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ABSTRACT 

 

 

PROTEIN-PROTEIN INTERACTIONS BETWEEN STARCH SYNTHETIC 

ENZYMES IN CEREALS 

Fushan Liu Advisor:  

University of Guelph, 2010 Professor  M. J. Emes 

 

 

 

Starch is widely used in food and non-food sectors. Its biosynthesis is known to 

involve at least four groups of committed enzymes: ADP-glucose 

pyrophosphorylase, starch synthases (SS), starch branching enzymes (SBE), 

and debranching enzymes (DBE). Plastidial starch phosphorylase (SP) is also 

suggested to be involved in starch biosynthesis. Significant proportions of the 

starch biosynthetic enzymes, particularly SSI, SSIIa, and SBEIIb are bound to 

starch granules in maize. In this thesis, biochemical studies on protein-protein 

interactions between key enzymes of the starch biosynthetic pathway in wheat 

and maize endosperms, identify a potentially important mechanism of regulating 

starch biosynthesis by formation of phosphorylation-dependent multi-enzyme 

complexes between isoforms of starch synthases and branching enzymes. 

Furthermore, studies on a well-characterized maize mutant lacking the dominant 

branching enzyme activity, SBEIIb, amylose extender (ae-), demonstrated distinct 

patterns of protein-protein interactions compared with wild-type, suggesting 

functional complementation for the loss of SBEIIb in protein complexes by SBEI, 

SBEIIa and SP. Co-immunoprecipitation using peptide-specific antibodies 

showed that in amyloplasts from normal maize endosperm, protein-protein 

interactions involving SSI, SSIIa, and SBEIIb could be detected.  By contrast, in 

ae- amyloplasts, SSI and SSIIa were shown to interact with SBEI, SBEIIa and 

SP. All interactions in normal maize were strongly enhanced by ATP, and 

reduced by the addition of alkaline phosphatase, indicating a role for protein 

phosphorylation in assembly. All the protein-protein interactions observed in wild-

type and the ae- mutant occur during the grain-filling stage of endosperm 



 

 

development. Interactions were also reconstituted in vitro using recombinant 

forms of SSs and SBEs. This study proposes that during amylopectin 

biosynthesis in maize amyloplasts, SSI and SSIIa form the core of a 

phosphorylation-dependent glucan-synthesizing protein complex which, in wild-

type endosperm, recruits SBEIIb, but when SBEIIb is absent (ae-), recruits SBEI, 

SBEIIa and SP.  These differences in protein complexes are mirrored in the 

complement of starch synthesizing enzymes detected in starch granules of each 

genotype, reinforcing the hypothesis that the complexes play a functional role in 

starch biosynthesis. 
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1.1 The importance of starch 

Starch is a granular carbohydrate composed of linear and branched glucose 

polymers which are synthesized in plastids of leaves and storage organs in 

plants, including creal grains and some tubers. As the major carbohydrate 

reserve, starch may serve a role in both short-term (transient starch) and long-

term storage (storage starch). It is used in leaves when current carbon 

assimilation or translocation rates are insufficient, and is necessary for plant 

growth and development during seed germination. Starch is the second most 

abundant carbohydrate, after cellulose, in the biosphere. Annual starch 

production is still increasing in recent years, and if growth continues to follow 

past trends, the total world output of dry starches will be more than 71 million 

tons by 2010 (Figure 1.1.1). Starch is also the most inexpensive commercial 

biopolymer, and has considerable usage in food and non-food sectors.  

 

Figure 1.1.1. World starch demand and forecasts. 

 

Starch is the most important energy source for human consumption. Starch-

based foods, such as bread, pasta, potatoes and rice, are major dietary 

components of most diets around the world and contribute the major calorific 

Source: LMC Estimates, year 2002 
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intake of the average person. Native starch is a soft, white, tasteless powder that 

is insoluble in cold water, alcohol, or other solvents. However, certain physical 

processes, such as heat, can alter the characteristics of the starch, which, in turn, 

influence its behaviour during processing. This behaviour of starch means that it 

is widely used in processed food to give texture to products such as sauces, 

gravies, soups and pie fillings, and in dried instant foods. 

 

In non-food sectors, starch represents a biodegradable polymer with well-defined 

chemical properties, and it has huge potential for all kinds of renewable material 

applications, such as biodegradable plastics. Unmodified starch is used in the 

pharmaceutical, paper, mining and building industries. Starch can also be 

modified and converted to starch derivatives, isosugar, high fructose syrup and 

ethanol. It is widely used in adhesives and glue, for manufacture of corrugated 

paperboard, textiles for preparation of weaving production lines and printing cloth 

plastics (Koch and Röper, 1988). It is also used in the manufacture of 

biolubricants, for agrochemicals as a binder in the make-up of fertilizers, seed 

coatings and super-absorbent products (Davidand et al., 2000).  
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1.2 Cereal endosperm development 

Based on mass of starch produced, 90% of all the starchy crops grown in the 

world are cereals. Cereal endosperm is a sink tissue where carbon is 

accumulated as storage starch inside the amyloplast (section 1.4.2). It is 

produced in the seed during the time of fertilization, which occupies most of the 

seed volume surrounding the embryo and provides nutrition for embryo 

development. Endosperm was recognized as an independent genetic entity 

about a century ago, and results from a second fertilization event.  

 

Double fertilization is typical for angiosperms. At the time of fertilization, two 

haploid male gametes (sperms) are delivered to the female gametophyte 

containing two polar nuclei and an egg nucleus via the pollen tube (Figure 1.2.1 

a). One of the sperm unites with the egg nucleus to form the embryo for the 

diploid daughter plant. The other sperm fuses with the central cell. The central 

cell occupies most of the volume of the embryo sac and contains two haploid 

nuclei. The triploid product of the second fertilization will subsequently develop 

into endosperm (Figure 1.2.1 b).  

 

Figure 1.2.1. Double fertilization. (a) two sperms from the pollen tube enter the 

female gametophyte; (b) one fertilizes the egg, which leads to the embryo 

proper, whereas the other fuses with the two polar nuclei; (c) forming the 

triploid endosperm that will nourish the embryo (Coe, 2001).  
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Figure 1.2.2. Diagrammatic overview of endosperm syncytium and 

cellularisation. (a) In the central cell, the fertilized triploid nucleus (orange) is 

situated in the proximal end of a cytoplasm which surrounds a large central 

vacuole (yellow). (b) Syncytium: mitotic divisions occur without cell wall 

formation and leads to a multinucleate cell with a large central vacuole; (c) Cell 

wall formation. (d) Continued growth of cell divisions with wall formation. (e) 

After further centripetal growth of the cell files, the central vacuole is 

completely closed. (Olsen, 2001) 

 

Cereal endosperm development is characterised by five phases: syncytium, 

cellularisation, differentiation, reserve synthesis and maturation (Olsen, 2001). At 

the beginning, the embryo sac constitutes only a small portion of the grain. The 

initiation of the development of endosperm from the “triploid product” starts with 

the formation of a syncytium through successive rounds of nuclear division 

without cell wall synthesis approximately 3-5 hours after fertilization                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

(Figure 1.2.2 a, b). Later, each nucleus becomes isolated by the development of 

cell walls in a process referred to cellularisation (Figure 1.2.2 c, d, and e). 

Cellularisation is generally complete 2-4 days post anthesis (DPA) for wheat 
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endosperm and 4-6 DPA for maize, by which time the endosperm contains 

several thousand cells. Cellularisation is followed by grain enlargement driven by 

cell division and influx of water. Grain filling also occurs at the same time as 

reserves are deposited within the endosperm (Bewley and Black, 1994). The 

filling stage ends just prior to maturation, grains dehydrate, signified by 

substantial reductions in fresh weights, but not dry weights of grains. Storage 

reserves were present in wheat endosperm cells from approximately 4DPA and 

the volume of cells filled by reserves increased throughout development from this 

period until maturity. For maize, an important synthesis of all the components 

involved in cell wall formation takes place during 5 to 10 DPA. Storage products 

are synthesized from 12 DPA to maturity. Thus, most starch present in the maize 

endosperm is synthesized within a 25 days period, from about day 12 to day 35 

DPA. During the same time, endosperm increases in size from less than 0.1 mm 

to up to 10 mm. 
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1.3 Maize— a major cereal crop producing starch 

Cereal crops are cultivated for their starchy and edible seeds. Maize is a 

predominant crop and contributes to the major production of starch in the world 

(Figure 1.3.1, International Starch Institute, 2004).  

 

 

Figure 1.3.1. Distribution of Starch by Origin 

 

 Maize 

Maize (Zea mays L.) was domesticated in Mesoamerica. It is called corn in the 

United States, Canada, and Australia but there are further regional differences in 

terminology. Maize generally have higher growth rates, particularly at high light 

levels and high temperatures, due to a different leaf anatomy biochemistry which 

enables an efficient mechanism to increase their carbon dioxide exchange 

without additional loss of water vapour. As a C4 species under these conditions, 

it can produce more dry matter per unit of water transpired than plants endowed 

with the conventional (C3) photosynthetic pathway.  

 

Maize has a very distinct growth form, whose stems are erect from 2–3 m in 

height with many joints, casting off flag-leaves at every joint. A cluster of male 

flowers is referred to as a tassel that bears many individual male flowers (Figure 

1.3.2). Each male tassel may produce around 25 000 000 pollen grains. The 

female inflorescences are termed ears, which do not show themselves easily 

Maize Wheat 

Sweet potato 

Cassava 

 Other 
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until a number pistils called silk bursts out at the end of the ear since they are 

tightly covered over by several layers of leaves, and so closed-in by them to the 

stem. Before fertilisation, each maize plant carries hundreds of flowers in the 

flower heads, but the male flowers are separated from the female ones. The 

male flowers produce pollen grains (each containing a male gamete) which do 

not normally fertilise female gametes from the same plant since male and female 

gametes on the same plant mature at different times. This ensures that the pollen 

from one plant fertilises the female gametes of another plant, a process called 

cross-fertilisation. For each silk on which pollen from the tassel lands, one kernel 

of corn is produced. Therefore, each of the grains on the cob is the result of a 

separate fertilisation of a female gamete inside each ovule and provides a wealth 

of information about inheritance in the maize plant. 

 

Figure 1.3.2. Maize. (Source: Pamela et al., 1988). 
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 Fertilization and seed development 

 

Figure 1.3.3. Male and female gametophyte development in angiosperms. 

(A)Male gametophyte. (B) Female gametophyte. (Source: Li and Ma, 2002) 

 

Cells of a normal maize plant have nuclei with 20 chromosomes, 10 of which are 

derived from the egg cell and the other 10 is from the sperm nucleus that 

fertilizes the egg. In the anther, four pollen sacs contain numerous microspore 

mother cells, each spore mother cell will divide once reductionally and once 

equationally, forming four spores with 10 chromosomes individually (Figure 1.3.3 

A). A large vacuole later forms at the center of each spore and displaces the 

nucleus to the side. Each spore‟s nucleus divides equationally forming a 

vegetative nucleus and a generative nucleus which again divides equationally to 

form two sperm cells. Therefore, a mature pollen grain has three haploid nuclei 

with 10 chromosomes each. In the ear, a single spore mother cell of each 

functioning flower divides equationally and produces four spores with 10 

chromosomes individually (Figure 1.3.3 B). Only one of the spores will survive 

and continue with three equationally divisions, and form an eight-nucleate 

embryo sac. The eight nuclei will be organized in the embryo sac with three at 

each end and two in the center that will fuse and be fertilized to eventually 
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become the endosperm. As to the three nucleus at each end of the embryo sac, 

one of which will enlarge and become the egg cell which will be fertilized and 

becomes the diploid zygote (Li and Ma, 2002). The fertilization of center cell and 

egg cell is a process called double fertilization (section 1.2) that followed by 

endosperm and embryo development. 

 

Once developed, a maize seed is formed as a single fruit called the kernel 

(Figure 1.3.4). It includes an embryo, endosperm, aleurone and pericarp. The 

pericarp is the transformed ovary wall, which covers the kernel and furnishers 

protection for the interior parts. Aleurone tissue is a single layer of cells lying 

immediately under the pericarp. Because the single layer is part of the 

endosperm, the nuclei of aleuone cells have three sets of 10 chromosomes, two 

sets coming from the fused center nuclei and one set from the male gamete. The 

embryo contributes about 8-10% of the total kernel weight, becomes active and 

initiates growth under certain temperature and moisture conditions. Endosperm 

makes up the greater part of the kernel. Endosperm cells are filled mainly with 

starch grains. 

 

Figure 1.3.4. The mature maize kernel (vertical sections in two planes) 

Source: (Pamela et al., 1988)   

pericarp 
aleurone 
endosperm 

embryo 
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1.4 Starch biochemistry 

1.4.1 The composition and structure of starch 

 Amylose and amylopectin 

Starch can be chemically fractionated into two types of glucan polymer termed 

amylose and amylopectin. In most plants, starch consists of 20 to 30% amylose 

and 70 to 80% amylopectin (Detherage et al., 1955) (Figure 1.4.1.1). The 

proportion of amylose and amylopectin molecules and the length of glucan 

chains govern the size and structure of starch, and therefore its functionality and 

economic value. 

 

Figure 1.4.1.1. Amylose and amylopectin 

 

Amylose is formed by glucosyl units linked in linear α-1, 4 glycosidic linkages with 

relatively few α-1,6 bonds at branching points, and is essentially linear. 

Compared to amylopectin, amylose molecules are smaller, generally made of 

200 to 2000 glucose units and form a helical complex which allows iodine to bind 

resulting in a characteristic blue colour. Once extracted from plants and in 

solution, amylose forms hydrogen bonds between molecules, resulting in rigid 

gels. However, depending on the concentration, degree of polymerization, and 

temperature, it may crystallize and shrink (retrogradation) after heating 

(Shewmaker and Stalker, 1992). The synthesis of amylose is catalysed by 
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granule-bound starch synthase (GBSS), and the initiation of amylose synthesis 

requires an amylopectin chain as a primer, followed by elongation of the growing 

amylose chain (Denyer et al., 1996). In cereal, mutants deficient in GBSSI 

activity have been identified with little or no amylose (Morrison et al., 1984), and 

are termed waxy mutants.  

 

Amylopectin is a highly branched polymer consisting of linear α-1, 4 linkages with 

α-1, 6 bonds at the branching points (Figure 1.4.1.1). There are approximately 

10 to 20 anhydroglucose units at each branching points. According to the 

classical nomenclature, the branches of amylopectin molecular were named as 

A-, B-, and C chains (Peat et al. 1952) (Figure.1.4.1.2).  

 

Figure 1.4.1.2. Definition of types of chains and chain segments in the branched 

structure of amylopectin. Lines denote glucan chains linked by α-1, 4 linkages, 

and arrows are α-1, 6 linkages.  
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A-chains are outer linear chains defined as unsubstituted containing a potential 

non-reducing end. The B- and C-chains both carry one or more A- and /or B-

Chain (Buleon et al., 1998). Normally, each amylopectin molecule only contains a 

single C-chain that carries the sole reducing end. B- Chains also can be divided 

as B1, B2, B3 etc., according to the “cluster” (will be described below) structure 

of amylopectin. B1-chains are short chains and exclusively being involved in the 

units of clusters, whereas B2, B3 and B4 chains with increasing numbers 

followed are long chains that are across over clusters as a “bridge”.  

 

In recent years, the supermolecular structure of amylose, amylopectin and 

thereafter the structure of the starch granule, have been studied by many 

powerful methods of polymer physics, such as chromatography for fractionation, 

scanning electron microscopy (SEM) for imaging, iodine affinity assay for helical 

conformation, fluorophore-assisted carbohydrate electrophoresis (FACE) for 

chain length analysis, and many other methods. As a result, the “cluster” model 

is the accepted model for the structure of the starch granule (Robin et al., 1974; 

Manners et al, 1989; Jenkins and Donald, 1995). According to this model, 

external branch chains (or A-chains) of amylopectin are present in double helices.  

Instead of being randomly branched, the double helices are highly organized and 

packed into clusters with densely grouped branches, which form the crystalline 

structure of starch granules. The areas of the internal chains (or B2 chains) 

between the clusters are amorphous lamellae. The alternating crystalline and 

amorphous layers form “growth rings” which can be visualized by means of 

optical or SEM using freeze cracked, partly hydrolysed granules (Jenkins and 

Donald, 1995; Yuryev et al., 2004). Figure 1.4.1.3 shows a schematic structure of 

a starch granule. The model proposes an alternation of different supermolecular 

structures with the following dimensions: 120-400nm for growth rings, 9-10nm for 

clusters, 5-7nm for crystalline lamellae and 2-5nm for amorphous lamellae 

respectively.  
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Figure 1.4.1.3. Schematic structure of the starch granule. (a), amorphous and 

semi-crystalline zones in starch granule; (b), enlargement of a semi-crystalline 

growth ring, illustrating the arrangement of the alternating crystalline and 

amorphous lamellae; (c), clusters are tandem linked in amylopectin. (Reviewed 

by Tetlow, 2006) 

 

Amylose macromolecules can be observed in the acidic hydrolysate of extracted 

amylopectin (Nakazawa and Wang, 2003), which suggests it is incorporated in 

the structural organization of amylopectin clusters. At present, there are three 

hypotheses for the localization of amylose macromolecules within amylopectin 

clusters. The first hypothesis is the localization of amylose in the amylopectin 

clusters and co-crystallization of amylose macromolecules with amylopectin 

external chains (Jenkins and Donald, 1995) (Figure 1.4.1.4 a). The second 

hypothesis propose the accumulation of amylose chains within amorphous 

lamellae (Figure 1.4.1.4 b), and the third hypothesis proposes the accumulation 

of amylose tie-chains inside both the crystalline and amorphous lamellae (Yuryev 

et al., 2004) (Figure 1.4.1.4 c).  
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 (a)  

 

 (b) 

 

 (c) 

 

Figure 1.4.1.4. Hypotheses for the localization of amylose within amylopectin. 

Red chains denote amylose. (a), localization in crystalline lamella; (b), 

localization in lamella; (c), localization in both crystalline and amorphous. 

(Figured by Vladimir et al., 2007) 
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 Granular structure of starch 

Storage starch is normally seen as discrete granules within endosperm 

amyloplasts. However, granules from different germplasm organs show 

differences in shape, size and morphology, which are the result of different 

amylopectin chain length distribution, branching pattern, and the ratio between 

amylose and amylopectin, and these in turn affect the number and size of the 

amylopectin clusters and semi-crystalline growth rings (Hizukuri, 1985). Figure 

1.4.1.5A illustrates the difference of growth rings and granule shapes from 

normal maize, amylose extender (ae) mutant, and waxy maize. Figure 1.4.1.5B 

illustrates differences of semi-crystalline growth rings from wheat, barley and 

potato starch granules (Glaring et al., 2006).  

 
 

Figure 1.4.1.5A. Characteristics of maize starch granules. The selected starches 

were stained with the fluorophore 8-amino-1,3,6-pyrenetrisulfonic acid (APTS) 

and analysed by confocal Laser Scanning Microscopy (CLSM).Specific internal 

structures, such as growth rings as well as the general molecular distribution of 

amylose and amylopectin within the granule, were investigated (Glaring et al., 

2006). 

ae mutant starch rings and granule 

Normal maize starch  rings and granule 

Waxy maize starch rings and granule 
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Figure 1.4.1.5B. Characters of starch granules from different species. Starches 

were stained with the fluorophore 8-amino-1,3,6-pyrenetrisulfonic acid (APTS) 

and analysed by confocal Laser Scanning Microscopy (CLSM). (Glaring et al., 

2006) 

 

Crystal structures of starch granules can be observed with the help of techniques 

such as X-ray diffraction and NMR. Native starch granules can be characterized 

by the packing of amylopectin double helices. Three different types of crystal 

structures have been identified and reviewed in the literature (Jay-lin Jane, 2006). 

These are: A-type, characteristic of cereal starches; B-type found in tuber 

starches; and C-type found in legumes. It is known that C-type starches actually 

consist of a mixture of A- and B-type. Starches with amylopectin of relatively 

short average branch chain lengths (DP 23-29), such as normal maize, waxy 

maize, rice, wheat, and sweet potato, display the A-type X-ray diffraction pattern. 

Starches with amylopectin of longer branch chains (DP 30-44), such as high 

amylose maize, ae waxy maize and potato, display the B-type X-ray pattern. 

Those starches with amylopectin of branch-chain length in between the two (DP 

26-30) display the C-type X-ray pattern. The difference in the average chain 

length between the A- and B-type starches can be as little as one glucose unit 

(Hizukuri, 1985). Hanashiro et al. (1996) fractionated amylopectin chains of A-

chains, B1-chains, B2-chains and B3-chains by high-performance anion-

exchange chromatography with pulsed amperometric detection, which suggested 

A-type starches contain amylopectin of more A-chains and B1-chains in most 

cases, whereas B-type starches contain amylopectin with long B chains (B2, B3) 

and fewer A-chains (Hanashiro et al., 1996). Since the C-type polymorphic starch 

has a mixture of the A-type and the B-type polymorphic structures, it possesses 

Wheat starch rings Potato starch rings 

Barley starch rings 
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both the short and the long chains. In the A-type structure, the double helices are 

closely packed in a crystallography monoclinic unit cell (Figure 1.5.1.6 A). By 

contrast, the B-type polymorphic starch has a hexagonal unit cell, which is 

relatively loosely packed (Figure 1.5.1.6B) (Buléon et al., 1998). In both cases, 

the basic building blocks are double helices of glucose residues. The relatively 

close or loose packed amylopectin double helices will affect the different 

properties of A-type and B-type starch granules. 

