b). Building blocks are outspread along the backbone and form an integrated part (these blocks are characterised as “internal”) [250]. Building blocks of all kinds are completely randomly distributed along the backbone [251]. In some amylopectins, notably those with type 1 structure, some of the longer BS-chains are likely also involved in the backbone [229]. BS-chains probably also form shorter branches to the backbone, which connect to building blocks outside the actual backbone (“external” building blocks) [250], but some starches might also have longer branches extending from the backbone [229]. The short chains (S-chains) extend from the building blocks in a more or less perpendicular direction. In the starch granules, the S-chains form the double helices of the crystalline lamellae, i.e., exactly as in the cluster model (Figure 4). In contrast to the cluster model, however, the backbone is (more or less) completely embedded in the amorphous lamella and extends along it, rather than traversing the stacks of lamellae in the semi-crystalline “growth ring”. The building blocks are separated by inter-block segments (DP 5–8 depending on starch source, Table 3) and occasionally these segments are slightly longer, forming the inter-cluster segments that the α-amylase of B. amyloliquefaciens readily attacks at initial stages of hydrolysis [225,232]. It is apparent, however, that the actual function of the inter-cluster segments is the same as that of the inter-block segments; they interconnect building blocks. Therefore, the branched structural units in the model are the building blocks, and the reader may already have noticed that clusters in the traditional meaning do not exist in the backbone model.



The α-dextrins that the α-amylase produces at early stages of hydrolysis are therefore only apparent clusters, which are formed due to the preferential attack at inter-block segments with DP ≥ 9. This explains why the structure of the α-dextrins does not correspond to the clusters of the cluster model. Instead, the backbone model explains the fact that some dextrins still contain long chains, because the long chains are not involved in the interconnection of any clusters (as there exist no clusters). The long chains are instead involved in interconnecting building blocks and, depending on the random placement of long inter-block segments, the released dextrins will contain a variable number of building blocks, inter-block segments and chain lengths, some of which corresponds to the long b3-chains [229]. This also explains the very broad size-distribution of the α-dextrins. As the sequence of types of building blocks along the backbone is random, the length of both the intra- and inter-block segments along the backbone varies randomly [251], and therefore there is no apparent periodicity in chain length among the L-chains. This explains why Hanashiro et al. [10] did not find a periodicity of DP 12 at DP > 36. Among the shorter chains (b2- and b1-chains in α-dextrins) there is a periodicity, however, because these chains are mostly found as short side-chains to the backbone and have well defined IB-CL. The backbone model also explains the fact that the ratio of S:L chains in amylopectin generally does not correlate with the NC of the isolated apparent clusters, because the L-chains have a different function in this model compared to the cluster model.