 

Figure 1.5.1.6. Crystalline packing of double helices in an A-type (A) and B-

type (B) granule. Projection of the structure onto the (a, b) plane. 

 

 

  

View down helices 
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1.4.2 Starch biosynthesis 

 The pathway of starch biosynthesis 

The pathway of starch biosynthesis involves the coordination of a number of 

classes of enzymes (Figure 1.4.2.1). In higher plant cells, this process begins 

with the enzyme ADP-glucose pyrophosphorylase (AGPase), which catalyses the 

reaction of glucose-1-phosphate (Glc1P) with ATP to form ADP-glucose. ADP-

glucose is then used as a substrate either by granule bound starch synthase 

(GBSS) or soluble starch synthase (SSS), which add glucose units to the end of 

a growing polymer chain to build up amylose or amylopectin. Branches within 

amylopectin are created by starch branching enzymes (SBE). Although the 

pathway of starch synthesis appears relatively simple, it is complicated by the 

fact that the enzymes involved come in various different forms, which differ in 

their behaviour and in parts of a plant in which they are active. Further complexity 

is created by the presence of different isoforms of debranching enzymes (DBEs), 

which trim disordered branches to form the highly organized starch granule, and 

were traditionally regarded as catalysts of starch breakdown. Starch biosynthesis 

may also involve the activity of starch phosphorylase (SP) (Yu et al., 2001) and 

possibly some other enzymes. 

 
 

Figure 1.4.2.1. Key reactions of starch biosynthesis in plants 
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 Localization of starch biosynthesis and metabolite transport 

Starch is synthesized in plastids of plant cells, including during the day in leaf 

chloroplasts and for storage in amyloplasts. The enzymatic reactions leading 

from ADP-glucose to the production of starch are similar in both the chloroplasts 

for transient starch and the amyloplasts for storage starch (Nelson and Pan, 

1995). However, the flow of carbon into starch and regulation of starch synthesis 

in these two plastids are different (Figure 1.4.2.2). In the chloroplasts, starch 

synthesis and accumulation occurs particularly when photosynthetic carbon 

fixation exceeds the needs of the plant. During photosynthesis, allocation of 

triose phosphate is a strictly-regulated process, in which the export of triose 

phosphate from the chloroplasts to the cytoplasm is tied to a one-for-one 

exchange of Pi. Part of the triose phosphate pool is channelled into starch 

synthesis in the chloroplast itself and another portion is exported as triose 

phosphate to support the synthesis of sucrose in the cytoplasm (Figure 1.4.2.2 A).  

 

  

Figure 1.4.2.2. Flow of carbon into starch in the chloroplast (A), and 

amyloplast (B, Emes et al., 2003). Transporters on the amyloplast membrane are: 

CHROLOPLAST CYTOSOL CYTOSOL 

AMYLOPLAST 

(A) (B) 
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(1) brittle-1 protein (BT1), an adenylate translocator, (2) plastidic ATP/ADP 

transporter protein (AATP), (3) glucose 6-phosphate/phosphate translocator.  

 

Cereal amyloplasts are colourless, nonphotosynthetic plastids in endosperm, 

whose main function is to synthesize and deposit storage starch (Liu and 

Shannon, 1981). Cereals, including maize, wheat, cassava, rice, sorghum and 

barley are the major agricultural starch-producing crops. Cereal amyloplasts 

comprise three distinct components: the starch granule, soluble stroma, and a 

double-membrane envelope. Amyloplasts accumulate starch in the form of 

insoluble granules which usually occupy a large proportion of the volume of the 

plastid. The structure of the starch granule was described in section 1.4.1. Starch 

synthetic enzymes, including plastid ADP-glucose pyrophosphorylase, starch 

synthases, starch branching enzymes, debranching enzymes, starch 

phosphorylase and other degrading enzymes, are localized in the soluble stroma 

of amyloplast, and some are also associated with the granule. 

 

The compartmentation of starch biosynthesis leads to a requirement for the 

transport of carbohydrate from the cytosol to the amyloplast in cereal endosperm 

(Figure 1.4.2.2 B). ADP-glucose is the soluble precursor for starch biosynthesis 

in amyloplasts. However, in endosperm of some cereals, such as maize and 

barley, the major isoforms of AGPase is located in the cytosol (Tetlow et al., 

1994; Mo ḧlmann et al., 1997; Patron et al., 2004). In these plants, ADP-glucose 

is synthesized by an extra-plastidial AGPase from glucose-1-phosphate (Glc1P). 

In turn, therefore, transport of ADPG into amyloplasts is important for starch 

biosynthesis. The amyloplast envelope from maize yields a complex set of 

integral membrane proteins. Of these, polypeptides in the size range of 39 to 44 

kDa have been implicated as the putative adenylate-translocator termed BT1 

(Figure 1.4.2.2 B) (Cao et al., 1995; Sullivan and Kaneko, 1995). In maize, the 

evidence for BT1 as the transporter of ADP-Glc comes from comparison of the 

low-starch mutant (Brittle 1) with wild-type endosperm. The mutant shows 

reduced rates of ADP-Glc uptake into amyloplasts when compared with 
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organelles from normal endosperm Brittle1 (Liu et al., 1992; Shannon et al., 1996, 

1998). Photo-affinity labelling of amyloplast membranes with the substrate 

analogue 8-azido-[a-32P] ADP-Glc showed that the polypeptide involved in 

substrate binding is an integral membrane protein of 38 kDa (Bowsher et al., 

2007). By contrast, the transport of hexose-phosphate and ATP into amyloplasts, 

especially for nonphotosynthetic dicotyledonous tissues, is necessary to supply 

substrates for plastidial AGPase, synthesizing ADP-Glc. Hexose-phosphate is 

delivered by the glucose 6-phosphate/phosphate translocator, and ATP by a 

plastidial nucleotide transporter (AATP), which is also on the envelope and 

counter-exchanges ADP (Kammerer et al., 1998; Neuhaus et al., 1997) (Figure 

1.4.2.2 B). As can be seen, the major flux of carbohydrates through the 

amyloplast envelope, either via ADP-Glc or hexose-phosphate, is in the opposite 

direction with respect to that observed in the photosynthetic cell. Thus, in the 

endosperm, carbohydrates move from the cytosol to the plastid, as sucrose is 

metabolised, and the products enter the amyloplast, where starch is synthesized 

and accumulated. 
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 Cereal starch synthetic enzymes 

 ADP-glucose pyrophosphorylase 

ADP-glucose is the soluble precursor for synthesizing both transient starch in 

chloroplasts, and storage starch in amyloplasts. The formation of ADP-glucose is 

the first committed step in starch biosynthesis which requires the activity of ADP-

glucose pyrophosphorylase (AGPase, EC 2.7.7.27) consuming glucose-1-

phosphate (Glc1P) from sink tissues hexose phosphate pool. This reaction also 

requires ATP and results in subsequent release of inorganic pyrophosphate (PPi) 

(Figure 1.4.2.3). The pyrophosphorylase reaction leading to ADP-glucose 

synthesis is a major pacemaker for starch biosynthesis and it is being regulated 

by the level of 3-phosphoglyceric acid (3-PGA) and Pi. The relative regulation 

sensitivity of AGPase to these allosteric effectors appears to depend on the 

tissue and plastid type. In cereal endosperms, it also depends on the subcellular 

location of the enzyme. In general, the chloroplast AGPase is more sensitive to 

activation by 3-PGA and inhibition by Pi (Ghosh and Preiss, 1966) than the 

cereal endosperm AGPase (Go ḿez-Casati and Iglesias, 2002; Tetlow et al., 

2003).  

 

 

Figure 1.4.2.3. The reaction catalysed by ADP-glucose pyrophosphorylase 

(AGPase). 

 

AGPase is a heterotetramer comprised of a pair of large subunits encoded by 

Shrunken2 (Sh2) and a pair of small subunits encoded by Brittle2 (Bt2), and 

exists as multiple isoforms in plants. In Arabidopsis (Villand et al., 1993), potato 

(La Cognata et al., 1995), barley (Villand et al., 1992) and wheat (Olive et al, 

1989), multiple isoforms of the large subunit are detected in different tissues. In 

comparison, the small subunit is present either as a single gene or a pair of near-

identical genes. In maize, tissue-specific forms of the large and small subunit are 

expressed in leaves, endosperm and embryo (Prioul et al. 1994). As revealed by 

Glc1P + ATP ADP-glucose + PPi 
AGPase 
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in vitro expression of AGPase subunits, the small subunits is sufficient for 

catalytic activity, but it has a lower affinity than the native enzyme for the 

activator 3-phosphoglycerate. 

 

A further complication in defining the role of AGPase is that this enzyme appears 

to vary between different plants and tissues. For most of the dicots organs, such 

as pea embryo and root (Denyer and Smith, 1988; Smith,1988; Borchert et al., 

1993), oilseed rape (Kang and Rawsthorne, 1994), and potato tuber (Sweetlove 

et al., 1996; Naeem et al.,1997), and both dicots and monocots photosynthetic 

tissues (Okita et al., 1979,1992; Echeverria and Boyer, 1986; Robinson and 

Preiss,1987), AGPase is considered to be located exclusively in the plastids. 

However, for some cereals endosperm, and especially wheat, maize and barley, 

20% or less of the AGPase activity is located in the plastid, with most of the 

activity being in an extra-plastidial compartment assumed to be the cytosol 

(Denyer et al., 1996; Thorbjørnsen et al., 1996; Beckles et al., 2001). In a recent 

study, Bt2a and Bt2b were isolated from a new maize mutant allele and on the 

basis of reverse transcription-polymerase chain reaction experiments with gene-

specific primers, the results suggested that bt2a codes for a cytoplasmic isoform, 

whereas Bt2b codes for a plastidial isoform (Cossegal et al., 2008).  

 

The evolutionary advantage of extra-plastidial AGPase remains unclear. 

However, it has been speculated that extra-plastidial AGPase may facilitate the 

partitioning of large amounts of carbon from sucrose into starch when there is a 

plentiful supply of sucrose in the endosperm (Beckles et al., 2001). The pathway 

from sucrose to starch in tissues with exclusively plastidial AGPase requires the 

import of hexose phosphate and ATP into the plastid. The resulting hexose 

phosphate pools within amyloplasts are used not only for synthesizing starch, but 

also for other processes, such as fatty acid synthesis, amino acid synthesis, and 

the oxidative pentose phosphate pathway. Comparatively, cereal endosperm 

possessing cytosolic as well as a plastidial AGPase allows the direct commitment 
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of carbon from sucrose into the pathway of starch synthesis without the 

involvement of the plastidial hexose phosphate and ATP pools. Therefore, the 

concentration of sucrose in the cytosol may be important in this hypothesis. 

When there is a high concentration of sucrose, cytosolic ADP-glucose 

concentrations will be increased because the enzymes that convert sucrose to 

ADP-glucose are close to equilibrium. When sucrose concentration is decreased, 

most of the ADP-Glc for starch synthesis will be provided via the import of 

hexose phosphates into the amyloplast. Thus, carbon is available for processes 

other than starch synthesis when sucrose supply is limited, but allows carbon 

from sucrose to be committed directly to starch when sucrose is plentiful. 
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 Starch synthases 

Starch synthases (SS, EC 2.4.1.21) catalyse the elongation of glucan chains by 

adding a glucosyl unit from ADP-glucose to a pre-existing α-(1, 4)-linked glucan 

primer (Figure 1.4.2.4 A). In maize endosperm, there are at least five isoforms of 

starch synthases which can be broadly split into two groups: granule bound 

starch synthase (GBSS) and soluble starch synthase (SSS), which are 

conserved in the C-terminal amino acids sequence (Figure 1.4.2.4 B). The 

number of isoforms may vary with the plant species and the developmental stage, 

but those species that have been studied in more detail seem to have a similar 

number of isoforms.  

(A) 

 

(B) 

 

Figure 1.4.2.4. Starch synthase activity (A), and alignment of domains of SS 

(B). Numbers indicate amino acid numbered from N-terminal. 
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Granule-bound starch synthase is known as the WAXY protein (encoded by the 

waxy locus) in cereals, which is tightly associated with starch granules. GBSS 

transfers glucose units from ADP-glucose or UDP-glucose to non-reducing ends 

of α-1,4 glucose polymers, although the rate of transfer from ADP-glucose is 

higher than from UDP-glucose (Tsai, 1974). In contrast, soluble starch synthases 

use ADP-glucose as the sole substrate. There is also growing evidence that 

malto-oligosaccharides (MOS) derived from modifications and cleavage of 

irregular chains of amylopectin are the main substrates of GBSSI (Denyer, 1996). 

It has been assumed that this 60kDa GBSS is exclusively responsible for 

synthesis of amylose (Nelson et al., 1962), whereas some studies have 

suggested GBSS is also responsible for extension of long glucans within the 

amylopectin fraction in both in vitro and in vivo experiments (Delrue et al., 1992; 

Maddelein et al., 1994; van de Wal et al., 1998). GBSS has been classified as 

GBSSI and GBSSII based on tissue specificity. GBSSI appears to be mostly 

confined to storage tissues (Fujita and Taira, 1998), and it has been observed 

that GBSSII expression was abundant in waxy pericarp and leaf for accumulating 

transient starch (Vrinten and Nakamura, 2000).  

 

Isoforms of soluble starch synthases (SS) identified in cereal endosperm are SSI, 

SSII (SSIIa and SSIIb), SSIII and SSIV. SSI and SSII are partially granule 

associated. In maize endosperm, about 85% of SSI protein may be deposited 

within the starch granule (Mu-Forster et al., 1996). The locations of starch 

synthases within the plastid vary between species as well as tissue and 

developmental stage (Smith, 1997) (James, 2003). In maize and barley, the 

genes encoding SSI are predominantly expressed in endosperm (Knight et al., 

1998; Li et al., 2000), while in Arabidopsis and potato, the transcripts are more 

abundant in leaves (Kossmann et al,. 1999; Delvalle et al., 2005). Maize SSI 

activity from developing kernels was measured by the citrate-stimulated starch 

synthase assay, which indicated that SSI was expressed from five days after 

emergence (Dang, 1988). In a study of SSI-deficient rice mutant lines, there was 

no detectable effect either on the size and shape of seeds,  or structure of 
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endosperm starch, suggesting some other SS enzymes are probably capable of 

partly compensating for SSI function (Fujita et al., 2006). By contrast, the 

absence of SSI in Arabidopsis leaves yields a novel type of amylopectin structure 

(Delvallé et al., 2005). In cereals, SSII and SSIII are the main contributors to 

amylopectin synthesis and their expression patterns vary among tissues. In 

wheat, the gene encoding SSIII is expressed earlier than those encoding SSI and 

SSII during endosperm development (Li et al., 2000). Two classes of SSII genes 

are found in monocots: SSIIa and SSIIb. In vitro studies of SSII isoforms from 

rice indicate that SSIIa predominates in cereal endosperms, while SSIIb is mostly 

confined to photosynthetic tissues (Jiang, 2004).  

 

          

Figure 1.4.2.5 Model for SS function as an enzyme system (James. M). For a 

chain of any given DP, each SS has a distinct probability of adding one glucose 

unit to that chain 

 

Genetic analyses in Arabidopsis and rice suggest that SSI is required for the 

elongation of short linear chains within amylopectin having a degree of 

polymerization (DP) of approximately 6–7, to form chains of DP 8–12 (Delvalle et 

al., 2005; Fujita, 2006)(Figure 1.4.2.5). Studies in maize also suggested that SSI 

is catalytically active only with glucan chains shorter than DP 10 (Commuri, 

2001). For SSIIa, genetic analyses suggest it‟s function is to elongate 

amylopectin chains of DP 6–10 to produce intermediate length chains of DP 12–

25 in maize (Zhang, 2004; Takeda and Preiss, 1993). A second form of SSII, 

designated SSIIb, has also been identified by cDNA cloning (Harn et al., 1998); 
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however, the expression of this protein has not yet been demonstrated in cereal 

endosperm and its role remains to be defined. Analysis of SSIII mutants 

suggests this enzyme class catalyses the synthesis of long amylopectin chains of 

DP 25–35 or greater (Wang et al., 1993; Gao et al., 1998; Jane et al., 1999). 

Although little is known about the role of SSIV in starch synthesis, recent 

research in Arabidopsis suggests this enzyme class may function in the control of 

granule numbers and it is speculated that SSIV could be selectively involved in 

the priming of starch (Roldan et al, 2007). 

 

 Starch-branching enzymes (SBE) 

Starch-branching enzymes (SBEs, EC 2.4.1.18) create branches within 

amylopectin by hydrolysing α-1, 4-glycosidic linkages and re-attaching the chain 

to α-1,6-positions of the growing glucan chain (Figure 1.4.2.6). One hydrolytic 

event accompanied by formation of one α-1,6-linkage leads to creation of new 

non-reducing ends that serve as potential sites for chain elongation by starch 

synthases and starch phosphorylase (reviewed by Kossmann and Lloyd, 2000). 

 

 

Figure 1.4.2.6 Starch branching enzyme activity 
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SBE activity in plants is also a function of multiple isoforms. These isoforms are 

classified into two distinct families based on sequence homology: SBEI‟s (family 

B) and SBEII‟s (family A) differ in their enzymatic properties (Burton et al., 1995). 

In vitro studies indicated that the two classes of SBE transfer different lengths of 

glucan chain and show different substrate specificities (Guan, 1993; Takeda, 

1993). In maize, it has been shown that SBEI has higher affinity for amylose 

while SBEII shows a higher rate of branching amylopectin than SBEI. In 

comparison, SBEI transfers longer glucan chains than SBEII (Guan, 1993). 

Developmental expression of SBEI and SBEII studied in wheat indicated that 

SBEII is expressed at a similar level from 13 to 34 days after anthesis; In contrast, 

SBEI is not detectable until 18 days after anthesis and increases in relative 

expression late in endosperm development (Morell et al., 1997). Developmental 

expression of maize SBEI and SBEII were both detected from 14 through 29 

days after anthesis (Fisher et al., 1993; 1995). 

 

Cereal SBEII has been identified as SBEIIa and SBEIIb in maize, wheat and 

barley (Morell et al., 1997; Boyer and Preiss, 1978, 1981; Gao et al., 1997; Sun 

et al., 1998). Maize SBEIIa and SBEIIb are encoded by separate genes (Fisher 

et al., 1993; Boyer and Preiss, 1978). The spatial expression pattern shows that 

SBEI and SBEIIb are predominantly expressed in endosperm while SBEIIa is 

expressed in all tissues. In developing wheat endosperm, SBEIIb is expressed at 

much lower levels than SBEIIa. However, by contrast, in maize endosperm, 

SBEIIb is expressed at approximately 50 times the level of SBEIIa (Gao, 1997). 

 

It has been reported that mutations in maize sbeIIb cDNAs result in altered forms 

of amylopectin having fewer short chains and increased proportions of longer 

length chains termed amylose extender (ae) (Boyer et al., 1976; Boyer and 

Preiss, 1981; Fisher et al., 1993). In wheat and barley, however, such starch can 

only be produced by suppression of both genes encoding the SBEIIa and SBEIIb 

isoforms (Regina et al, 2006). Maize SBEIIa mutants revealed a clear phenotype 
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in the leaf starch whose branching was similar to, yet more extreme than, that 

seen in kernels lacking SBEIIb activity, but with no effect on the branching of 

endosperm starch (Blauth et al., 2001). Maize mutants lacking SBEI in both leaf 

and endosperm were also studied, and the starches extracted from mutant 

leaves and endosperm had structures indistinguishable from starches of wild-

type controls as determined by size-exclusion chromatography (SEC) of intact 

starch and high-performance SEC of debranched starch. This may suggest that 

SBEI does not play a central role for starch biosynthesis (Blauth et al., 2002). In 

general, the role of SBEI in the starch biosynthetic pathway is still an open 

question. 

 

 Debranching enzymes (DBE) 

Debranching enzymes (DBEs, EC 3.2.1.41 and EC 3.2.1.68) have been 

identified as playing an important role in determining starch structure and granule 

characteristics. Two groups of DBEs were well characterized in planta: 

isoamylase-type (ISA, known as isa-1, isa-2 and isa-3) and pullulanase-type 

(PUL1, termed ZPU1 in maize). Both types of DBE can efficiently hydrolyse α-1, 

6 linkages in amylopectin (Figure 1.4.2.7), but differ in preference for substrate 

(James, 2003). 

 

Figure 1.4.2.7 Starch debranching enzyme activity 

The precise roles for the isoamylase-type and pullulanase type DBEs in starch 

biosynthesis are not yet known. Mutations that result in DBE deficiencies, such 
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as the sugary1 (su-1) mutations of maize and rice (James et al., 1995; Pan and 

Nelson, 1984; Nakamura et al., 1996; Rahman et al., 1998), alter the number and 

spatial distribution of branches in amylopectin, resulting in the accumulation of 

water-soluble phytoglycogen instead of starch (Mouille et al., 1996; Ball et al., 

1996). These phenotypes have given rise to the idea that the branching pattern 

of normal amylopectin is determined by SBE and debranching enzyme (DBE) 

acting in concert. At present, it is proposed that DBEs trim the loosely-disordered 

branches produced by highly-branching enzyme activities (Mouille et al., 1996; 

Bustos et al., 2004). In this way, phytoglycogen synthesis is prevented and tightly 

spaced branches are created that will generate the next semi-crystalline cluster 

of helices (Figure 1.4.2.8, Ball et al. 1996, Cell; Myers et al. 2000).  

 

 
 

Figure 1.4.2.8. The glucan trimming module: starch is synthesized by SSs, 

branched and elongated by SSs and SBEs then trimmed by DBEs to ensure 

correct amylopectin aggregation.  

 

 Starch phosphorylase (SP) 

Starch phosphorylase (SP, EC 2.4.1.1) catalyses a reversible reaction of either 

degrading or synthesizing glucan, depending on the relative concentration of Pi 

and glucose-1-phosphate (Glc1P): 
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In the synthetic direction, a glucosyl unit is transferred from Glc1P into a growing 

glucan chain. While in the phosphorolytic reaction, the addition of inorganic 

phosphate generates Glc1P from glucan and decreasing chain length (Hanes, 

1940).  

 

Plant starch phosphorylases have been identified as plastidic and cytosolic forms, 

and the roles of both have been investigated in some dicots and cereals. In pea 

embryos, the activity of plastidic phosphorylase decreases ten times during seed 

germination, while the cytosolic form increases in activity. It is suggested that the 

plastidic isoform might has little impact on starch degradation in germinating pea 

embryos and that the cytosolic enzyme may be able to access the starch granule 

as the amyloplast membrane degrades (van Berkel et al., 1991). In maize, a 112-

kD protein was isolated from the amyloplast stromal fraction (Yu et al., 2001), 

and the starch phosphorylase synthetic activity was enriched 4-fold when 

compared with the activity in the whole endosperm fraction. The abundance of 

SP in the amyloplast stroma is second only to starch-branching enzyme IIb, 

which might infer its importance in starch biosynthesis (Yu et al., 2001). In a 

study with sweet potato roots, it was suggested that the plastidial form of SP was 

regulated by a 78 amino acid peptide (L78). The phosphorolytic activity of the SP 

was increased when L78 was digested by an endogenous protease (Chen, 2002).  

 

In the maize shrunken-4 mutant, activity of plastidic 112 kDa SP was compared 

with wild-type endosperm, resulting in a 66% decrease of SP activity in the 

mutant. It is suggested that the reduced SP activity in the shrunken-4 mutant is 

due to a deficiency in pyridoxal-5-phosphate within the cell (Yu et al., 2001). 

Plastidial phosphorylase accounts for 96% of the total phosphorylase activity in 

developing rice. A SP mutant was identified from mutant stocks induced by N-

methyl-N-nitrosourea treatment in a recent study (Satoh et al., 2008). It was 

observed that the loss of plastidial SP caused smaller starch granules to 

accumulate and modified the amylopectin structure when grown at 20°C, which 
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suggested plastidial SP plays a crucial role in starch biosynthesis in rice 

endosperm at warm temperatures. 
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1.5 An overview of the role of protein-protein interactions in 

regulating metabolism in plant cells 

Protein–protein interactions are ubiquitous and fundamental to virtually every 

aspect of cellular processes. It is well established that proteins rarely carry out 

their functions in isolation but rather in close association with partner molecules, 

or as components of larger protein complexes. Therefore, a comprehensive 

understanding of cellular functions may not be achieved by the characterization 

of single genes or proteins alone (Rubin 2001; Szathmary et al., 2001; Uhrig, 

2006). Current understanding on the structure and function of protein-protein 

interactions in plants is still limited. However, progress has been facilitated by the 

development of high-throughput technologies and novel lab methods in this post-

genomic era.  

 

Protein-protein interactions are involved in many metabolic pathways, including 

both plant primary and secondary metabolisms and the regulation can be either 

negative or positive. In plants, metabolic activities are highly organized and 

coordinated at the whole-plant, organ, tissue, cellular, organellar and molecular 

levels. At the cellular level, channelling of substrates to their target enzymes is 

facilitated by the compartmentation of the cell into different organelles and 

subcellular structures, thus helping the co-localization and optimization of the 

concentrations of enzymes and their substrates. Furthermore, at the molecular 

level, the enhanced probability for intermediates to be transferred from one active 

site to the other by sequential enzymes requires stable, physically-associated 

interactions of the related enzymes for different metabolic pathways, which is a 

central feature of cellular metabolism. In addition, there also exist short-lived or 

dynamic complexes, which involve weak or transient interactions among enzyme 

components, which may dissociate and reform in response to the metabolic 

status of the cell, thereby providing a rapid and powerful mechanism for 

regulating cellular biochemistry (Ovádi et al., 2004).  
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Evidence supporting the existence of multi-enzyme complexes in sequential 

metabolic pathways is more compelling for some pathways, such as glycolysis, 

than for others (Srere, 1987). In sequential metabolic pathways, the advantage of 

such spatial organization is achieved through the transfer of biosynthetic 

intermediates between catalytic sites without diffusion into the bulk phase of the 

cell. This so-called "metabolic channelling" (Srere, 2000) can be envisioned as a 

means to attain high local substrate concentration, regulate competition between 

pathways sharing enzymes or intermediates, and sequester reactive or toxic 

intermediates. Beyond that, physical interaction between enzymes or between 

enzymes and non-enzyme proteins has the capacity to influence and regulate 

enzymatic activity. Among some well elucidated protein-protein interactions are 

the tryptophan synthase, pyruvate dehydrogenase, and glycine decarboxylase 

systems, the TCA and Calvin cycles, the enzymes of glycolysis and fatty acid 

oxidation, the proteasome, and the machinery of macromolecular biosynthesis 

(such as fatty acid, nucleic acid, and protein) (reviewed by Winkel, 2004).  

 

 Protein-protein interactions in plant primary metabolism:  

Studies of protein-protein interactions in the Calvin cycle suggest roles for 

interactions between enzymes that catalyse consecutive and non-consecutive 

reactions in the metabolic process. Significantly, a noncatalytic protein, CP12, 

which is a small nuclear-encoded chloroplast protein of higher plants, plays the 

role of a protein linker in the assembly process of a multi-protein complex that is 

involved in CO2 assimilation in photosynthetic organisms (Wedel et al., 1997). In 

chloroplasts, a complex of five different enzymes: ribose-phosphate isomerase, 

phosphoribulokinase (PRK), ribulose 1,5-bisphosphate carboxylase-oxygenase 

(RuBISCO), phosphoglycerate kinase and glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), has been purified from spinach chloroplasts (Gontero 

et al., 1988; Gontero et al., 1993; Rault et al., 1993). These enzymes catalyse 

five consecutive reactions of the Calvin cycle. Protein-protein interactions 
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between GAPDH, CP12, and PRK have also been identified in many 

photosynthetic organisms suggesting that this protein complex plays an 

important role in regulating the Calvin cycle in P/S organisms. This complex is 

made up of two homodimers of PRK, two homotetramers of GAPDH and the 

small chloroplast protein CP12 (Graciet et al., 2004). The Calvin Cycle appears 

to be regulated by this protein complex, even though these enzymes catalyse 

non-consecutive reactions (Scheibe et al., 2002). It was proposed that GAPDH 

imparts an “imprinting effect” that causes PRK to transiently adopt a highly active 

conformation after dissociation (Lebreton et al., 1997); PRK appears to have a 

similar effect on GAPDH. It has been demonstrated that when PRK and GAPDH 

are within the complex they are regulated by NADPH, but not when they are in a 

stable isolated state (Graciet et al., 2002; Trost et al., 2006). Studies using 

surface plasmon resonance to measure binding constants for these proteins 

(Graciet et al., 2003) and in vitro reconstitution of the multi-protein complex 

(Marri et al., 2005) provide a model for the assembly of the PRK, CP12 and 

GAPDH complex in which CP12 first associates with GAPDH, changing the 

conformation of the enzyme and allowing association with PRK, and eventually 

resulting in formation of a native complex composed of two dimers of PRK, two 

tetramers of GAPDH, and two monomers of CP12. 

 

 Protein-protein interactions in plant secondary metabolism:  

Protein-protein interactions play an important role in regulating substrate 

specificity of enzymes involved in plant secondary metabolism and preventing 

access to unwanted substrates in this process. The presence of protein-protein 

interactions in plant secondary metabolism has been observed in 

phenylpropanoid biosynthesis, the flavonoid biosynthetic pathway, and other 

pathways (Burbulis et al., 1999; Achnine et al., 2004). Plants can produce a 

large number of molecules with diverse and highly complicated structures 

through secondary metabolism, whereas the number of enzymes involved in 
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biosynthesis, especially for the modification of the metabolites are limited. Such 

enzymes include glycosyl-, methyl- and acyltransferases etc., which are all 

encoded by multi-gene families (reviewed by Jørgensen et al., 2005). Regulation 

by the formation of multi-protein complex may provide the means to resolve and 

avoid potential negative interference in plant natural product formation. For 

example, the long-standing model in which many, and perhaps all, enzymes of 

phenylpropanoid metabolism constitute one or more ER-associated multi-

enzyme complexes (reviewed by Winkel, 2004). 

 

 14-3-3 proteins 

It is also worth noting the role of 14-3-3 proteins, a highly conserved protein 

family, found in all eukaryotes which function as regulators of a wide range of 

biological processes. 14-3-3 proteins function by interacting directly with 

numerous different target proteins thereby altering their activity. Interactions are 

generally mediated by phosphorylation of specific binding sites in the target 

proteins. 14-3-3 binding can activate or inactivate enzyme activity, control 

nuclear-cytoplasmic shuttling, mediate protein import into mitochondria and 

chloroplasts, or form a scaffold to permit interactions between two different 

binding proteins. In one of the studies, barley recombinant 14-3-3 was over-

expressed, immobilised and used to affinity purify 14-3-3-binding proteins from 

developing barley grains (Alexander, 2006). Proteins detected interacting with 

14-3-3 proteins fell into a number of functional categories and were 

phosphorylation dependent. The largest category was for carbohydrate 

metabolism, including plastidic enzymes for starch synthesis and modification, 

granule bound starch synthase I, soluble starch synthase I, soluble starch 

synthase II and starch branching enzyme IIa. These results suggested the 

possibility of protein-protein interactions between starch synthetic enzymes and 

14-3-3 proteins. This also provides further evidence for considering protein-

protein interactions in the function of starch biosynthetic enzymes. 
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1.6 Objectives of the study 

Evidence for protein-protein interactions between starch synthetic enzymes has 

been derived by genetic and biochemical methods in recent years. It indicates 

that the synthesis of starch is achieved through the coordination of several of the 

enzymes of starch synthesis as well as some enzymes traditionally associated 

with starch degradation. This idea comes from the analysis of genetic mutations 

that produce pleiotropic effects on other enzyme activities (Boyer and Preiss, 

1979; Colleoni et al., 2003; James et al., 1995; Dinges et al., 2001, 2003; Nishi et 

al., 2001; Ball et al., 1996; Ball and Morell, 2003). Biochemical studies with 

isolated amyloplasts from wheat endosperm have shown that some of the starch 

biosynthetic enzymes form phosphorylation-dependent protein complexes 

(Tetlow et al., 2004a). Phosphorylation of SBEI, SBEIIb, and SP by plastidial 

protein kinase(s) resulted in the formation of a protein complex between these 

enzymes which was lost following in vitro dephosphorylation. 

 

This thesis represents a study of protein-protein interactions between starch 

synthetic enzymes in wheat and maize endosperm using in vitro biochemical 

methods and mutants in the starch biosynthetic pathway. The objectives are to 

elucidate the presence and nature of such protein-protein interactions, to 

investigate the role of post-translational modification in their maintenance, and to 

determine how widespread a phenomenon this represents.  

 

Several methodological approaches were used in the course of the research 

reported in this thesis including: 

1. Use of purified endosperm amyloplasts as a system to study starch 

biosynthesis; 

2. Enzymatic assay for starch synthetic enzymes; 

3. Study of in vitro protein-protein interactions using gel permeation 

chromatography, co-immunoprecipitation and cross-linking; 
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4. Determination of the effects of protein phosphorylation and 

dephosphorylation on interactions between amyloplast stromal proteins; 

5. Expression, purification and immobilization of functional recombinant 

starch synthases and starch branching enzymes as “baits” to reconstitute 

protein complexes; 

6. Use of maize mutants as a tool to analyse the effects of specific deletions 

on protein-protein interactions; 

7. Analysis of proteins purified from starch granules of different genotypes, to 

study functional units trapped in starch granules in wild-type and mutant 

maize endosperm;   

8. Structural studies of starches arising in mutants which exhibit different 

protein complexes, including morphology of starch granules (SEM), 

amylose estimation (iodometry), branching frequency (reducing end 

assay), chain length distribution (FACE), and gelatinization temperatures 

(DSC). 
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Chapter.2 Biochemical studies of protein-protein 

interactions between starch synthetic enzymes in 

developing wheat and maize endosperm 
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2.1 Introduction 

It has long been suggested from genetic evidence that starch biosynthetic 

enzyme activities are coordinated, instead of acting independently through 

random mechanisms. Mutations affecting specific starch biosynthetic enzymes 

are known to have pleiotropic effects on other enzymes in the same metabolic 

pathway (Boyer and Preiss, 1979; Colleoni et al., 2003; James et al., 1995; 

Dinges et al., 2001, 2003; Nishi et al., 2001; Ball et al., 1996; Ball and Morell, 

2003). For example, studies on a maize DBE double mutant (pullulanase-type 

and isoamylase-type), showed that SBEIIa activity was also missing even though 

no change in the level of the SBEIIa protein was observed, which might be the 

result of altered interactions of SBEIIa with the debranching enzymes (James et 

al., 1995; Ding et al., 2003). In wheat (Triticum aestivum) endosperm, physical 

protein-protein interactions between SBEIIb, SBEI and starch phosphorylase 

were found by biochemical studies, and the association of this protein complex is 

regulated by protein phosphorylation (Tetlow et al., 2004a). Moreover, in wheat 

endosperm, preliminary studies also suggested protein-protein interactions 

between starch synthases (SSs) and branching enzymes (SBEs) (Beisel, 

pers.comm.).  

 

One objective of the work in this chapter is to test whether protein-protein 

interactions can be observed between SS and SBE in wheat endosperm. Wheat 

endosperm cell lysates, made at different developmental stages were 

fractionated by gel permeation chromatography (GPC), and catalytic activities of 

SS and SBE from high molecular weight (HMW, putative protein complex) and 

low molecular weight (LMW, monomeric forms) fractions were observed. 

Differences in substrate binding properties between HMW and LMW forms of 

SBEII isoforms were also investigated. Meanwhile, protein-protein interactions 

between SS and SBE were tested by co-immunoprecipitation experiments. A 

second goal of the work in this chapter was to investigate physical protein-protein 

interactions between SS and SBE in a second cereal, maize endosperm. Similar 
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protein-protein interactions were observed, suggesting that this is a general 

phenomenon in cereal endosperm.  
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2.2 Material and Methods 

2.2.1 Plant Material and conditions 

 Wheat 

Triticum aestivum was grown at the University of Guelph under glasshouse 

conditions in a soil medium containing Turface soil (Profile Products), Turface 

MVP (Profile Products), peat moss, lime, and Nutricote (14-14-14; Morton‟s 

Horticultural Products) in a ratio of 3:1:1:0.01:0.01 (v/v). Plants were grown at 

light and temperature of 15-25°C under a 16 hour photoperiod in daylight 

supplemented.  Developing grains were tagged at the first appearance of anthers 

to consistently display seed development. Endosperm tissue was obtained from 

developing grains taken from the mid-ear region of the head at various stages of 

endosperm development at 6-9 days after pollination (DAP) and 10-15 DAP. The 

different stages of endosperm development were determined by measuring the 

fresh weight of harvested seed from the tagged wheat plants: 6-9 DAP (3.0-3.5 

grams/100 seeds), 10-13 days (3.5-3.8 grams/100 seeds), 14-15 days (4.0-4.4 

grams /100seeds) and 16-18 days (4.5-5.0 grams /100seeds) (refer to „Beisel, 

pers.comm.‟). Grains taken from the mid-ear region of the head at various DAP 

were used to prepare endosperm amyloplasts and whole-cell soluble extracts. 

Plant materials were flash frozen in liquid nitrogen and stored in –80ºC until 

future use. 

 

 Maize 

Wild-type maize (Zea mays) plants were either field-grown in the summer, or 

glasshouse-grown at the University of Guelph under conditions in a soil medium 

containing Turface soil (Profile Products), LA4 soil (Sun Gro Horticulture) and 

Nutricote (14-14-14; Morton‟s Horticultural Products) in a ratio of 2:1:0.01 (v/v). 

Plants were grown at light and temperature of 14-16 hours day/10-8 hours night, 

26-27ºC day / 23 ºC nights. Plant water conditions are: 4L/hour× 2min× 4 times 
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for young seedlings, 4L/hour× 2min× 6 times for corn plants. Self-pollinated 

kernels, obtained through controlled pollinations, were collected at 10–15 days 

after pollination (DAP), 20–25 DAP, and 30–35 DAP and used to prepare 

endosperm amyloplasts and whole cell soluble extracts. Plant materials were 

flash frozen in liquid nitrogen and stored in –80ºC until future use.  

 

2.2.2 Preparation of extracts from developing endosperm 

 Wheat 

Soluble cell lysates were prepared as described previously (Tetlow et al., 2003) 

with some modification. One ml of amyloplast-rupturing buffer (RB) containing 

100mM Tricine/KOH, pH 7.8, 1 mM dithiothreitol (DTT), 5 mM MgCl2 and 10μl 

protease inhibitor cocktail (PI, Sigma-Aldrich, catalog no. P 9599) was aliquoted 

into 0.25ml per tubes on ice. Grains were taken from the mid-ear region of the 

head at various DAP, and endosperms were squeezed into 0.25ml of rupturing 

buffer. In each 0.25ml aliquot of rupturing buffer, about 35 seeds were squeezed 

for the early stage, 30 seeds for the mid-stage, and 27-28 seeds for the late 

stage. Squeezed endosperms were ground gently with a “Kontes Pellet Pestle” 

(Fisher Scientific, K749520-0000) and kept on ice. The homogenates were 

centrifuged at 13,500g, 4ºC for 5 minutes; supernatants were collected and 

subjected to high speed centrifugation at 120,000 g for 20 min in a Beckman 

Airfuge (at 25 psi) to remove membranes and particulate material; protein 

concentration was determined by the Bradford method (see 2.2.4).   

 

 Maize 

Soluble cell lysates were prepared as described previously (Yao et al., 2004; 

Tetlow et al., 2003) with some modification. Approximately 10 g of endosperm 

tissue (kernels at 10–15 days after pollination (DAP), 20–25 DAP, and 30–35 

DAP) was quickly frozen in liquid nitrogen and immediately ground using a chilled 
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mortar and pestle under liquid nitrogen into a fine powder. The frozen powder 

was mixed with ice-cold rupturing buffer containing 100 mM N-tris 

(hydroxymethyl) methyl glycine (Tricine)/KOH, pH 7.8, 1 mM dithiothreitol (DTT), 

5 mM MgCl2, and a protease inhibitor cocktail (Sigma-Aldrich, catalogue no. P 

9599, used at 10 µl/ml). The mixture was further gently ground and allowed to 

stand on ice for 5 min followed by centrifugation at 13 500 g for 5 min at 4ºC. The 

supernatant was subjected to ultracentrifugation at 120 000 g for 15 min in a 

Beckman Airfuge (at 25 psi) to remove membranes and particulate materials. 

The supernatant obtained following ultracentrifugation was used for experiments. 

 

2.2.3 Amyloplast Isolation 

Both wheat and maize endosperm amyloplasts were isolated using a modified 

method from that described by Tetlow et al. (1993).  Fresh endosperm tissue 

(90–100g) was washed and chopped with a razor blade in ice-cold amyloplast 

extraction buffer: 50 mM N-[2-hydroxyethyl] piperazine-N‟-ethanesulphonic acid  

(HEPES)/KOH, pH 7.5, containing 0.8 M sorbitol, 1 mM KCl, 2 mM MgCl2). The 

resulting whole cell extract was then filtered through four layers of Miracloth 

(CalBiochem, catalogue no. 475855) wetted in the same buffer. Approximately 

25 ml of the filtrate was then carefully layered onto 15 ml of 3% (w/v) Histodenz 

(Sigma, catalogue no. D2158) in amyloplast extraction buffer followed by 

centrifugation at 100 g at 4 ºC for 20 min and the supernatant was carefully 

decanted. Intact amyloplasts appeared as a yellow ring on top of the starch in the 

pellet and were lysed osmotically by the addition of ice-cold rupturing buffer 

(section 2.2.2). The plastid lysate was then centrifuged at 13 500 g for 2 min at 4 

ºC to remove starch granules followed by ultracentrifugation at 120 000 g for 15 

min to remove plastidial membranes. The ultracentrifugation supernatant termed 

plastid stroma (0.5–1.1 mg protein/ml) was flash frozen in liquid nitrogen and 

stored at –80 ºC until future use. 
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2.2.4 Protein concentration determination 

Soluble protein of endosperm extracts and amyloplast extracts was determined 

by using the Bio-Rad Quick Start™ Bradford reagent (Bio-Rad Laboratories 

Canada). 