3.2.5. Possible Implications of the Backbone Structure on Starch Properties and Biosynthesis


It is envisioned that the organisation of the amylopectin molecules in the layers of lamellae in the starch granules is rather random in the sense that the backbone possibly extends in any direction and, moreover, it is possibly far from having a straight, extended conformation. In fact, backbones from individual molecules might even cross each other, forming an intricate network [252]. The double-helices extend from this network into the crystalline lamella. This then suggests that double-helices from individual molecules come close together and crystallize into either the A- or B-polymorphic pattern. It was noted above that the dimensions of the nano-crystals, that have been isolated by mild acid hydrolysis of starch granules and stems from the crystalline lamellae [67], are so large so that more than hundred double-helices contribute to the individual crystals [68]. A network of backbones in the amorphous lamella will thus contribute with double-helices to form the crystallites in a cooperative fashion, which explains the dimensions of the isolated nano-crystals. It is also interesting to notice that O’Sullivan and Pérez [249] showed that only very limited combinations of internal chain lengths result in parallel alignment between two adjacent double-helices found in the same macromolecule. In fact, the combinations are so few that it is very unlikely that double-helices from a single cluster, as suggested in the cluster model, could contribute to any crystalline structure. In other words: clusters are not needed for formation of the crystalline lamellae. On the contrary, they would likely prevent their formation by being too tightly branched (which is how they mostly are depicted). Interestingly, it has been shown that debranching enzymes are needed for accurate formation of the semi-crystalline starch granules. Without the debranching activity during biosynthesis, amylopectin is not “trimmed”, resulting in a too dense branching pattern and the formation of water-soluble phytoglycogen [253]. Unlike the cluster model, the building block backbone model has a comparatively open structure: As noted above, the most common building block, representing about 50% of all blocks and about 25% of all branches [230], has only two chains and one branch. Both sides of this single branch are occupied by inter-block (or inter-cluster) segments (IB-CL 5–8, or more). This open structure might be a result of the “trimming” activity of debranching enzymes and suggests a flexible structure, in which the rather long segment can move and bend quite freely, in contrast to the tightly branched clusters in the cluster model, resulting in the ordered A- or B-crystallites. When, in addition, these flexible segments are part of the intricate network in the amorphous lamellae, it is easy to understand the extreme swelling that starch granules possess in warm aqueous solution [90,254,255,256,257,258]. Once the double-helical order in the crystalline lamellae collapses (the polarization cross disappears) due to water uptake into the granules, which exercises an increasing pressure on the crystallites, nothing prevents the granules from swelling. However, the granule integrity remains intact because the backbones of the amylopectin molecules stretch in all directions (compare with a balloon) and, only when they loose contact with each other the granules disintegrate [252]. In the presence of amylose, starch granules are more stable than waxy granules [161,259,260]. The stabilising effect is possibly due to amylose intermixed with amylopectin backbones in the amorphous lamellae [203], which decreases their flexibility and retards the swelling. Amylose can also transverse the stacks of lamellae [69,70,71], acting like a “glue” between the lamellae, which has a similar effect.



Donald and co-workers have suggested that amylopectin behaves like a side-chain liquid-crystal [98,261,262,263]. This model suggests that the double-helices are linked to the amorphous “backbone” of clusters through flexible spacer arms. The flexibility of the spacer arms explains phenomena like annealing and gelatinisation. With the exception of clusters, their model, in fact, resembles the building block backbone structure. In the latter, the inter-block segments represent the flexible arms. The longer the segments, the better the flexibility. Indeed, Vamadevan et al. [240,264] showed that both annealing and the onset gelatinisation temperature positively correlate with IB-CL. Another indication of the nature of the backbone is the interaction of the β-limit dextrin of amylopectin with iodine, which gives rise to a faint colour at low wavelengths (λmax is about 507~540 nm) [96,265,266]. As the β-LD lacks external chains, the result shows that the backbone possesses segments long enough to interact with iodine, i.e., these segments, which presumably are longer inter-block segments, form single-helices and inclusion complexes with iodine. The exact nature of these segments is not clarified, however. It is interesting to notice that also starch granules form complexes with iodine, which suggests that the molecular components in the granules possess segments flexible enough to form the helices. Amylose-containing granules stain dark blue due to the complex with amylose [159,267]. Notably, these iodine-treated granules possess very restricted swelling and amylose leaching [140,257,268]. However, also amylopectin interacts, as shown by the fact that amylose-free granules stain red [267]. As the majority of the short chains are engaged in double-helix formation inside crystallites (and probably also are too short to give a notable colour) it is possible that the amorphous backbone is involved in the interaction. Indeed, this is even more remarkable as the backbone will hardly be able to turn into a helix when the short chains are fixed into their positions in the crystals. Therefore, it is suggested that the helix pre-exists and iodine either simply enter its central cavity, or the helix exists in a more extended conformation that contracts when the iodine binds. Tiny differences in the WAXS diffraction pattern of iodine-stained starch granules have been reported [159,160,269], which suggests that some movements happens and are reflected in the packing of the double-helices in the crystallites.