 

Protein assays were performed in a 1 ml volume with an 800 µl sample volume 

plus 200 µl dye reagent in 1 cm disposable plastic cuvettes. To set a zero 

baseline, 800 µl of milli Q water plus 200 µl dye reagent was used. Assay 

mixtures were incubated at 25ºC for 5-10 min, and quantified by 

spectrophotometry (SHIMADZU UV-Visible Spectrophotometer UV-1601) at a 

wavelength of 595 nm. The procedure is linear in the range of 0.2 to 0.9 mg/ml 

(BSA) so that samples with higher protein concentration need to be diluted 

depending on the protein concentration. The standard curve used was routinely 

checked and reproducible.  

 

2.2.5 Gel permeation chromatography 

Endosperm (either wheat or maize) amyloplast preparations or endosperm 

extracts were fractionated by size-exclusion chromatography (gel permeation 

chromatography, GPC) as described previously (Tetlow et al., 2008). A Superdex 

200 10/300GL column (Amersham Pharmacia Biotech, USA) was connected to 

an AKTA FPLC (Amersham Biosciences) at 4ºC. The column was routinely 

calibrated using an Amersham Biosciences low molecular weight gel filtration kit 

(catalog No 17-0442-01) and high molecular weight kit (catalog No 17-0441-01). 

The low molecular weight standard proteins used were ribonuclease A (13.7 

kDa), chymotrypsinogen A (25 kDa), ovalbumin (43 kDa), albumin (67 kDa), and 

the high molecular weight proteins were aldolase (158kDa), catalase (232kDa), 

Ferritin (440kDa), thyroglobulin (669 kDa). The calibration proteins were run in 
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two separate groups to ensure clear resolution of their peaks for accurate elution 

volume measurements. Each group of proteins was loaded onto the column in 

HEPES buffer, pH 7.4 at a flow rate of 0.25 ml/min. Protein was detected by a 

UV detector at a wavelength of 280 nm. The calibration curve was prepared by 

measuring the elution volumes of each standard protein and plotting the values 

versus the logarithm of molecular weight. The void volume, the elution volume of 

molecules which are too large to enter even the largest pores of the gel, was 

determined by using Blue Dextran 2000. The calibration curve of the gel 

permeation chromotagraphy column (Figure 2.2.5) indicated an approximately 

linear relationship between logarithm of the molecular weight and elution 

volumes. Void volume of the column calibrated by blue dextran 2000 was 6.9 ml. 

On the basis of this calibration curve, fractions for this study were collected from 

6.5 ml to 20.5 ml, in 0.5 ml fractions. Molecular weights of the eluted proteins 

being studied were calculated by using the equation shown on the graph (Figure 

2.2.5). 

 

 

Figure 2.2.5 Molecular weight vs. elution volume. Plot of log molecular weight 

against their elution volume from the gel permeation column. 
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For fractionation of amyloplast stroma proteins or soluble whole-cell proteins, the 

column was pre-equilibrated with two column volumes of running buffer 

containing 10mM HEPES-NaOH, pH 7.5, 100 mM NaCl, 1mM DTT and 0.5mM 

PMSF, at a flow rate of 0.25ml/min. The protein samples (about 1mg/ml for 

amyloplast extract, 10mg/ml for whole-cell extract) were loaded onto the column 

in a final volume of 0.5 ml and 0.5 ml fractions were collected.  

 

2.2.6 Enzyme assays 

 Starch Synthases 

Starch synthase (SS) activities of endosperm extracts or amyloplast extracts 

were assayed by following the incorporation of 14C from ADP [U-14C] Glc into 

anionic water-soluble glucan in a total assay volume of 200μl. The reaction 

mixture contained 200 mM Bicine-KOH, pH 8.5, 50 mM potassium acetate, 200 

mM sodium citrate, 20 mM DTT, 1mM Na2-EDTA, and 8 %( w/v) of rabbit liver 

glycogen (type III, Sigma-Aldrich). Protein samples (60μl each, same volume of 

boiled samples were used as controls) were added immediately prior to initiating 

reactions with 2 mM ADP-[U-14C] Glc (0.67 kBq per assay; Amersham 

Biosciences). The mixtures were incubated at 25ºC on an orbital rotator for 20 

min. Reactions were terminated by heating the mixture at 95ºC for 5 min, 

followed by passing the mixture through 1ml anion-exchange resin columns 

(AG1-X8 resin, Bio-Rad Laboratories) to bind ADP [U-14C] Glc remaining in the 

reaction mix. The columns were washed three times with 0.5ml ddH2O to elute 

soluble glucan stuck to the columns. The mixture that flowed through the column, 

plus the three washes, were added to a translucent plastic vial containing 4.5ml 

of scintillation solution (Ecoscint, LS-271, DiaMed) and 14C radioactivity was 

counted on a Beckman LS6500 liquid scintillation counter.  
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 Starch Branching Enzymes 

SBE was assayed indirectly by stimulation of incorporation of 14C from [U-14C] 

Glc1P into methanol-insoluble glucan by phosphorylase a according to methods 

previously described (Smith, 1990), and modified by Tetlow et al. (2004a). The 

reaction was performed in a total volume of 200μl, containing 100 mM sodium 

citrate, pH 7.0, 1 mM Na2-EDTA, 1 mM DTT, 2.5 mM AMP, and 0.2 unit rabbit 

muscle phosphorylase a (product no.P-126, Sigma-Aldrich). Protein extract (60μl) 

was added immediately before initiation of the reaction with 20μl 50 mM [U-14C] 

Glc 1-P (3.7–7.4 kBq per assay; Amersham Biosciences). The mixture was 

incubated at 25ºC for 90 min, and terminated by heating at 95ºC for 5min. A 8% 

(w/v) aqueous solution of rabbit liver glycogen (type III, Sigma-Aldrich) was 

added to the mixture and precipitated together with newly elongated glucan by 

adding 1ml of 75% (v/v) methanol-1% (w/v) KCl and centrifuged at 13,500 g for 5 

minutes. The pellet was resuspended with 0.3ml H2O and high-speed agitation 

on a disruptor (Disruptor Genie, SI-D236, Scientific Industries) for 5 minutes; 

glucan was again precipitated with 1ml of MeOH/KCl and centrifuged at 13,500 g 

for 5 minutes; the pellet was resuspended again with 0.5ml of H2O and agitated 

for 5 minutes. The suspension was added into a translucent plastic vial 

containing 4.5ml of scintillation solution (Ecoscint, LS-271, DiaMed) and 14C 

radioactivity was counted on a Beckman LS6500 liquid scintillation counter.  

 

The modified SS and SBE assays for wheat and maize extracts were each 

optimized with respect to substrate concentration and glucan primer used, and 

reactions were all linear with respect to protein concentration and reaction time 

prior to further experimentation.  

 

 Zymograms 

Zymograms for SS and SBE activity were assayed according to methods 

modified previously (Tetlow et al., 2004a). Zymograms were in-gel assays 
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employing native 5% (w/v) polyacrylamide gels in 375 mM Tris-HCl, pH 8.8, and 

10 mg of the α-amylase inhibitor Acarbose („„Prandase,‟‟ Bayer).  

 

For SS Zymograms, a 0.3 %( w/v) rabbit liver glycogen (type III, Sigma-Aldrich) 

was used as primer in the gels. The gels were pre-cooled in running buffer (tris-

glycine in cold room (4ºC). The protein samples were mixed with 8X native 

loading buffer at a ratio 7 to 1 and loaded on to the gels (50µl for 10 well/1.5cm 

gels and 100µl for 5 well/1.5cm gels). Gels were run at 4ºC at 120V until the dye 

front reached the gel bottom, and then washed in 40mM tris, pH8.5, at room 

temperature for 3 min, twice. The washed gels were then incubated for 48 to 72 h 

in a buffer containing 50mM glycylglycine, pH 9.0, 100mM (NH4)2SO4, 20mM 

DTT, 5mM MgCl2, 0.5mg/ml BSA, 4mM ADP-Glc. Gels were subsequently 

stained with Lugol's solution containing 0.2% (w/v) Iodine and 2% (w/v) 

Potassium Iodide, and visualized immediately..  

 

For SBE Zymograms, the native gels contained 0.2% (w/v) maltoheptaose 

(Sigma-M7755), 1.4 units phosphorylase a (from rabbit muscle; Sigma-Aldrich, 

catalog no. P–1261). Gels were pre-cooled and running conditions were similar 

to those described above for SS zymograms. After electrophoresis, gels were 

washed twice in buffer containing 100mM Na citrate and 20mM Mes, pH6.6. The 

washed gels were then incubated in a buffer containing 20mM Mes-NaOH, pH 

6.6, 100mM Na citrate, 45mM Glc-1-P, 2.5mM AMP, 1mM DTT, and 1mM Na2-

EDTA for 2h. Gels were subsequently stained with Lugol's solution containing 0.2% 

(w/v) Iodine and 2% (w/v) Potassium Iodide, and visualized immediately. 

 

2.2.7 Glucan affinity assay 

Various concentrations of glucan substrates (corn starch or amylopectin) were 

added to the native gel polymerization mixture (Table 2.2.7). Protein samples 
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(0.5–2 mg) from gel permeation chromatography (GPC) corresponding to either 

HMW or monomeric forms of SS and SBE were loaded onto these gels, and 

electrophoresis was carried out at 100V (constant) at 25ºC in running buffer (25 

mM Tris, 192 mM Gly) containing 1 mM DTT. The migration distances of the 

proteins were measured after immunoblotting and probing for specific enzymes 

with antibodies. 

Table 2.2.7. Protocol for glucan affinity gels 
Affinity gel 0% 0.1% 0.2% 0.3% 0.4% 0.5% 

ddH2O 5675µl 5008µl 4341.7µl 3675µl 3008.6µl 2342µl 

Starch or amylopectin 0µl 666.7µl 1333.3µl 1999.8µl 2666.4µl 3333µl 

TrisHcl pH8.8 1.5M 2.5ml 2.5ml 2.5ml 2.5ml 2.5ml 2.5ml 

Acryl amide (30%) 1670µl 1670µl 1670µl 1670µl 1670µl 1670µl 

Acarbose 40µl 40µl 40µl 40µl 40µl 40µl 

Aps* (10%) 100µl 100µl 100µl 100µl 100µl 100µl 

TEMED** 15µl 15µl 15µl 15µl 15µl 15µl 

*Aps, Ammonium Peroxydisulfate; TEMED**, Tetramethylethylenediamine. 

 

The dissociation constant (Kd) and affinity (1/Kd) were calculated from the 

retardation of the electrophoretic mobility of enzyme/protein by the substrate 

contained in the supporting medium. This study followed the methods described 

by Commuri and Keeling (2001) and Matsumoto et al. (1990). The relative 

mobilities of SSs and SBEs in monomeric and aggregated forms were measured 

at room temperature (about 23ºC –25 ºC). 

 

2.2.8 Preparation and purification of peptide-specific antibodies 

 Wheat 

Polyclonal antibodies were from CSRIO, Canbera, raised in rabbits against the 

synthetic peptides derived from the N-terminal sequences of wheat SBEI 

(VSAPRDYTMATAEDGV) and wheat SBEIIa (AASPGKVLVPDGESDDLASY; 

Rahman et al., 2001), and wheat SBEIIb (AGGPSGEVMIGC; Regina et al., 

2005). Anti-wheat SSI antisera was prepared using purified protein as the 

antigen and was generously supplied by Dr. M Morell (CSIRO, Canbera).  
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 Maize  

Peptide-specific anti-maize SSI, SSIIa, SSIII, SSIV, SBEI, SBEIIa, SBEIIb, SP, 

and Iso-1 were raised against synthetic peptides prepared commercially 

(http://www.anaspec.com/services/antibody.asp). The maize-specific peptide 

sequences used were as follows: SSI, AEPTGEPASTPPPVPD, corresponding to 

residues 72 to 87 of the full-length sequence (GenBank accession no. 

AAB99957); SSIIa, GKDAPPERSGDAARLPRARRN, corresponding to residues 

69 to 89 of the full-length sequence (GenBank accession no. AAD13341); SSIII, 

KKSEHHDSSRHREET, corresponding to residues 87 to 101 of the full-length 

sequence (GenBank accession no. AAC14014.1); SSIV, 

ANHRNRASIQRDRASASI corresponding to residues 55 to 72 of the full-length 

sequence (GenBank accession no. ACC63897); SBEI, KGWKFARQPSDQDTK, 

corresponding to residues 809 to 823 of the full-length protein (GenBank 

accession no. AAC36471); SBEIIa, FRGHLDYRYSEYKRLR, corresponding to 

residues 142 to 157 of the full-length sequence (GenBank accession no. 

AAB67316); SBEIIb, PRGPQRLPSGKFIPGN, corresponding to residues 641 to 

656 of the full-length sequence (GenBank accession no. AAC33764); SP, 

YSYDELMGSLEGNEGYGRADYFLV, corresponding to residues 900 to 923 of 

the full-length sequence (GenBank accession no. AAS33176), Iso-1, 

FTKHNSSKTKHPGTYIAC-NH2, corresponding to residues 269 to 286 of the full-

length sequence (GenBank accession no. AAA91298), Iso-2, 

ARSYRYRFRTDDDGVV, corresponding to residues 37 to 52 of the full-length 

sequence (GenBank accession no. NP001105666), and Iso-3, 

CLNFPERGNQDDVDI-NH2, corresponding to residues 46 to 60 of the full-length 

sequence (GenBank accession no. NP001105198); zGBSSI, 

QDLSWKGPAKNWENV, corresponding to residues 442 to 456 of the full-length 

sequence (GenBank accession no. ABW95928). 

 

Crude antisera were further purified using peptide affinity columns. Respective 

synthetic peptides were individually coupled to sulfolink resin slurry (Pierce) and 
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washed with Tris-HCl, pH 8.5. The washed columns were then blocked with 

50mM cysteine in the same washing buffer. Antisera containing polyclonal maize 

antibodies were applied to the column and washed with 10ml RIPA (50mM Tris-

HCl, pH 7.5, 150mM NaCl, 1% (w/v) NP-40, 0.5% (w/v) Na-deoxycholate, 0.1% 

(w/v) SDS), 10ml sarcosyl buffer [NETN (20mM Tris-HCl, pH 8.0, 1M NaCl, 1mM 

Na2-EDTA and 0.5% (w/v) NP-40)] and 10ml of 10mM Tris-HCl pH 7.8. Pure 

antibody bound to the column was eluted with 100mM glycine pH 2.5 and 

neutralized by adding 10mM Tris-HCl pH 7.5 to the elutions. 

 

2.2.9 Co-Immunoprecipitation (Co-IP) 

Co-immunoprecipitation experiments were conducted using the methods 

described by Tetlow et al. (2004a), with some modifications. In wheat, ~5µl of 

anti-SSI antibodies were added to 0.5ml of wheat amyloplasts or high molecular 

weight fractions from GPC. In maize, purified SSI, SSIIa, SBEI, and SBEIIb 

antibodies (each approximately 10 µg) were used for the coimmunoprecipitation 

experiments with amyloplast lysates (1 ml, between 0.5–1 mg/ml proteins). The 

mixture of antibody and amyloplasts was incubated at room temperature on a 

rotator for 50 min and precipitation of the antibody performed by adding 50 µl of 

Protein A-Sepharose (Sigma-Aldrich) made up as a 50% (w/v) slurry with 

phosphate buffered saline (PBS, 137 mM NaCl, 10 mM Na2HPO4, 2.7 mM KCl, 

1.8 mM KH2PO4, pH 7.4) at room temperature for 40 min. The Protein A-

Sepharose/antibody/protein complex was centrifuged at 2000 g for 5 min at 4 ºC 

in a refrigerated microfuge, and the supernatant discarded. The pellet was 

washed five times (1.3 ml each) with PBS, followed by washing five times with a 

buffer containing 10 mM HEPES-NaOH, pH 7.5, and 150 mM NaCl. Washed 

pellets were boiled in SDS loading buffer and separated by SDS-PAGE, followed 

by immunoblot analysis (section 2.2.10). In order to exclude the possibility that 

the co-immunoprecipitation of the proteins observed in the immunoprecipitation 

pellet was a result of SSs, SBEs or SP binding to the same glucan chain, the 

amyloplast lysates used for immunoprecipitation were preincubated with glucan-
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degrading enzymes as follows: incubation with five units each of 

amyloglucosidase (EC 3.2.1.3, Sigma product number A7255, from Rhizopus) 

and α-amylase (EC 3.2.1.1, Sigma product number A2643, from porcine 

pancreas) for 20 min at 25 ºC.  

 

2.2.10 SDS-PAGE and Immunoblotting 

Proteins were either separated on “homemade” 10% acrylamide gel with 1XSDS 

in tris-glycine running buffer (25 mM Tris, 192 mM Gly) or using precast NuPAGE 

Novex 4% to 12% BisTris gradient gels (Invitrogen catalog no. NP0343 and 

NP0001) with MOPS running buffer (pH7.7, 50mM MOPS, 50mM Tris, 1XSDS, 

and 1mM EDTA). Proteins samples were mixed with SDS loading buffer (62.5 

mM Tris-HCl, pH 6.8, 2% [w/v] SDS, 10% [w/v] glycerol, 5% [v/v] β-

mercaptoethanol, 0.001% [w/v] bromophenol blue) and boiled for 5 min. Gels 

were run at 120V to allow samples to get moving and near to the resolution gel. 

 

For immunoblotting, separated proteins in gels were transblotted onto 

nitrocellulose membranes (Pall Life Science) using transfer buffer (20% of 

methanol in 1X tris-glycine running buffer), followed by incubation in blocking 

solution (1x TBS + 1.5% BSA[w/v]) for 15 min at room temperature with shaking. 

Anti-wheat SSI, SBEIIa and SBEIIb antibodies were used at 1:5000 times dilution 

blocking solution (1x TBS + 1.5% BSA [w/v]); purified anti-maize antibodies 

(section 2.2.8) were used at a dilution of 1:1000 times in blocking solution. 

Alkaline phosphatase-conjugated goat anti-rabbit IgG (Sigma) was used as a 

secondary antibody. Blots were developed in solution (5-bromo-4-chloro-3-indolyl 

phosphate/nitro blue tetrazolium liquid substrate system, Sigma-Aldrich, catalog 

no. B–1911) until protein bands become visible.  

 

  



56 

 

2.3 Results 

2.3.1 Protein-protein interactions in wheat endosperm 

 Fractionation and measurements of SS and SBE activities in 

developing wheat endosperm 

Soluble cell lysates prepared from wheat endosperms at early (6-9 DAP) and 

mid-stages (10-15 DAP) of development were fractionated by gel permeation 

chromatography (GPC) to examine the distribution of SBE and SS activities in 

high molecular weight (HMW) fractions (aggregated forms) and low molecular 

weight  (LMW) fractions (monomeric forms). Measurable activities of SBE 

(Figure 2.3.1.1 A) and SS (Figure 2.3.1.1 B) from early stage endosperms 

showed that peaks of activity eluted from the GPC in fractions with apparent 

molecular mass within the size range expected of monomeric forms of SBE and 

SS isoforms of 85 and 75kDa, respectively. It was also noticed that some SBE 

activities from early stage endosperms were retarded in fractions with an even 

smaller apparent molecular mass of approximately 20-25kDa (Figure 2.3.1.1 A). 

This has been observed by other researchers (Hennen-Bierwagen et al., 2008) 

and may be due to binding of SBE to the carbohydrate polymer which forms the 

matrix. In comparison, a notable shift of the elution pattern was observed for 

both SBE (Figure 2.3.1.1A) and SS (Figure 2.3.1.1B) activities in the mid-stage 

endosperm. Total SBE and SS activities eluted from the GPC column were 

shown in two peaks. This suggested that aggregation of SBE and SS in HMW 

fractions contributes to the measured activities. HMW fractions had a molecular 

mass around 232-440kDa and LMW fractions corresponded to the size of the 

monomeric proteins (75-100kDa). The amounts of recovered activities from all of 

the fractions were approximately 4-fold higher for SBE (Figure 2.3.1.1C) and 3-

fold higher for SS (Figure 2.3.1.1D) respectively compared with the measurable 

activities applied to the GPC column. 
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Figure 2.3.1.1. Separation of SS and SBE activity from developing wheat 

endosperm by gel permeation chromatography (GPC). Whole cell extracts were 

prepared from developing wheat endosperm at 6 to 9 DAP (early stage, black 

lines) and 10 to 15 DAP (middle stage, red lines), and approximately 10 mg of 
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soluble protein extracts were separated by GPC. Fractions were collected and 

assayed for soluble SBE (A) and soluble SS activities (B). The elution of the 

molecular mass standards is shown above the graph. Recovery of SBE and SS 

activity in the GPC column frarctions of middle stage wheat endosperm are 

shown on (C) and (D), the ―Total Measurable‖ indicates total SBE or SS activity 

applied to the GPC column; the ―Fraction (HMW)‖ indicates activity recovered 

from HMW fractions, the ―Fractions (LMW)‖ indicates activity recovered from 

LMW fractions, the ―Total Recovered‖ indicates recovered activity from all 

fractions collected.  
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 Glucan-binding properties of SBEII from LMW and HMW fractions 

of developing wheat endosperm  

Previous studies (Beisel, pers.comm.) had shown that isoforms of SBEII from 

wheat endosperm at the mid-stage of development could be found in both the 

HMW and LMW fractions. Experiments were therefore performed to determine 

whether the properties of a particular isoform were different in these fractions. 

Native gels containing different concentrations of glucan polymers (either 

amylopectin or starch) were employed to quantify substrate binding properties 

(dissociation constant, Kd) of branching enzymes from the HMW fractions 

compared with the corresponding monomeric proteins (LMW) by measuring 

relative migration (Rm). The locations of SBEII proteins on immunoblots of the 

affinity gels were determined by anti-SBEIIa and anti-SBEIIb antibodies. In 

comparison, in gels containing no glucan substrate, the mobility of the SBEIIa 

and SBEIIb proteins tested was the same in LMW and HMW fractions. However, 

the behaviors of SBEIIa and SBEIIb proteins in the HMW fractions exhibited less 

migration than the corresponding monomeric forms in the LMW fractions, with  

increasing concentrations of amylopectin (Figure 2.3.1.2A) or starch (Figure 

2.3.1.3A) in the affinity gels. Furthermore, reciprocal values of Rm (1/Rm) of SBEII 

forms from LMW and HMW fractions appear linearly related to the concentration 

of amylopectin (Figure 2.3.1.2B, C) and starch (Figure 2.3.1.3 B, C) in the gels. 

Both SBEIIa and SBEIIb present in the HMW fractions exhibited smaller Kd 

values (equating to a higher affinity) (P < 0.001) with both starch and amylopectin 

than the corresponding monomeric forms in the LMW fraction.  
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(A) Mobility of the HMW/LMW forms of SBEII in gels containing amylopectin: 

 

 

 

 

 

(B) SBEIIa                                                 (C) SBEIIb 

 

Figure 2.3.1.2 Determination of Kd values of wheat SBEIIa and SBEIIb in 

HMW and LMW forms for amylopectin by affinity chromatography. Wheat 

endosperm extracts (10–15DAP) were separated by gel permeation 
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chromatography into fractions containing SS and SBE activities of apparently 

high molecular mass (HMW), and catalytically active fractions eluting from the 

column in a molecular mass range corresponding to monomeric forms of SS and 

SBE (LMW). Proteins from HMW and LMW fractions were separated on native 

gels containing various concentrations of amylopectin. The mobility of HMW 

and LMW forms of SBEIIa and SBEIIb in the glucan-containing native gels was 

determined by immunoblotting and probing with respective antibodies. The 

mobility of the HMW and LMW forms of SBEIIa and SBEIIb in gels 

containing various concentrations of amylopectin is shown in (A). Plots of the 

1/Rm (from three replicates) of wheat SBEII from HMW and LMW fractions 

against the concentration of amylopectin in the gels at room temperature are 

shown in (B) for SBEIIa and (C) for SBEIIb.  

 

 

(A) Mobility of the HMW/LMW forms of SBEII in gels containing starch: 
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(B) SBEIIa                                                  (C) SBEIIb 

  

Figure 2.3.1.3. Determination of Kd values of wheat SBEIIa and SBEIIb in 

HMW and LMW forms for starch by affinity chromatography. Wheat 

endosperm extracts (10–15DAP) were separated by gel permeation 

chromatography into fractions containing SS and SBE activities of apparently 

high molecular mass (HMW), and catalytically active fractions eluting from the 

column in a molecular mass range corresponding to monomeric forms of SS and 

SBE (LMW). Proteins from HMW and LMW fractions were separated on native 

gels containing various concentrations of starch. The mobility of HMW and 

LMW forms of SBEIIa and SBEIIb in the glucan-containing native gels was 

determined by immunoblotting and probing with respective antibodies. The 

mobility of the HMW and LMW forms of SBEIIa and SBEIIb in gels 

containing various concentrations of starch is shown in (A). Plots of the 1/Rm 

(from three replicates) of wheat SBEII from HMW and LMW fractions against 

the concentration of starch in the gels at room temperature are shown in (B) for 

SBEIIa and (C) for SBEIIb. 

 

 

To summarize the data from Figure 2.3.1.2 and 2.3.1.3, Table 2.3.1.1 shows that 

the HMW forms of SBEIIa and SBEIIb both have a 2-fold higher affinity (as 

measured by the 1/Kd values) for amylopectin and starch than their respective 

monomeric forms in LMW fractions. The results indicate only small differences 

between monomeric forms of SBEIIa and SBEIIb in their respective affinities for 

the substrates of amylopectin and starch. 
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Table 2.3.1.1. Comparison of Kd values and affinity constants of wheat 

endosperm SBEIIa and SBEIIb from HMW and LMW GPC fractions. Summary 

of kinetic data derived from affinity chromatography experiments with HMW 

and LMW GPC fractions following separation of whole cell extracts from 

developing wheat endosperm (10–15 DAP). Results presented using starch or 

amylopectin as the glucan substrate is the mean and standard deviation of three 

independent experiments.  

 

Substrate  Monomer (LMW) Probed With  Complex (HMW) Probed With 

Anti-SBEIIa Anti-SBEIIb  Anti-SBEIIa Anti-SBEIIb 

Starch Kd 0.42±0.03 0.78±0.06  0.17±0.02 0.23±0.08 

Affinity (1/Kd) 2.44±0.09 1.28±0.11  5.83±0.32 4.65±1.20 

Amylopectin Kd 0.38±0.04 0.86±0.07  0.25±0.01 0.44±0.03 

Affinity (1/Kd) 2.63±0.29 1.16±0.09  4.00±0.20 2.27±0.13 

 

 

Affinity gel electrophoresis was also employed to investigate the behavior of SSI 

from the HMW fractions compared with the corresponding monomeric proteins in 

LMW fractions by measuring relative migration (Rm) in the presence of different 

concentrations of substrate (amylopectin in this case). SSI antibodies were used 

to locate the SSI proteins associated with the HMW fraction on immunoblots of 

the affinity gels and compare this with the migration of the respective monomeric 

form in the LMW fraction (Figure 2.3.1.4). The SSI proteins in HMW fractions 

showed almost the same migration as the corresponding monomeric forms in the 

LMW fractions. Surprisingly, the increase in concentration of amylopectin (Figure 

2.3.1.4) in the affinity gels did not seem to affect the mobility of SSI. Interestingly, 

proteins from the HMW fraction, which reacted with the SSI antibodies, were also 

found as a clear band above the middle part of the affinity gels with different 

concentrations of amylopectin (Figure 2.3.1.4). 
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Figure 2.3.1.4. Effect of amylopectin concentration on SSI glucan affinity from 

HMW and LMW fractions following Gel Permeation Chromatography (GPC). 

Wheat endosperm extracts (10–15DAP) were separated by GPC into fractions 

containing SS and SBE activities of apparently high molecular mass (HMW), 

and catalytically active fractions eluting from the column in a molecular mass 

range corresponding to monomeric forms of SS and SBE (LMW). Proteins from 

HMW and LMW fractions were separated on native gels containing various 

concentrations of amylopectin, immunobloted and probed with antibodies to SSI.  
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 Coimmunoprecipitation of SS and SBE forms in amyloplasts 

Amyloplast lysates of wheat endosperm at a developmental stage of 10-15DAP 

(mid-stage) were used as a source of material for co-immunoprecipitation 

experiments to examine protein-protein interactions between SS and SBE 

isoforms. To eliminate the possibility of non-specific precipitation, amyloplast 

lysates without added SSI antisera were used as a negative control in the SSI 

co-immunoprecipitation experiments. As another control, amyloplast lysates 

were pre-incubated with glucan-degrading enzymes (amyloglucosidase [AMG] 

and α-amylase) to exclude interference of immunoprecipitation by glucan 

polymers. Figure 2.3.1.5 shows the results of SSI co-immunoprecipitation 

experiments. On the basis of the immunoblots of SDS-PAGE probed with wheat 

SSI, SBEIIa and SBEIIb antisera respectively, SSI proteins are clearly 

immunoprecipitated at a similar level with or without preincubation with AMG/α-

amylase. No observable level of SSI immunoreactive polypeptide was detected 

on the immunoblot in the control lacking SSI antisera, suggesting the observed 

precipitation of SSI proteins by SSI antisera is specific (Figure 2.3.1.5 A). On the 

immunoblots probed with SBEIIa and SBEIIb antisera, following co-

immunoprecipitation with SSI antibodies, similar protein levels of SBEIIa (Figure 

2.3.1.5 B) and SBEIIb (Figure 2.3.1.5 C) were respectively observed. No 

observable SBEIIa or SBEIIb was precipitated without adding SSI antisera to the 

amyloplast lysates (Figure 2.3.1.5 B and C),  
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Figure 2.3.1.5. Co-immunoprecipitation of SS and SBEII isoforms in wheat 

endosperm amyloplasts. Amyloplast lysates (1.1–1.8 mg protein/ml) were 

prepared from endosperm at 10–15 DAP, seed weight approximately 32–45mg. 

For AMG/α-amylase treatments, amyloplast lysates were incubated with five 

units each of amyloglucosidase (AMG, EC 3.2.1.3; Sigma product no. A7255, 

from Rhizopus) and α-amylase (EC 3.2.1.1; Sigma product no. A2643, from 

porcine pancreas) for 20 min at 25°C. Lysates were then immunoprecipitated 

with SSI antisera, separated by 1D-SDS-PAGE, electroblotted onto 

nitrocellulose, and developed with anti-SSI, SBEIIa and SBEIIb antisera as 

shown. Arrows indicate cross reactions with the various antisera used: SBEIIa 

and SBEIIb at 88 kDa, SSI at 74 to 75 kDa. The large band observed at 

approximately 50 kDa in all lanes is due to auto-recognition of the IgG heavy 

chains.  

 

 

 

  

100kDa 

75kDa 

50kDa 

(A), SSI (B), SBEIIa (C), SBEIIb 

SSI Co-immunoprecipitation 

- - - 
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2.3.2 Protein-protein interactions in maize 

 Immuno-detection of maize endosperm amyloplast stromal 

proteins 

Amyloplast lysates of maize endosperm at developmental stage of 20-25 DAP 

were used as a source of material to test the presence of SS and SBE isoforms 

in amyloplast stroma. Denaturing immunoblots of amyloplast lysates probed with 

peptide-specific anti-maize antibodies are shown in Figure 2.3.2.1. This shows 

immunoreactive polypeptides of approximately 74 kDa, 76kDa, 80kDa, 90kDa 

and 80 to 85kDa, corresponding to maize SSI, SSIIa, SBEI, SBEIIa and SBEIIb 

respectively on the immunoblots probed with the peptide-specific antibodies. In 

comparison, no immunoreactive signal is detected on corresponding 

immunoblots probed with preimmune antisera. However, there are several bands 

of immunoreactive polypeptides on the blot probed with peptide-specific anti-

maize SBEIIa antibodies, and some of the immunoreactive polypeptides were 

also detected on the immunoblot probed with preimmune antisera.  

 

 

 

     
 

Figure 2.3.2.1. Immunological characterization of amyloplast lysates from 

maize. Approximately 10µg of amyloplast stromal proteins were boiled in 1X 

SDS loading buffer for 5 minutes and separated by SDS-PAGE, electroblotted 

onto nitrocellulose, and developed with various peptide-specific anti-maize SSI, 

SSIIa, SBEI, SBEIIa and SBEIIb antibodies as shown. Arrows indicate cross-

reactions of each of the antibodies with its corresponding target protein: SSI 

(approximately 74 kDa), SSIIa (approximately 76 kDa, but with a predicted 

mass of 85 kDa), SBEI (approximately 80 kDa), SBEIIa (approximately 90 kDa) 

and SBEIIb (approximately 80-85 kDa).  

100kDa 

75kDa 

50kDa 

Anti-SSI Anti-SBEI Anti-SBEIIa Anti-SBEIIb Anti-SSIIa 
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 Gel permeation chromatography of starch-synthesizing enzymes 

from maize endosperm 

Stromal proteins from maize amyloplasts isolated from endosperm at 20-25 DAP 

were separated by gel permeation chromatography (GPC). Proteins eluted from 

column fractions were separated by SDS-PAGE followed by immunoblotting to 

test the distribution of starch synthetic enzymes in high molecular weight (HMW) 

column fractions (putative protein complexes) and low molecular weight (LMW) 

fractions corresponding to their monomeric forms (Figure 2.3.2.2). The elution 

profiles for SSI, SSIIa, and SBEIIb are similar to those observed in wheat 

(Tetlow et al., 2008). For each isoform of starch synthetic enzymes, Figure 

2.3.2.2 shows that two peaks of immunodetectable protein were found 

corresponding approximately to the native molecular sizes of the monomeric 

forms of SSI, SSIIa and SBEIIb (75, 85 and 80-85 kDa respectively), and also a 

HMW form of approximately 232-440 kDa. Figure 2.3.2.2 also shows that at least 

half of the SSI and SSIIa proteins are observed in HMW fractions (A and B). This 

contrasts with SBEIIb which is relatively lower in the HMW fractions than in the 

LMW fractions (D). The elution profile of SBEIIb protein has a wider range than 

that of SSI and SSIIa. For SBEI, only a single peak of SBEI protein could be 

detected (Figure 2.3.2.2 C), corresponding to the monomer of approximately 

87kDa. 
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Figure 2.3.2.2. Fractionation of maize SS and SBE isoforms by Gel Permeation 

Chromatography (GPC). Amyloplast extracts were prepared from devemental 

maize endosperms at 20–25 DAP, and 0.5 ml of soluble proteins from these 

extracts (approximately protein concentration of 1.5–2 mg/ml) was applied to a 

Superdex 200 10/300GL GPC column. Protein fractions eluting from the 

column were separated by 12% SDS-PAGE and then subjected to immunoblot 

analysis using various peptide-specific anti-maize antibodies; anti-SSI (A), anti-

SSIIa (B), anti-SBEI (C), and anti-SBEIIb (D). Numbers on the top of the blots 

indicate the column fraction number, and numbers in boxes refer to the elution 

position (marked by a vertical arrow) of molecular mass markers (in kDa; 

(A) anti-SSI 

MW 1    2     3     4    5     6    7     8   9   10  11  12   13   14  MW 15  16   17  18  19  20  21   22  23  24  25  26   27   28  

(B) anti-SSII 

(D) anti-SBEIIb 

MW 1    2     3     4    5     6    7     8   9    10  11  12   13   14  MW 15  16   17  18  19  20  21   22  23  24  25  26   27   28  

100kDa 
75kDa 

50kDa 

100kDa 

75kDa 

50kDa 

100kDa 

75kDa 

50kDa 

100kDa 
75kDa 

50kDa 

(C) anti-SBEI 

MW 1    2     3     4    5     6    7     8   9   10  11  12   13   14  MW 15  16   17  18  19  20  21   22  23  24  25  26   27   28  

MW 15  16   17  18  19  20   21   22  23  24  25  26   27   28  MW 1    2     3     4    5     6     7     8   9    10  11  12   13   14  

Fractions from size exclusion chromatography 

669kDa 440kDa 232kDa 158kDa 67kDa 43kDa 25kDa 13.7kDa 
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Amersham Biosciences), as determined in independent column runs under 

identical conditions. The positions of molecular mass markers (MW) for SDS-

PAGE are indicated on the left side of each immunoblot. The position of each 

crossreacting polypeptide with the respective anti-maize antibody is marked as a 

horizontal arrow on the blots.  

 

 Soluble SSs co-immunoprecipitate with different isozymes of SBE  

Amyloplast lysates of maize endosperm at developmental stage of 20-25DAP 

were used as a source of material for co-immunoprecipitation experiments to 

investigate protein-protein interactions between SS and SBE isoforms. Peptide-

specific anti-maize SSI, SSIIa, SBEI and SBEIIb antibodies were used in 

reciprocal co-immunoprecipitation experiments performed as described 

(Methods section 2.2.9). All of the antibodies used in co-immunoprecipitation 

experiments were able to recognize, and precipitate, their respective target 

protein. Figure 2.3.2.3 shows that antibodies to SSI, SSIIa and SBEIIb co-

immunoprecipitated all three polypeptides in all cases (A, B and D). It is also 

notable that, antibodies to either SBEI or SBEIIb co-immunoprecipitated each 

other (C and D), but no co-immunoprecipitation was observed between SBEI 

with either SSI or SSIIa in the reciprocal experiments (A, B and C). SBEIIa was 

not co-precipitated with SBEIIb (E), consistent with results observed in wheat 

endosperm (section 2.3.1). Interestingly, no observable SBEIIa was co-

precipitated with either SSI or SSIIa (E), in contrast to the case in wheat 

endosperm (section 2.3.1). The co-precipitation of SBEIIa by SBEI is not very 

clear (E), and no reciprocal data from co-immunoprecipitation experiments using 

SBEIIa antibodies is available. In addition, SP was not observed to be co-

precipitated with any of SSI, SSIIa, SBEI and SBEIIb (F), in contrast to studies in 

wheat endosperm which show that SP is capable of forming a protein complex 

with SBEI and SBEIIb (Tetlow et al., 2004a). 
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Figure 2.3.2.3. Reciprocal coimmunoprecipitation of stromal proteins from 

maize endosperm amyloplasts. Approximately 1.0 ml of amyloplast lysates (0.8-

1 mg/ml of protein) prepared from endosperm 20-25 DAP were incubated with 

peptide-specific anti-maize SS and SBE antibodies respectively at 25ºC for 50 

min, and then immunoprecipitated with Protein-A-Sepharose. The washed 

Protein-A-Sepharose-antibody-antigen complexes were boiled in 200 μl SDS-

loading buffer and 30 μl loaded onto 10% SDS-PAGE, electroblotted onto 

nitrocellulose, and developed with various anti-maize antibodies as shown. 

Horizontal arrows indicate cross-reactions with the various antisera used: SSI at 

74 kDa, SSIIa at 76 kDa, SBEI at 80 kDa, SBEIIb at 80-85 kDa, SBEIIa at 90 

kDa, SP at 112 kDa. The large band observed at approximately 50 kDa in all 

lanes is due to autorecognition of the IgG heavy chain. Molecular weights were 

indicated by pre-stained molecular mass markers with their molecular masses 

shown on the left of the immunoblot.  

(A) SSI (B) SSIIa (C) SBEI 

(D) SBEIIb (F) SP (E) SBEIIa 

Co-IP with 

Anti- : 

Detection with 

Anti- : 

Co-IP with 

Anti- : 

 

Reciprocal coimmunoprecipitation (Co-IP) experiments 

with maize amyloplast lysates 

100kDa 

75kDa 

50kDa 

100kDa 

75kDa 
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2.4 Discussion 

In this chapter, protein-protein interactions between starch synthases (SSs) and 

branching enzymes (SBEs) were investigated in wheat and maize. Fractionation 

of wheat soluble amyloplast lysates subjected to gel permeation chromatography 

(GPC) showed changes in the elution profiles of SS and SBE activities in high 

molecular weight (HMW) and low molecular weight (LMW) fractions during 

endosperm development. Co-immunoprecipitation of SSs with branching 

enzymes suggests that SSI and SSIIa are capable of forming multi-enzyme 

complexes with SBEII isoforms in both developing wheat and maize endosperm. 

 

In the study using GPC, elution of SS and SBE activity in both of the HMW and 

LMW fractions was observed in developing wheat endosperm at mid-stage (10-

15 DAP), but not in the early stage endosperm at 6-9 DAP (Figure 2.3.2.1A and 

B). This suggests functional changes in biochemical activities in vivo with the 

development of endosperm. No antibodies were available to investigate changes 

in SSIII (~180kDa) and SSIV (~110kDa), but neither would be expected to elute 

in the HMW fractions based on their molecular mass. The results show that as 

much as half of the measurable SS or SBE activities in the endosperm at 10-15 

DAP is in a high molecular weight form, approximately 232-440kDa (Figure 

2.3.2.1C and D). It should be noted that amylolytic activities are present in the 

LMW fractions (data now shown) and could interfere with the measured SBE 

activity. Some SBE activities from early stage endosperms were also retarded in 

fractions with even lower apparent molecular mass, approximately 20-25kDa, but 

no conclusions about this observation can be drawn. In separate studies, each 

SBEIIa and SBEIIb antibody was able to immunoprecipitate approximately one-

half of the SS activity in the HMW fractions from wheat (Tetlow et al., 2008), and 

implies that most of the SS activity in the HMW fractions is associated with SBEII 

forms. Interestingly, for both SS and SBE activities, the amount of recovered 

activity from the GPC fractions is as much as 3-4 folds higher than the 

measurable activity applied to the GPC column (Figure 2.3.2.1C and D). It might 
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be possible that some inhibitory factor(s) have been removed during the 

fractionation.  