A helical structure of the backbone also opens new implications for the structure of the double-helices formed by the short chains in amylopectin. Hitherto most, if not all, focus has been on double-helices formed by an A- and a B-chain (Figure 5a). It was shown that these helices are stabilised by the branch point between the two chains [53]. Other possible combinations could, however, be between two A- or two B-chains [250], if they are close enough to each other such as in a building block. As already discussed, however, about half of the building blocks consist only of two chains (one a- and one b-chain). In external blocks, the well-established A-B helix should then be formed [250]. However, in internal blocks the b-chain is a part of the backbone and the a-chain is single. If the inter-block segment between two such building blocks is helical (note that many IB-CL are ~6, i.e., a helical turn), the two A-chains will be adjacent in space and could interact to form a double-helix (Figure 5b) [230,250]. One might expect a comparatively weak double-helix in this case as the stabilising branch is absent.


Figure 5. Detail of the backbone model suggesting the formation of double-helices. (a) A-B double-helix in an external building block formed by an A-chain (red) and the external segment of a B-chain (black). (b) A-A double helix formed by two A-chains connected to a helical backbone (bold black line). Arrows symbolise branches.
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If the backbone partly (or completely) exists as a pre-helical structure, it may also retain this conformation in solution. In fact, indications in this direction have been observed. It was found that the gel-forming properties within a series of four waxy rice starches greatly varied [265]. Structurally, the only differences found were tiny differences in the internal chain lengths, whereas the external chain lengths were similar. It was therefore concluded that the small differences in internal structure were the reason for the different rheological properties. Possibly, external chains in one molecule could interact with single-helical internal segments in the other molecules, likely by forming double-helices [265].



It is obvious that the building block backbone model exerts challenges on our view of the biosynthesis of amylopectin—and from there the entire starch granule. One important enzyme in the synthesis of amylopectin is starch branching enzyme (SBE) [270]. The remarkable action of SBE is threefold: (i) the enzyme hydrolyses a (1,4)-linkage in one chain, (ii) it transfers the released non-reducing end-side of the cleaved chain segment to another chain (or eventually the same chain), and (iii) it attaches the chain segment to the other chain by synthesising a (1,6)-linkage. It was shown that SBE prefers double-helices rather than single chains as substrate [271]. In the light of the backbone possibly having a single-helical structure, it is tempting to suggest that the backbone is synthesised from a double-helical “pre-backbone”. The result of the action of SBE on a double-helical substrate was, in fact, discussed by Borovsky et al. [271] already in 1979 and is presented in Figure 6. In their work, they suggested that the transfer reaction after the cleavage of the first chain simply involves a transfer to the other strand of the double-helix (a distance less than 10.5 Å, which is the approximate diameter of the double-helix). Continuous enzyme action results in an extensively branched backbone, with some branches forming building blocks (A- and Bfp-chains) or shorter branches (BSmajor-chains) to the backbone, others being branches in the backbone itself (mostly BL-chains).


Figure 6. Possible formation of the backbone from a double-helix precursor based on the suggestion by Borovsky et al. [271]. (a) A double-helix formed by two polyglucan chains (black and red). (b) Branches (arrows) inserted in the double-helix by starch branching enzyme. (c) The same structure as in (b) but with the external chains (thin lines) extending out from the former double-helix. The chain segments forming a backbone are shown as bold lines. (d) The same structure as in (c) drawn as a laminated amylopectin model originally proposed by Haworth et al. in 1937 [272].
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4. Conclusions


Starch granules consist of several structural levels, starting from their size and morphology going through their internal structures, such as growth rings, blocklets, and crystalline and amorphous lamellae, down to the double-helical arrangement of the external chains of amylopectin, spanning a size-range from micrometres to Ångströms. Whereas the exact involvement of the minor, mainly linear component amylose in the granules remains uncertain, the branched, major component amylopectin is generally agreed to be the principal contributor to the semi-crystalline structure of the granules. As opposed to the more traditional cluster model, the building block backbone model of amylopectin is based on new findings obtained directly on α-dextrins isolated from amylopectin. These dextrins, first believed to be clusters in the traditional meaning, later turned out not to be compatible with the cluster model, but have instead resulted in the new structural concept. In addition, the building block backbone model is compatible with all the former data spoken in favour of the cluster model and it explains satisfactorily many of the properties of starch granules. Moreover, in addition, it implies new ways to look upon the biosynthesis of starch.
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