 

Similarly, GPC was also employed in the studies with soluble cell lysates from 

maize endosperm at the early stages of development (9–12 DAP, notably when 

rates of starch synthesis are very low) (Tsai et al., 1970) and mid-stage (20-25 

DAP) when most starch present in the maize endosperm is synthesized 

(discussed in section 1.2). Changes in elution profile of SS and SBE activities in 

HMW and LMW fractions between early stage and mid-stage developing maize 

endosperm (data now shown) were consistent with those observed in developing 

wheat endosperm. Immuno-detection using peptide-specific anti-maize 

antibodies, demonstrates that SSI, SSIIa and SBEIIb are clearly present in both 

HMW fractions (molecular mass, 232-440kDa) and LMW fractions corresponding 

to the size of the monomeric proteins (Figure 2.3.2.2) in mid-stage endosperms 

(20-25 DAP). This supports the proposition that aggregation of SS and SBE in 

HMW fractions contributes to the measured activities. It is notable that SBEIIb 

protein level is relatively low in the HMW fractions compared to the LMW 

fractions (Figure 2.3.2.2D), suggesting that either a lower portion of SBEIIb 

protein is aggregated in HMW forms or it was disassociated during the 

fractionation. In comparison, more than half of the detectable SSI and SSIIa 

proteins are associated in HMW fractions as observed from the immunoblots 

(Figure 2.3.2.2A and B), suggesting a high level  of association of SSI and SSIIa 

in HMW fractions as hetero or homo-oligomeric protein complexes. As discussed 

above, SS activity in the HMW fractions is associated with SBEII forms (Tetlow 

et al., 2008). It is possible that the association of SSI and SSIIa acts as a core 

recruiting SBEIIb under certain conditions.  

 

Analysis of the mobilities of HMW and LMW forms of SBEII in affinity gels 

containing amylopectin (Figure 2.3.1.2) or starch (Figure 2.3.1.3), suggests that 

the HMW forms of SBEII have increased affinity for the α-glucan substrates 
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compared with the monomeric SBEII forms. Because separation by GPC is 

relatively imprecise, this increased affinity in HMW fractions could represent the 

activity due to formation of homodimers of either SBEII isoform, or it could be the 

result of physical protein-protein interactions with SS isoforms in heteromeric 

complexes. The HMW and LMW forms of SBEII showed identical mobilities in 

native gels without α-glucan substrate (Figure 2.3.1.2 and 2.3.1.3), consistent 

with the hypothesis that the HMW forms represent homodimers of SBEIIa or 

SBEIIb. This assumption is reinforced by the observation that immunodetection 

of SSI on the blots from the same native gels did not show the same relative 

mobility of either form of SBEII (Figure 2.3.1.4), SSI and SBEII did not appear to 

co-migrate. However, the possibility cannot be completely ruled out that the 

altered affinity of SBEIIa/b for glucan substrates may have arisen from the 

formation of a heteromeric complex between SBEII and SSI, as the complexes 

containing SBEII and SS might disassemble during electrophoresis. What is 

clear currently is that SBE isoforms in the HMW fraction show markedly different 

kinetic properties to their monomeric counterparts. Interestingly, a clearly 

detectable band of SSI with relatively low mobility was found in the HMW, but not 

LMW fractions, whereas an SSI antigen of higher mobility was found in both 

fractions. This might suggest that the HMW band with lower mobility has a higher 

affinity for amylopectin than the LMW form. However, neither SSI antigen 

showed altered mobility in different concentrations of amylopectin (Figure 

2.3.1.4). This is surprising as the range of amylopectin concentrations used was 

within the expected range of the Kd (Commuri and Keeling, 2001). Further work 

is needed to define the biochemical significance of changes in SSs and SBEs 

when they are part of larger molecular mass complexes. 

 

Co-immunoprecipitation experiments in wheat and maize endosperms provided 

information concerning the aggregation status of SBE and SS in HMW forms. 

Both of SBEIIa and SBEIIb were co-immunoprecipitated with SSI (Figure 2.3.1.5) 

and SSIIa, but isoforms of SBEII cannot be co-immunoprecipitated each other 

(Tetlow et al., 2008). This indicates that SBEIIa and SBEIIb form discrete protein 
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complexes with SSI and/or SSIIa and are not found in the same heterocomplex. 

Preincubation of plastid lysates with glucan-degrading enzymes (AMG and a-

amylase) did not prevent coimmunoprecipitation of SBEIIa and SBEIIb (Figure 

2.3.1.5), which argues that their association is due to specific protein-protein 

interactions and not a result of SSs and SBEs binding to a common glucan chain. 

Data from co-immunoprecipitation experiments for maize endosperm enzymes 

(Figure 2.3.2.3) are summarized in Table 2.4. That protein-protein interactions 

between SSI, SSIIa and SBEIIb are highly likely is demonstrated by reciprocal 

co-immunoprecipitation. In comparison, no observable interactions were found 

between SBEIIa with SSI/SSIIa, in contrast with results observed in wheat 

endosperm. This may reflect the situation in vivo, or could be due to the low 

abundance of SBEIIa proteins in maize endosperm (Gao et al., 1997) making its 

presence in heterocomplexes more difficult to detect. Interactions between SBEI 

and SBEIIb were also observed in the reciprocal co-immunoprecipitation 

experiments in maize, consistent with interactions between SBEI and SBEIIb in 

wheat. However, no protein-protein interaction between SP and SBEI/SBEIIb 

was observed in maize endosperm, in contrast with the interactions between 

SBEI, SBEIIb and SP observed in wheat (Tetlow et al., 2004a). This suggests 

that protein-protein interactions between respective isoforms of starch synthetic 

enzymes are not necessarily the same, reflecting the biological abundance of 

each isoform in different species. Nonetheless, the finding of protein-protein 

interactions between SSs and branching enzymes in maize endosperm 

reinforces the view that formation of multi-enzyme complexes is a general 

phenomenon in cereal amyloplasts.  

 

Isoforms of SBEs (SBEI, SBEIIa and SBEIIb) were previously found to be 

phosphorylated in the soluble stroma of wheat amyloplasts, and the formation of 

SBEI/SBEIIb/SP complexes has been shown to be phosphorylation-dependent 

(Tetlow et al., 2004a). This raises the possible role of protein phosphorylation in 

relation to the protein-protein interactions observed between SSs and SBEs in 
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maize and wheat here, and forms the basis for the study outlined in the next 

chapter. 

 

 

Table 2.4 Summary of protein-protein interactions tested by reciprocal Co-IP 

experiments in maize endosperm: 

Immunoprecipitating 

Antibody 

Co-precipitated protein 

SSI SSIIa SBEI SBEIIa SBEIIb SP 

SSI 
√ √ × × √ × 

SSIIa 
√ √ × × √ ×  

SBEI 
× × √ × √ × 

SBEIIb 
√ √ √ × √ ×  

―√‖, positive interaction; ―×‖, no observable interaction  
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Chapter.3 In vitro studies of phosphorylation 

regulated protein-protein interactions in wheat and 

maize endosperm 
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3.1 Introduction 

Protein phosphorylation is a common regulatory mechanism that controls many 

basic cellular processes, and modifies the possibilities of protein-protein 

interactions, conformational regulation, and signalling pathways (Alexander, 2006; 

Cohen, 2002). Recent studies using isolated amyloplasts from wheat endosperm 

identified a number of phosphoproteins associated with starch synthesis, 

indicating that some aspects of starch (amylopectin) biosynthesis may be 

regulated by protein phosphorylation (Tetlow et al., 2004a). In that study, intact 

amyloplasts were incubated with [γ32-P]-ATP and all the stromal isoforms of 

starch branching enzymes (SBE) and starch phosphorylase (SP) were shown to 

be phosphorylated at one or more serine residues, presumably by plastidial 

protein kinase(s). In vitro dephosphorylation of the phosphoproteins reduced the 

activity of SBEIIa and SBEIIb in amyloplasts, whilst having no measurable effect 

on the activity of SBEI. Thus, protein phosphorylation is emerging as a potentially 

important mechanism for the control of starch biosynthesis in plants. Significantly, 

protein-protein interactions between SBEI, SBEIIb and SP were observed by co-

immunoprecipitation (Co-IP), and shown to be phosphorylation-dependent. 

These data suggest an important role for this posttranslational control 

mechanism in controlling aspects of starch biosynthesis and provide the rationale 

for the work reported here. 

 

The question addressed in this chapter is whether the protein-protein interactions 

between SS and SBE isoforms identified in chapter 2 are regulated by protein 

phosphorylation. Further, the work is extended to consideration of protein-protein 

interactions in maize endosperm amyloplasts. Choosing another cereal may 

provide insight as to whether these observations are part of a common regulatory 

mechanism governing protein-protein interactions between starch synthetic 

enzymes in endosperm. In this chapter, catalytic activities of monomeric and 

aggregated forms of starch synthetic enzymes from wheat were compared before 

and after dephosphorylation. More detailed kinetic analysis involved 
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measurements of the glucan binding affinity of SBEII before and after 

dephosphorylation. Chemical cross-linking experiments were also developed to 

study phosphorylation regulated protein-protein interactions between isoforms of 

SS and SBE. To complement the work on wheat, studies in maize also compared 

the catalytic activities of SBE isoforms before and after phosphorylation using an 

in-gel assay. To study whether similar mechanisms are involved in regulating 

aggregation to those observed in wheat, phosphorylation dependent protein-

protein interactions between starch synthetic enzymes in maize endosperm 

amyloplasts were also studied by co-immunoprecipitation studies using peptide-

specific antibodies. 
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3.2 Methods 

3.2.1 Phosphorylation of endosperm whole cell extract and amyloplast 

stromal proteins in vitro  

Endosperm extracts or amyloplast stromal proteins in rupturing buffer (section 

2.2.2) containing 5-10mM Mg2+ were incubated with adenosine 5‟-triphosphate 

(ATP, Sigma A7699) at a final concentration of 1mM at room temperature 

(approx. 20 to 25°C) for 50-60 minutes on an orbital rotator.  

 

3.2.2 Chemical cross-linking with BS3 

Endosperm cell lysates (section 2.2.2) prepared for cross-linking experiments 

were using buffers free of EDTA and DTT, and were lysed in gel permeation 

chromatography (GPC) running buffer containing a protease inhibitor cocktail 

(section 2.2.5). The high molecular weight fraction (100µl) of cell lysates 

separated by GPC were immediately incubated with 10 µl of the 

homobifunctional crosslinking reagent BS3 (Pierce/BioLynx, final concentration 

1mM in the reaction mix) on a rotating table at 25 ºC for 30 min. The cross-linking 

reaction was quenched by the addition of 10 µl of a 1M solution of Tris, pH 8.0, to 

the 110 µl reaction mix, and the sample volume reduced to 40 to 50 ml using 

MicroCon concentrators (Millipore). The concentrated cross-linked samples were 

mixed with SDS sample buffer prior to electrophoresis (section 2.2.10). 

 

3.2.3 Dephosphorylation of endosperm extracts and amyloplast stromal 

proteins in vitro 

Dephosphorylation of endosperm extracts and amyloplast stromal proteins in 

rupturing buffer (section 2.2.2) containing 5-10mM Mg2+ was performed by 

adding alkaline phosphatase (APase) from Escherichia coli (Sigma, P4252). 

Commercial APase (approx. 0.75 units per µl) in 2.5 M (NH4)2SO4 suspension 
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was precipitated by centrifuging at 4000g for 2 minutes at 4ºC, and gently 

resuspended in 30-50 µl of rupturing buffer as above. APase activity was 

analysed using [U-14C] Glc1P as a substrate. Reactions of 100µl mixtures 

included 50 ul rupturing buffer, 20μl of 50 mM [U-14C] Glc1P (0.74–1.48 kBq per 

assay; Amersham Biosciences) and 5 units of APase resuspended in 30 µl 

rupturing buffer (or 30 µl rupturing buffer lacking APase as a control) were 

incubated at room temperature (approx. 20 to 25°C), and 3 of the reactions (and 

3 controls) were stopped at each 10 minutes over a 90 minutes period (30 

reactions and 30 controls in total) by boiling 5 minutes at 95ºC. Each of the boiled 

samples (after cooling down) was applied to a homemade minicolumn pre-filled 

with 1ml bed volume of anion-exchange resin (AG1-X8 resin, Bio-Rad 

Laboratories), and followed by washing three times with 0.5ml miliQ H2O. The 

free [U-14C] Glc (released from [U-14C] Glc1P by APase activity) that passed 

through and washed out from the anion-exchange column was collected in a 

translucent plastic vial containing 4.5ml of scintillation solution (ECOSCINT, 

DiaMed), and the radioactivity of unbound [U-14C] Glc was measured with a 

Beckman scintillation counter (Model LS6500). 

 

In order to dephosphorylate endosperm extracts and amyloplast stromal proteins, 

approximately 25 units of APase was added per ml of the protein lysates (approx. 

1mg protein per ml for amyloplast and 10mg protein per ml for endosperm 

extracts) and incubated for 50-60 minutes at room temperature (approx. 20 to 

25°C) on an orbital rotator. In some experiments, dephosphorylation was 

performed following gel permeation chromatography (GPC), in which case 

approx. 12 units of APase were added per 0.5ml fraction and incubated as above. 

 

Following experiments, including GPC, chemical cross-linking, Co–IP, and SBE 

zymograms were performed as described in Chapter 2.  
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3.2.4 Zymogram of starch phosphorylase activity 

Starch phosphorylase activity in amyloplast lysates was determined in the 

direction of polysaccharide synthesis [refer to a PhD thesis (Paul Tickle, 2005)] 

with some modifications. Extracts were separated on 5% non-denaturing 

polyacrylamide gel electrophoresis (PAGE), pH 6.8, containing 0.05% [w/v] rabbit 

liver glycogen (type III, Sigma-Aldrich). Running buffer contained 25 mM Tris-HCl 

and 190 mM glycine (pH 8.3). Following electrophoresis, gels were incubated for 

2 hours at 28ºC in incubation buffer (0.1% [w/v] glycogen, 20mM G1P, made up 

in 100mM sodium citrate [pH 6.5]). Gels were then rinsed briefly in sodium citrate 

(100mM, pH 6.5) before subsequently staining with Lugol's solution (Sigma 

Aldrich). 
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3.3 Results 

3.3.1 Optimization of dephosphorylation conditions 

Alkaline phosphatase (APase) is commonly used to dephosphorylate proteins 

and small molecules in a non-specific manner. It was important to ensure that the 

commercial preparations used did not limit the experimental conditions; therefore, 

preliminary studies were carried out to optimise its use. APase activity was 

assayed by measuring the removal of the phosphate group from [U-14C] Glc1P 

as determined by the release of radiolabeled free glucose in the eluate following 

anion exchange chromatography. The amount of free glucose released was 

measured every 10 minutes over 90 minutes (Figure 3.3.1). The data indicate 

that the linear stage of the reaction was over within the first 10 minutes, and that 

most of the substrates were dephosphorylated within 50 minutes. No radioactivity 

was detected for the samples at “0” time and in controls lacking APase. 

 

Figure 3.3.1, Time course for APase activity. 20μl of 50 mM [U-
14

C] Glc1P was 

incubated with 5 units APase at room temperature (approx. 20 to 25°C). The ―0‖ time 

reactions were stopped by boiling for 5 minutes at 95ºC immediately after adding 

APase. Reactions and controls (lacking APase) were stopped every 10 minutes over a 

90 minute period. Substrates left in the boiled samples without being 

dephosphorylated by APase were bound to an anion-exchange chromatography due to 

the negative charge of phosphate groups, and the amount of product (free [U-
14

C] Glc) 

dephosphorylated by APase activity that passed through the column was measured by 

liquid scintillation counting. Values shown are the mean and standard deviation of 

three replicate samples.   
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3.3.2 Phosphorylation regulated protein-protein interactions in wheat 

 The effects of protein phosphorylation on SS and SBE activities 

from LMW and HMW fractions of developing wheat endosperm  

Soluble proteins extracted from developing wheat endosperm (10-15 DPA) were 

separated by gel permeation chromatography (GPC) to examine possible effects 

of dephosphorylation on the SS and SBE activities observed in the LMW and 

HMW fractions (section 2.3.1). Apparent high molecular weight fractions 

(approximate size 250~300kDa, refer to section 2.3.1) and low molecular weight 

fractions corresponding to monomeric forms of SS and SBE were collected. The 

HMW and LMW fractions were divided and one half treated with alkaline 

phosphatase (APase) as described (section 3.2.2). SS and SBE activities were 

assayed as described (section 2.2.6). SS and SBE activities were compared from 

both LMW and HMW fractions between treatments with or without APase. Data 

show no clear difference in activities in the LMW fraction with or without APase 

treatment (P value, 0.0732). However, SS activity in the HMW fraction treated 

with APase was significantly lower than untreated (P value, 0.0002) (Figure 

3.3.2.1). In the case of SBE activities, the data indicate that the activities 

decreased in both of the LMW (P value < 0.0001) and HMW (P value, 0.0002) 

fractions when treated with APase compare to that of non-treated samples (figure 

3.3.2.1). 
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Figure 3.3.2.1 Effect of dephosphorylation on SS and SBE activities in LMW 

and HMW fractions between treatment with and without APase. Developing 

wheat endosperm extracts were separated by gel permeation chromatography 

(GPC) as described (Section 2.2.5). Fractions containing the two major peaks of 

SS and SBE activities, corresponding to the HMW fractions (containing 

putative protein complexes) and the LMW fractions (containing monomeric 

forms of SS and SBE) were collected. For dephosphorylation treatments, half 

the volume of the LMW and HMW fractions was incubated with 12 units of 

APase (resuspended in 30 µl rupturing buffer) at room temperature (approx. 20 

to 25°C) for 50-60 minutes. The other half of the LMW and HMW fractions 

were incubated with the same volume buffer (30 µl rupturing buffer without 

APase) under the same conditions. The SS and SBE activities were compared 

for LMW and HMW fractions with (+ symbols) and without (- symbols) APase 

treatment. Value denotes mean of three replicates (biological and technical), 

vertical bars show standard deviation of each data set. 
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 The effects of protein phosphorylation on the amylopectin-

binding properties of SBEII from LMW fractions of developing 

wheat endosperm 

Affinity gel electrophoresis (described in section 2.2.7) was employed to quantify 

the effects of dephosphorylation on the dissociation constant (Kd) of monomeric 

forms of branching enzymes from the LMW fractions (section 2.2.5). The same 

LMW fraction with or without APase treatment (section 3.2.2 ) was compared by 

measuring relative migration (Rm) in non-denaturing gels in the presence of 

different concentrations of amylopectin (0%-0.5%). Given the relative specificities 

of the various antibodies, anti-SBEIIa, anti-SBEIIb were used to locate the SBEII 

proteins on immunoblots of the affinity gels. Figure 3.3.2.2 (A and B) showed no 

clear difference in the mobility patterns of monomeric forms of SBEII with or 

without APase treatment as a function of increase in the concentration of 

substrate. In the case of SBEIIb, there seems to be a more complex effect. 

Several bands are seen, which presumably represent the products of different 

wheat genomes (A, B). The pattern of staining of upper and lower bands appears 

different between treatments, although the overall mobility of each seems very 

similar (Figure 3.3.2.2, B). Reciprocal values of Rm (1/Rm) of SBEII forms from 

LMW fractions were linearly related to the concentration of glucan substrate in 

the gels. Figure 3.3.2.2 (C-D) and Table 3.3.2.1 shows that the Kd values derived 

for monomeric forms of SBEII in LMW fractions were very similar with or without 

APase treatment, and also similar to those observed in Chapter 2 (Table 2.3.1.1)  

(A)   

 

 
0% amylopectin 0.1% amylopectin 0.2% amylopectin 0.3% amylopectin 0.4% amylopectin 0.5% amylopectin 

APase-   APase+ APase-   APase+ APase-   APase+ APase-   APase+ APase-   APase+ APase-   APase+ 

SBEIIa in LMW forms with APase
- 
or APase

+
 treatments 
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 (B) 

 

 

 

   

(C) SBEIIa (LMW)                                             (D) SBEIIb (LMW) 

 
 

Figure 3.3.2.2, Determination the effect of dephosphorylation on the Kd of 

SBEII in LMW forms for amylopectin in affinity non-denaturing-PAGE. Wheat 

endosperm extracts (10–15DAP) were separated by gel permeation 

chromatography (GPC) into fractions containing SS and SBE activities eluting 

from the column in a molecular mass range corresponding to monomeric forms 

of SS and SBE (LMW). Proteins from the LMW fractions were treated with or 

without APase and separated on native gels containing various concentrations of 

amylopectin (0-0.5%). The mobility of LMW forms of SBEII in the glucan-

containing native gels was determined by immunoblotting and probing with 

SBEII antibodies. The mobility of SBEII from the LMW fraction with APase 

(APase
+
) and without APase (APase

-
) treatment in gels containing various 

concentrations of amylopectin is shown in (A) for SBEIIa and (B) for SBEIIb. 

Plots of the reciprocal of the Rm (1/Rm) of wheat SBEII from LMW fractions 

treated with APase (cross symbols) and without APase (circle symbols) against 
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the concentration of amylopectin in the gels at room temperature are shown on 

(C) for SBEIIa and (D) for SBEIIb. Data for mobility of SBEII from the HMW 

fraction with or without APase treatment was not obtained.  

 

 

 

Table 3.3.2.1 Kd values derived for monomeric forms of SBEII with or 

without APase treatment (Data obtained are from single experiments, no 

comparable data for HMW forms of SBEII treated with APase.) 

Substrate  SBEIIa  SBEIIb 

APase
-
 APase

+
  APase

-
 APase

+
 

Amylopectin Kd 0.40 0.41 

 

 0.81 0.81 

 
Affinity (1/Kd) 2.50 2.44 

 

 1.23 1.23 

Kd values were obtained from Figure 3.3.2.2C and D, from the intercept on the 

x-axis (negative value). 
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 Use of chemical cross-linking to study the effects of protein 

phosphorylation on protein-protein interactions between SS and 

SBE in wheat endosperm 

Soluble proteins isolated from endosperm at 10 to 15 DAP were separated by gel 

permeation chromatography (GPC) as described (section 2.2.5). Eluted HMW 

column fractions containing SS and SBE activities (approximately 232~440 kDa 

corresponding to putative protein complexes, refer to Figure 2.3.1.1) were 

preincubated with APase (section 3.2.3) or buffer, and then immediately 

incubated with the homobifunctional cross-linking reagent BS3 (Bis 

[sulfosuccinimidyl] suberate) as described (section 3.2.2). The proteins were 

separated by SDS-PAGE, electroblotted and developed with anti-SS and SBEII 

antibodies to test the effects of protein phosphorylation on protein-protein 

interactions between SS and SBE observed previously (chapter 2). SS and SBE 

proteins in the un-cross-linked untreated HMW fractions were disassociated in 

SDS-PAGE and present only as monomeric forms of SBEIIa (88 kDa) and SSI 

(75 kDa) as expected. Cross linking of SS and SBEII in the HMW fraction 

facilitated detection of a product of approximately 350 kDa protein (indicated by 

arrows, Rf value, ~348kDa), which displays cross-reactivity with anti-SSI, and 

anti-SBEIIa antisera (data for SSIIa and SBEIIb, not available). When the HMW 

fractions were incubated with APase prior to cross linking with BS3 (eluted 

column fractions were pre-treated with APase prior to the addition of BS3), the 

protein complexes in the HMW fraction dissociated into detectable monomers, 

and the aggregated SS or SBE products clearly decreased in intensity (Figure 

3.3.2.3). 
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Figure 3.3.2.3, Effect of protein dephosphorylation on protein complexes in the 

HMW fraction of wheat endosperm extracts. The HMW fraction was treated 

with or without APase and immediately incubated with BS
3
 (5mM) at ~25ºC for 

30 minutes. Cross-linking was quenched with Tris (final concentration 30mM) 

at ~25ºC for 15 minutes. The samples were separated by SDS-PAGE and 

electroblotted onto nitrocellulose and developed with anti-SSI and anti-SBEIIa 

antisera. Horizontal arrows indicate cross-reactions with the various antisera 

used: SSI at 75 kDa, SBEIIb at 88 kDa and cross-linking product of 

approximately 350 kDa proteins (estimated by Rf value, ~348.18kDa). MW 

indicates molecular mass markers with their molecular masses shown on the left 

of the immunoblot. 
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3.3.3 Phosphorylation regulated protein-protein interactions in maize 

 The effects of protein phosphorylation on activities of SBE 

isoforms and SP in maize endosperm amyloplasts 

In order to test whether the activities of SBE isoforms from maize are subject to 

conditions which might stimulate protein phosphorylation, SBE activities of the 

same amyloplast lysates, with or without ATP treatment, were compared on 

zymograms following native PAGE (Figure 3.3.3.1). SBE activities were detected 

by brown coloration and different isoforms were identified according to earlier 

immunoblotting using SBEI, SBEIIa and SBEIIb antibodies. No apparent 

difference was observed for SBEI activities between the amyloplast lysates with 

or without ATP treatment. However, SBEII (SBEIIa and SBEIIb) activities in ATP 

treated material were clearly higher than those of non-treated amyloplast lysates. 

Moreover, Starch phosphorylase (SP) activity was also identified (indicated by 

the arrow) and no apparent difference observed between pre-treatments with or 

without ATP (Figure 3.3.3.2). 
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Figure 3.3.3.1 Comparison of SBE activities in maize amyloplast stromal 

proteins in the presence/absence of ATP. Developing maize amyloplasts were 

incubated with 1mM ATP at 25ºC for 50-60 minutes. Samples loaded on to each 

of the wells contained approximately 30 µg of proteins. The gel was incubated 

in buffer containing 40mM G-1-P, 2.5mM AMP and 5mM DTT for 2 hours at 

28ºC and zymograms were developed with Lugol’s solution and visualized 

immediately. 

 

 

 

 

 
 

Figure 3.3.3.2. Polysaccharide synthesising activity of maize plastidial SP in 

response to phosphorylation or dephosphorylation treatments. Developing maize 

amyloplasts were pre-incubated with 25U/ml of APase or 1mM ATP at 25ºC for 

50-60 minutes. Samples loaded on to each of the wells contained approx.30µg 

of proteins. The gel was incubated in buffer (0.1% [w/v] glycogen, 20mM G1P, 

made up in 100mM sodium citrate [pH 6.5]) for 2 hours at 28ºC, and visualized 

with Lugol’s solution immediately.  
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 The effects of protein phosphorylation on protein-protein 

interactions between starch synthetic enzymes in maize 

amyloplasts studied by co-immunoprecipitation (Co-IP) 

ATP and alkaline phosphatase (APase) were employed in Co-IP experiments 

similar to those described in chapter 2 (section 2.2.9), to test whether the 

formation of the protein complexes was influenced by protein phosphorylation. 

Peptide-specific SSIIa and SBEIIb antibodies were used for Co-IP experiments 

with maize endosperm amyloplast stromal proteins which had been pre-treated 

with ATP or APase. Data from the SSIIa Co-IP experiments are shown in Figure 

3.3.3.3(A). Clearly SSIIa itself was immunoprecipitated by the SSIIa antibodies in 

equal amounts irrespective of the different experimental treatments. The results 

also showed that SSI and SBEIIb were co-immunoprecipitated with SSIIa from 

non-treated and ATP treated amyloplasts. Co-immunoprecipitation of SBEIIb was 

noticeably greater in the presence of ATP. In comparison, there was no 

detectable SBEIIb and only a small amount of SSI which coimmunoprecipitated 

with SSIIa when using amyloplasts pre-treated with APase. There was no 

detectable SBEI coimmunoprecipitated with SSIIa in any of the treatments 

(Figure 3.3.3.3A). 

 

The supernatants from the SSIIa Co-IP experiments (proteins that were not co-

immunoprecipitated with the SSIIa antibodies) were also analysed by in-gel 

zymogram activity to determine SBE activities remaining and to determine the 

proportion of SBE that was coimmunoprecipitated by different treatments (Figure 

3.3.3.2B). The data indicate that there is no apparent loss of SBEI and SBEIIa 

activities in any of the supernatants following SSIIa Co-IP, which is consistent 

with the above immunoblotting results. There was no apparent loss of SBEIIb 

activity in the supernatant when the sample was pre-treated with APase. By 

contrast, pre-incubation with ATP resulted in significant loss of SBEIIb activity 

from the supernatant, consistent with the immunoblotting data. The data show 

that there is no observable loss of SP activity from the supernatant when the 
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samples were pre-treated with APase prior to immunoprecipitation with anti-SSIIa 

antibodies. However, SP activity is barely detected in the supernatant (following 

SSIIa Co-IP) when the sample was pre-treated with ATP (Figure 3.3.3.3B). SP 

protein is still clearly present on immunoblots following native-PAGE zymogram 

(Figure 3.3.3.3C) and SDS-PAGE (Figure 3.3.3.3D), and mobility of this SP is 

also shifted on the native-PAGE zymogram (Figure 3.3.3.3C) without showing 

glucan-synthesis activity (Figure 3.3.3.3B). 
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Figure 3.3.3.3, SSIIa Co-IP of maize amyloplast proteins pretreated with ATP or 

APase. Maize amyloplast stromal proteins (approx. 1mg per ml, in rupturing buffer 

containing 7.5mM Mg
2+

) were pre-incubated with 1mM ATP or 25 units APase at 

room temperature (approx. 20 to 25°C) for 50-60 minutes. Each of the pre-treated 

samples was then incubated with 10 µg of purified SSIIa antibodies under the same 

conditions for another 50-60 minutes, followed by incubation with protein A for 30 

minutes. The protein A Sepharose was precipitated at 25ºC by centrifuging at 2000g. 

The pellets (Sepharose) were washed with 1XPBS buffer. Proteins that co-

immunoprecipitated with SSIIa were eluted by boiling the Sepharose in 1XSDS 

loading buffer and separated by SDS-PAGE followed by immunoblotting (A, 

immunoblots of proteins that co-immunoprecipitated with SSIIa, probed with 

different antibodies). The supernatants (proteins that were unbound to the Co-IP 

matrices) were loaded to a native gel containing 0.2% [w/v] maltoheptaose as 

primer for zymogram assay using 40mM G-1-P in the incubation buffer as substrate 

(B, SBE/SP zymogram of supernatants remaining after SSIIa Co-IP), and 

immunoblotting (C, immunoblot of the same gel probed with anti-SP antibodies). 

Presence of SP protein in the same supernatants as used in (B) and (C) were also 

tested by immunoblot following SDS-PAGE probed with anti-SP antibodies. The 

labelling ―AP‖ indicates amyloplast stromal proteins before IP experiments. 

 

 

Similar Co-IP experiments were performed using the SBEIIb antibodies with 

maize amyloplast stromal proteins pre-treated with either APase or ATP. 

Immunoblotting data for the SBEIIb Co-IP showed that SBEIIb itself was 

immunoprecipitated by SBEIIb antibodies (Figure 3.3.3.4) equally from different 

treatments. It was also observed that SSI and SSII are coimmunoprecipitated 

with SBEIIb, and the amount was slightly stimulated by ATP treatment. By 

contrast, when using amyloplasts pre-treated with APase, there is no detectable 

SSI and SSIIa coimmunoprecipitated with SBEIIb. SBEI was also 

coimmunoprecipitated with SBEIIb, though there is no clear difference between 

ATP treated and non-treated amyloplasts. No detectable SBEI was 

coimmunoprecipitated with SBEIIb when amyloplasts stroma proteins were pre-

treated with APase. It was also observed that no detectable starch 

phosphorylase (SP) and SBEIIa coimmunoprecipitated with SBEIIb in the 

amyloplasts pre-treated with either ATP or APase. 
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Figure 3.3.3.4, Effect of phosphorylation state on co-immunoprecipitation of starch 

synthetic enzymes using antibodies to SBEIIb. Proteins that co-immunoprecipitated 

with SBEIIb were eluted from protein A Sepharose; subjected to SDS-PAGE and 

analysed by immunodetection with different antibodies.  SBEIIb, SBEI, SSI and 

SSIIa are indicated by arrows on the blots, as are expected positions of SP and 

SBEIIa. 
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3.4 Discussion 

The work presented in this chapter investigated whether protein phosphorylation 

affects the enzymatic activities of monomeric and aggregated forms of SS and 

SBE, and whether the protein-protein interactions between SS and SBE 

observed in chapter 2 are regulated by protein phosphorylation. Part of the goal 

was to determine whether protein phosphorylation affects these enzymes 

independently of whether or not they are part of a tertiary complex. 

 

It has been known for many years that glycogen synthase, which elongates 

glucan chains in bacteria and mammals and catalyses a reaction analogous to 

starch synthases in plants, can be phosphorylated and is inactivated by glycogen 

synthase kinase 3 (GSK-3) (Embi et al., 1980). Plants possess a large gene 

family of GSK-3-like kinases (Jonak and Hirt, 2002), although only a few 

functional studies have been performed. There is also evidence that mitogen- 

and stress-activated kinase 4 (MSK4), a novel Medicago sativa GSK-3-like 

kinase, was found to be a plastid-localized protein kinase that is associated with 

starch granules (Kempa et al., 2007). In an early study, in vitro phosphorylation 

experiments with isolated wheat endosperm amyloplasts showed that several 

granule-associated proteins were phosphorylated after short incubation periods 

with ɣ-32P-ATP, including the granule-associated isoform (s) of SBEII, which 

comprise up to 45% of total SBEII activity (Mu-Forster et al., 1996). Tetlow et al. 

(2004a) observed protein phosphorylation of SBE isoforms (SBEI, SBEIIa, and 

SBEIIb) in wheat endosperm amyloplasts after the incubation of intact plastids 

with ɣ-32P-ATP. Measurement of SBE activity showed that dephosphorylation 

reduced the catalytic activity of both isoforms of SBEIIa and SBEIIb. Wheat 

endosperm SS and SBE were both fractionated by gel permeation 

chromatography (GPC), and observed in Low molecular weight (LMW) factions, 

corresponding to their monomeric forms, and high molecular weight (HMW) 

fractions, corresponding to the aggregated forms (putative protein complexes), 

as demonstrated in chapter 2. In this chapter, enzymatic activities of SS and SBE 
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in LMW and HMW fractions were compared with or without APase treatment, to 

study the effects of protein phosphorylation/dephosphorylation on different forms 

(monomeric and complex) of SS and SBE. In this study, no effects on monomeric 

forms of SS activity were observed following dephosphorylation, but the HMW 

form of SS activity was significantly decreased. However, given that 

measurement of total catalytic activity might mask effects on individual isozymes, 

this approach is limited. The inactivation of SS activity by dephosphorylation in 

aggregated forms could be due to the effect of dephosphorylation on the 

association of SS with other proteins in the complex. The total SBE activities in 

LMW fractions and in HMW fractions were both decreased by dephosphorylation. 

The decrease of both SS and SBE activities in HMW forms as a result of 

dephosphorylation highlights the possibility that the observed protein-protein 

interactions between SS and SBE observed in chapter 2 might be regulated by 

protein phosphorylation.  

 

In chapter 2, the glucan binding properties of wheat SBEII in LMW and HMW 

fractions were found to be altered using affinity gel electrophoresis on native gels, 

containing a series of concentrations of amylopectin. To test effects of protein 

phosphorylation on glucan binding properties, the LMW and HMW fractions were 

preincubated with alkaline phosphatase (APase) prior to affinity gel 

electrophoresis. Surprisingly, dephosphorylation did not affect the mobility of 

LMW forms (monomeric forms) of SBEII on the affinity gels. The Kd values 

remained unchanged for treatments with or without APase (Figure 3.3.2.2), 

although glucan branching activities were apparently decreased in 14C labelled 

substrate assays (Figure 3.3.2.1). This might indicate that protein 

phosphorylation has a different effect on the substrate binding domain and the 

catalytic domain of SBEII in LMW fractions. The data for SBEIIb appear more 

complicated, because the amount of protein that was detected by the SBEIIb 

antibodies from the APase treated sample was apparently different with that of 

the non-treated sample, even though their mobility remained the same. More 

than one band cross-reacted with SBEIIb antibodies on the immunoblots, 



99 

 

presumably representing the products of different wheat genomes. Unfortunately, 

parallel data for SBEII in HMW fractions were missing. The effects of 

phosphorylation on glucan-binding properties of HMW form SBEI are not clear. 

 

Phosphorylation regulated protein-protein interactions between wheat starch 

synthase and branching enzymes was studied by chemical cross-linking using 

bis (Sulfosuccinimidyl) suberate (BS3) for the HMW fraction pre-treated with or 

without APase. SSI and SBEIIa were observed in a high molecular weight protein 

complex after cross-linking, which supported the co-immunoprecipitation (Co-IP) 

data in chapter 2. The cross-linking of SSI and SBEIIa in a high molecular weight 

protein complex is disrupted by pre-treatment with APase, which strongly 

suggested that the protein-protein interaction between SSI and SBEIIa is 

phosphorylation dependent. 

 

Phosphorylation regulated protein-protein interactions between starch synthetic 

enzymes in maize were also studied by co-immunoprecipitation (Co-IP) using 

amyloplast stroma proteins pre-treated with ATP or APase. Co-IP experiments 

with anti-SSIIa antibodies and SBEIIb antibodies were performed, and the data 

support the result from the Co-IP experiments presented in chapter 2. 

Significantly, protein-protein interactions between SSI, SSIIa, and SBEIIb were 

stimulated by protein phosphorylation and disassociated by dephosphorylation. 

The fact that the same mechanisms are observed in both wheat and maize 

suggests that regulation of protein-protein interactions between starch synthetic 

enzymes might be a common feature of starch biosynthesis in cereals. 

 

Enhancement of maize SBEIIa and SBEIIb activities by treatment with ATP was 

observed on zymograms (Figure 3.3.3.1), and is similar to that observed in wheat 

(Tetlow et al., 2004a). There is no apparent effect of ATP on SBEI activity for 

maize amyloplasts, again similar to the situation observed in wheat. However, 
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the effect of protein phosphorylation/dephosphorylation on SP activity for maize 

amyloplasts appears complicated (Figure 3.3.3.1). 

 

Given that, compared to wheat, maize has a relatively simple genetic background, 

that cDNA clones for several SS and SBE isoforms were available, and that 

maize mutants were available, the work in the following chapters will focus on 

maize endosperm. The first goal was to produce recombinant forms of SS and 

SBE isoforms. 
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Chapter.4 Production of functional recombinant 

starch synthases and branching enzymes  
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4.1 Introduction 

Proteins that are produced by genetic engineering can be referred to as 

recombinant proteins. Overexpression of recombinant proteins makes it possible 

to obtain large quantities of proteins. Purified recombinant proteins provide a 

powerful tool for researchers to study protein-protein interactions, enzyme 

kinetics and protein structures. Different host systems for producing recombinant 

protein can be chosen according to purpose, including bacteria, yeast, insects 

cells, mammalian cells, and even an in vitro cell-free system. The basic strategy 

for producing recombinant protein is to insert recombinant DNA into a rapidly 

replicating plasmid that has an inducible promoter upstream. Recombinant 

protein can be produced when the promoter is induced during the stage of rapid 

division of the host cells. For the work described in this chapter, recombinant 

maize SS and SBE were expressed in both a prokaryotic system, in Escherichia 

coli, and eukaryotic insect cells. Production of recombinant maize SS and SBE 

proteins provides a useful tool to study protein-protein interactions between 

enzymes of starch biosynthesis. The purified recombinant maize SS and SBE 

proteins can be immobilized onto S-agarose beads as ligands to reconstitute 

protein complexes with amyloplast stromal proteins, and to investigate the 

protein-protein interactions observed in above chapters in further detail. Mutation 

of recombinant maize SS and SBE can be used to determine possible interfaces 

between components of protein complexes, as well as studying possible 

phosphorylation sites of these enzymes. The recombinant maize proteins may 

also be used to complement enzymes in vitro that are absent in certain 

endosperm mutants to test various hypothesis (such as recombinant maize 

SBEIIb which is missing in the maize amylose extender (ae-) mutant), as well as 

studying an enzyme‟s biochemical properties in more details. 
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4.1.1 Insect cell recombinant protein expression system 

The benefits of insect cell recombinant protein expression systems include the 

use of baculovirus that is able to accommodate large inserts,  eukaryotic post-

translational modifications, enhanced protein folding and function, high 

expression levels, easy scale up with high-density suspension culture, and safety. 

The insect cell system employed in this study was the Invitrogen Bac-to-Bac 

expression system outlined in Figure 4.1.1. This system relies on bacterial cells 

called DH10Bac, engineered to contain the viral genome. The cDNA of interest is 

first cloned into a donor plasmid downstream to the polyhedron (PPH) promoter, 

and is then transformed into the DH10Bac cells. The donor plasmid has two 

transposable elements (Tn7L and Tn7R) flanking the cloned cDNA. Inside the 

cells, the DH10Bac contains a plasmid (helper) encoding for the enzyme 

transposase, which catalyses transposition between the transposable elements 

engineered in the donor plasmid and those engineered in the LacZ gene within 

the viral genome. Thus, the sequence of interest is incorporated into a viral 

genome, becoming an integral part of the baculovirus DNA. Transfection of the 

viral DNA extracted from the DH10Bac into insect cells will result in the formation 

and secretion of viable recombinant virus that can be used for production of the 

protein of interest. To generate recombinant baculoviruses, the sequence of 

maize SSI, SBEI, SBEIIa and SBEIIb were first cloned to the pFastBac donor 

plamids, and transformed to the competent DH10Bac Escherichia coli cells, 

where the SS and SBE sequences were incorporated into the baculovirus 

forming recombinant Bacmids, which were amplified and isolated from the 

DH10Bac Escherichia coli cells and transfect to insect cells as expression 

constructs. 
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Figure 4.1.1. Generation of recombinant baculovirus and the expression of the 

gene of interest using the Bac-to-Bac® Baculovirus Expression System. The 

baculovirus shuttle vector (bacmid, 136 kb) present in DH10Bac Escherichia 

coli contains a segment of DNA encoding the LacZ peptide from a pUC-based 

cloning vector into which the attachment site for the bacterial transposon, Tn7 

has been inserted. Insertion of the mini-attTn7 does not disrupt the reading frame 

of the LacZα peptide. The bacmid propagates in DH10Bac as a large plasmid 

that confers resistance to kanamycin and can complement a lacZ deletion present 

on the chromosome to form colonies that are blue (Lac+) in the presence of a 

chromogenic substrate such as Bluo-gal or X-gal and the inducer, IPTG. 

Recombinant bacmids are generated by transposing a Tn7 element from a 

pFastBac donor plasmid to the mini-attTn7 attachment site on the bacmid. The 

Tn7 transposition functions are provided by a helper plasmid. Polyhedrin 
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Picture modified from ―Bac-to-Bac® Baculovirus Expression System‖ User Manual,  
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promoter (PPH) allows efficient, high-level expression of recombinant protein in 

insect cells. 

 

4.1.2 Recombinant protein expression in Escherichia coli 

The bacterial expression systems in Escherichia coli offer an economical method 

to achieve production of large amounts of recombinant proteins. The core of 

bacterial expression systems includes a repository of inducible bacterial 

expression vector technologies, including pET (Novagen), pGEX (GE 

Healthcare), pQE30 (Qiagen) and many others. This collection of vectors allows 

for fusion of epitope tags (alone or in combination) to the protein of interest, such 

as GST (Glutathione-S-transferase), hexa-histidine (6His), S-tag (an N-terminal 

15 amino acid of bovine ribonuclease A) and other tags. The Novagen pET 

system was employed in the work of this chapter to express high levels of 

recombinant proteins in Escherichia coli. Target sequences are cloned in pET 

plasmids under control of strong bacteriophage T7 transcription and (optionally) 

translation signals. Expression is induced by providing a source of T7 RNA 

polymerase in the host cell. T7 RNA polymerase is selective and active and 

almost all of the cell‟s resources are converted to target gene expression. The 

desired product can comprise more than 50% of the total cell protein after a few 

hours of induction. Another benefit of this system is the ability to maintain target 

sequences transcriptionally silent in the uninduced state. Target cDNAs are 

initially cloned using hosts that lacking the T7 RNA polymerase gene, thus 

eliminating plasmid instability caused by the production of proteins potentially 

toxic to the host cell. Once established in a nonexpression host, plasmids are 

then transferred into expression hosts. The host cells employed for the work of 

this chapter are Escherichia coli strains BL21 (DE3), Rosetta (DE3), Tuner (DE3) 

pLysS, BL21-CodonPlus (DE3)-RP and ArcticExpress (DE3) RP. Escherichia coli 

BL21 (DE3) is extremely popular for protein expression and is compatible with 

many commercially available vectors, including the pET vectors. This host strain 

contains an l prophage that encodes the T7 RNA polymerase gene under the 

control of the isopropyl-3-D-thiogalactopyranoside (IPTG)-inducible lacUV5 
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promoter. As such, addition of IPTG (or lactose) to medium induces expression 

of T7 polymerase with consequent expression of the gene of interest (Figure 

4.1.2). 

 

Figure 4.1.2, the expression of recombinant DNA on pET vector can be induced by 

IPTG. The picture is from pET System Manual, Novagen. 

 

However, sometimes BL21 (DE3) strain fails expression for some proteins 

because the ratio of codons used in the heterologous gene product is different 

than the available tRNAs in Escherichia coli, called codon bias. Escherichia coli 

strains Rosetta is BL21 derivatives designed to enhance the expression of 

eukaryotic proteins that contain codons rarely used in Escherichia coli. This host 

strain supply tRNA genes for AGG, AGA, AUA, CUA, CCC, and GGA on a Col-

E1 compatible chloramphenicol-resistant plasmid. Thus the Rosetta strains 

provide for "universal" translation which is otherwise limited by the codon usage 

of Escherichia coli. Tuner (DE3) pLysS host strains are the lacZY deletion mutant 

of BL21, enables adjustable levels of protein expression throughout all cells in a 

culture. Its lac permease (lacY) mutation allows uniform entry of IPTG into all 

cells in the population, which produces a concentration-dependent, 

homogeneous level of induction. By adjusting the IPTG concentration, 
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expression can be regulated from very low levels up to robust, fully induced 

levels commonly associated with pET hosts. Lower level expression may 

enhance the solubility and activity of difficult target proteins. As another 

Escherichia coli strain designed for solving the issue of codon bias, BL21-

CodonPlus-RP cells contain extra copies of the tRNA gene argU, which 

recognizes the AGA and AGG arginine codons, and the tRNA gene proL, which 

recognizes the proline codon, CCC. These codons appear frequently in GC-rich 

genomes. BL21-CodonPlus strains that solve this problem and dramatically 

improve and expand the use of Escherichia coli as an expression host for many 

recombinant genes. ArcticExpress host cells have been engineered to express 

chaperonin Cpn60 and cochaperonin Cpn10 from the Antarctic isolate, Oleispira 

antarctica. Chaperonins are known to facilitate proper protein folding by binding 

to and stabilizing unfolded or partially folded proteins. Chaperonins Cpn60 and 

Cpn10 show high protein refolding activities at temperatures of 4-12°C. When 

expressed in ArcticExpress host cells, these chaperonins enhance the cells' 

ability to grow at lower temperatures and properly process recombinant proteins, 

thus increasing the amount of available soluble protein. 

 

This chapter describes the expression of recombinant maize SSI, SBEI, SBEIIa 

and SBEIIb using pET-29 vectors with N-terminal S-tag and pET-41 vectors with 

three N-terminal tags (S-tag, His-tag and GST-tag) in different Escherichia coli 

strains. The pET vectors, hosts, and basic protocols for cloning, expression and 

purification of target proteins in the pET System are described in this chapter. 

 

4.1.3 Polymerase chain reaction-based site-directed mutagenesis 

Site-directed mutagenesis has been widely used in the study of protein functions. 

The polymerase chain reaction (PCR) based QuikChange XL Site-directed 

mutagenesis system (Stratagene) employed in this chapter is designed for 

making point mutations, switching amino acids, and to delete or insert single or 
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multiple amino acids. The system is performed using PfuTurbo DNA polymerase 

and a thermal temperature cycler. PfuTurbo DNA polymerase replicates both 

plasmid strands with high fidelity and without displacing the mutant 

oligonucleotide primers (refer to "QuikChange® XL Site-Directed Mutagenesis 

Kit" INSTRUCTION MANUAL, Revision B). The basic procedure utilizes a 

supercoiled doublestranded DNA (dsDNA) vector with an insert of interest and 

two synthetic oligonucleotide primers containing the desired mutation (Figure 

4.1.3, from the "QuikChange® XL Site-Directed Mutagenesis Kit" INSTRUCTION 

MANUAL, Revision B). The oligonucleotide primers, each complementary to 

opposite strands of the vector, are extended during temperature cycling by using 

PfuTurbo DNA polymerase. Incorporation of the oligonucleotide primers 

generates a mutated plasmid containing staggered nicks. Following temperature 

cycling, the product is treated with Dpn I. The Dpn I endonuclease (target 

sequence: 5 -́Gm6ATC-3 )́ is specific for methylated and hemimethylated DNA 

and is used to digest the parental DNA template and to select for 

mutationcontaining synthesized DNA. DNA isolated from almost all Escherichia 

coli strains is dam methylated and therefore susceptible to Dpn I digestion. The 

nicked vector DNA incorporating desired mutations is transformed into XL1 blue 

supercompetent cells where the nicks were repaired, thus amplifying and 

selecting only the newly amplified recombinant clones. In this chapter, the site-

directed mutagenesis system was used to modify the SBEIIb/the pET-29b vector 

for high-level expression of SBEIIb (without changing amino acids) and a mutant 

with two amino acids changed.  
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Figure 4.1.3, strategy of PCR based QuikChange Site-Directed Mutagenesis system. 

 

To summarize the work reported this chapter, recombinant maize SSI, SBEI, 

SBEIIa and SBEIIb were expressed in both insect cell Bac-to-Bac Expression 

System and bacterial cell pET expression system. Beyond that, functional SBE 

was purified from the insect cell system. Functional SS and SBE were purified 

from the bacteria system in soluble cell lysates and inclusion bodies. 

Furthermore, site directed mutagenesis was employed for SBEIIb to produce 

high yield functional SBEIIb and a site directed mutant protein (C663R664 to 

A663A664) of SBEIIb in the bacterial system. 
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4.2 Methods 

4.2.1 Maize SS and SBE cDNAs 

Plasmid vectors (pET 29, Novagen) containing maize SSI, SBEI, SBEIIa and 

SBEIIb cDNAs (Figure 4.2.1) were kindly provided by Drs. Alan Myers and 

Martha James (Iowa State University, U.S.A.). Maize SSI was incorporated into 

pET-29a (Figure 4.2.1A). This plasmid contains the complete coding sequence of 

mature SSI, specifically amino acids 39 to 640 according to the full length cDNA 

sequence (GenBank accession no. AAB99957). Amino acid 39 was directly 

identified as the mature N terminus by amino acid sequence of the purified 

protein (Knight et al., 1998). The recombinant SSI protein was fused to the S-tag 

sequence at its amino terminus. Maize SBEI cDNA was incorporated into pET-

29b (Figure 4.2.1B), and the amino acid sequence from 65 to 823 carries its full 

length cDNA sequence (GenBank accession no. AAC36471). Maize SBEIIa 

cDNA was incorporated into pET-29a (Figure 4.2.1C), amino acids of 

recombinant SBEIIa from 21 to 814 corresponding to the full length cDNA 

sequence (GenBank accession no. AAB67316). The cDNA sequence of SBEIIb 

was incorporated into pET-29b vector (Figure 4.2.1D), and the amino acid 

sequence from 62 to 799 is corresponding to its full length cDNA sequence 

(GenBank accession no.  AAC33764). Similar to SSI, recombinant SBEI, SBEIIa 

and SBEIIb sequences were fused to the S-tag sequence at each amino 

terminus. The recombinant plasmids containing maize SS and SBE cDNAs were 

transformed into Escherichia coli cells for cloning and recombinant protein 

expression. 
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                           (A)                                                            (B)  

 

 

                           (C)                                                            (D)  

Figure 4.2.1, pET-29 vectors containing maize SSI (A), SBEI (B), SBEIIa (C) 

and SBEIIb (D) cDNAs. 
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4.2.2 Sequence manipulation 

 cDNA amplification and minipreparation of recombinant plasmid 

The plasmid vectors containing maize SSI, SBEI, SBEIIa and SBEIIb sequences 

were transformed into Escherichia coli strain DH5alpha cells. The preparation of 

Escherichia coli competent cells and transformation were performed according to 

the CSH protocol (Sambrook and Russell, 2001). Transformants were selected 

by growth on LB agar with 50 µg per ml of kanamycin, after overnight incubation 

at 37ºC. Single colonies of DH5alpha cells transformed with plasmid vectors 

were picked and amplified by rotating at 220rpm at 37ºC overnight in 10ml LB 

broths containing 50µg Kanamycin per ml. The overnight cultures were 

centrifuged at 5000g at 4ºC for 20 minutes and the pellets were collected for 

minipreparation of plasmid DNA using QIAprep Spin Miniprep Kit (Qiagene, 

Cat.No. 27106) following the manufacturer‟s manual. The plasmids were eluted 

with sterile ddH2O at the end of minipreparations and concentrations of the DNA 

minipreps were approximately 50-100ng per µl determined by optical density (OD) 

at 260 nm. The maize cDNAs on plasmids were sequenced by T7 promoter and 

T7 terminator at Lab Service (University of Guelph), and the sequences were 

analysed by software “Gene Runner “(version 3.05). 

 

 Cleaving plasmid DNA at discrete points by restriction 

endonuclease  

Maize SSI, SBEI, SBEIIa and SBEIIb cDNAs were cleaved from pET-29 vectors 

and ligated to baculoviruses to generate expression constructs for insect cells, 

and pET-41 vectors to create recombinant plasmids which were induced for 

recombinant protein expression with three fusion tags in Escherichia coli. The 

maize cDNAs were cleaved by restriction endonuclease in buffers provided (New 

England BioLabs Inc) following the manufacturer‟s protocol. In 20µl of restriction 

digestion mixtures, 5µl of plasmid DNA (approximately 300-500ng) were cleaved 

by 1µl restriction endonuclease at 37ºC for 2 hours. The SSI cDNA was cleaved 
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by EcoRI/Sal I in NEB buffer 3 (New England BioLabs Inc). The SBEI cDNA was 

cleaved by NcoI/XhoI in NEB buffer 2 for normal digestion, and NcoI (20X 

dilluted)/XhoI incubating at room temperature (approximately 25ºC) 2 minute for 

partial digestion. The SBEIIa cDNA was cleaved by BamHI/XhoI in NEB buffer2; 

and the SBEIIb cDNA was cleaved by Ncol/XhoI (20X dilluted) in NEB buffer 2 

for partial digestion. To ligate the maize cDNAs to the donor plasmid pFastBac 

vectors, the pFastBac HT vectors were also digested by the same restriction 

endonuclease with the maize cDNAs to be ligated. The pFastBac HT A vectors 

were digested by EcoRI/Sal I in buffer 3 for SSI; the pFastBac HT C vectors were 

digested by NcoI/XhoI in buffer 2 for SBEI and SBEIIb; the pFastBac HT B 

vectors were digested by BamHI/XhoI in buffer2 for SBEIIa. To ligate the maize 

cDNAs to the pET-41 vectors, the pET-41a vectors were digested by EcoRI/Sal I 

in buffer 3 for SSI; the pET-41b vectors were digested by NcoI/XhoI in buffer 2 

for SBEI and SBEIIb; the pET-41a vectors were digested by BamHI/XhoI in 

buffer2 for SBEIIa. The 20µl of digestion mixtures of all the vectors were 

dephosphorylated by adding 5µl Shrimp Alkaline Phosphatase (SAP, E.C.3.1.3.1) 

and 5µl SAP buffer (Fermentas) and incubating at 37ºC for 1 hour.  

 

 Agarose gel electrophoresis and purification of DNA fragments 

from the gels 

The DNA fragments (maize cDNAs and vectors) produced by restriction 

endonuclease digestion were electrophoresed through 0.8% agarose gels in 1X 

TAE buffer (Tris-Acetate-EDTA, 40 mM Tris, 20 mM Acetic acid and 1 mM EDTA) 

for 60 minutes at 75 V. Stain the gels for 15 minutes in 0.5 µg/ml ethidium 

bromide (prepared in 1X TAE buffer) and image using the Gel Doc system. 

Selected DNA fragments (bands corresponding to maize sequences and plasmid 

vectors) were excised from the gels and purified using QIAquick Gel Extraction 

Kit (Cat. No. 28704) following the manufacturer‟s protocol. The purified DNA 

fragments were eluted with sterile ddH2O and concentrations of the DNA 
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minipreps were approximately 100-200ng per µl determined by optical density 

(OD) at 260 nm. 

 

 Ligation of DNA fragment into plasmid vector 

The purified DNA fragments including maize SSI, SBEI, SBEIIa and SBEIIb 

sequences as inserts and linear plasmids (pFastBac HT or pET-41) as vectors 

were used for ligations. In each ligation, 2µl of inserts and 10.5µl of vectors were 

mixed, and heat shock performed at 55ºC for 2 minutes, followed by addition of 

1.5µl T4DNA ligase buffer and 1µl of T4 DNA ligase (New England BioLabs Inc, 

Cat. No. M0202S) after cooling on ice. The ligation mixtures were incubated at 

16 ºC for 12 hour and then 65 ºC for 20 min to inactive T4 ligase. The 

recombinant plasmids were then used to transform Escherichia coli strain DH5 

alpha for amplification and minipreparation as described above. The recombinant 

pET-41 vectors containing maize cDNAs were used for recombinant protein 

expression in the pET system. The recombinant pFastBac vectors were used to 

generate recombinant baculoviruses as expression constructs in insect cells. 
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4.2.3 The expression and purification of recombinant maize SS and SBE in 

insect cells 

 Generating recombinant baculoviruses as expression constructs 

for SS and SBE  

The recombinant pFastBac donor plasmids containing maize SSI, SBEI, SBEIIa 

and SBEIIb sequences received above were transformed to DH10Bac 

Escherichia coli (containing bacmid) to generate recombinant baculoviruses for 

recombinant protein expression controlled by a baculovirus-specific promoter. 

Approximate 1 ng of the recombinant pFastBac donor plasmids (containing 

maize cDNAs) and 100µl of the DH10Bac™ Escherichia coli competent cells 

were prepared for transformation following the Invitrogen „Bac-to-Bac® 

Baculovirus Expression System‟ Manual. At the end of each pFastBac 

transformation, 10-fold serial dilutions of the DH10Bac Escherichia coli cells (10–1, 

10–2, and 10–3) were performed with S.O.C. Medium containing 2% (w/v) Bacto 

Tryptone, 0.5% (w/v) 10 mM NaCl, 2.5 mM KCI, 10 mM MgCl2, 10 mM MgSO4 

and 20 mM glucose. 100µl of each dilution was spread on an LB agar plate 

containing 50 µg per ml kanamycin, 7 µg per ml gentamicin, 10 µg per ml 

tetracycline, 100 µg per ml Bluo-gal, and 40 µg per ml IPTG (isopropyl-beta-D-

thiogalactopyranoside). The plates were incubated for 48 hours at 37ºC. 10 white 

colonies (recombinant bacmid) were selected and streaked to fresh plates and 

incubated overnight at 37ºC to verify the phenotype. From a single colony 

confirmed as having a white phenotype on plates containing Bluo-gal and IPTG, 

recombinant bacmid DNA was isolated using the Miniprep Kit protocol specially 

developed for isolating large plasmids. The recombinant bacmid DNA was 

analysed for the presence of maize SS or SBE sequences by PCR following the 

Invitrogen „Bac-to-Bac® Baculovirus Expression System‟ Manual to verify 

successful transposition of maize cDNAs to the bacmid. 
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 Transfection of insect cells with recombinant bacmid DNA 

For each transfection, 5 ng of purified recombinant bacmid was added to 100µl 

Grace‟s Insect Cell Culture Media (Unsupplemented, Invitrogen, cat. no. 11595-

30) and mixed gently with 6 µl of Cellfectin II Reagent (Invitrogen Cat. no.10359-

016) prediluted in 100 µl of the same Grace‟s media. The mixture of bacmid and 

Cellfectin II Reagent was further incubated for 20 minutes at room temperature 

(approximately 25ºC) to form a lipid-DNA complex before use for transfection. At 

the same time, the Sf21 insect cells (Invitrogen Cat. no.11497-013) were 

prepared in the log phase (approximate density of 2×106 cells/ml) and allowed to 

attach to a 6-well (35 mm) plate (8×105 cells per well, per transfection) at 27ºC 

for 30 minutes following the manufacturer‟s manual. The wells were gently rinsed 

twice with 2ml of Grace‟s media (Unsupplemented) to remove unattached cells 

and 0.8ml of the same Grace‟s media was added to each well after the wash.  

Each of the transfection mixture of lipid-DNA complex (prepared above) was 

overlayed into one of the wells with attached Sf21 insect cells and incubated for 5 

hours at 27 ºC. The transfection mixtures were gently removed from the wells at 

the end of the transfection and replaced with 2ml of Grace‟s media containing 10% 

FBS (Fetal Bovine Serum) for each well, followed by incubation of the insect cells 

at 27ºC for 72 hours. The media containing virus from each well (2 ml) were 

collected and transferred to sterile 15 ml snap-cap tubes. The tubes were 

centrifuge at 500 g for 5 minutes to remove cells and large debris. The clarified 

supernatants were transfer to fresh 15 ml snap-cap tubes and stored at 4ºC. 

These represent the stock of recombinant baculovirus particles containing maize 

SSI, SBEI, SBEIIa and SBEIIb sequences. The titer of the viral stocks was 

performed by a Viral Plaque Assay following the Invitrogen „Bac-to-Bac® 

Baculovirus Expression System‟ Manual. 
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 Infection of insect cells with recombinant baculovirus particles 

and recombinant protein expression 

The Sf21 insect cells were prepared in the mid-logarithmic phase of growth at an 

approximate density of 2×106 cells per ml, and 50ml of the insect cells were 

allowed to attach to a 75 cm2 flask (Corning Science Products) at 27ºC for 30 

minutes as above following the manufacturer‟s instructions. The flasks were 

gently rinsed twice with 10ml of fresh growth media (Grace‟s media containing 

0.1% FBS and 50 µg/ml kanamycin) to remove unattached cells and 4 ml of the 

same growth media was added to each flask after the wash. The recombinant 

baculovirus were added to each flask at different MOI (multiplicity of infections) of 

0, 1, 2, 5, 10 and 20. The flasks were placed on a shaker for 1 hour at room 

temperature (approximately 25 ºC). Media containing uninfected virus were 

aspirated and replaced with fresh media. Baculovirus without the maize 

sequences were used as negative controls for the recombinant maize SSI, SBEI, 

SBEIIa and SBEIIb expression. Flasks with infected insect cells were incubated 

at 27ºC for recombinant protein expression for 48 hours. The insect cells were 

resuspended and transferred into 15ml tubes. The tubes were centrifuged at 

5000g for 5 minutes at 4ºC to collect the insect cells. The pellets were 

resuspended with 10ml of 1×PBS (refer to section 2.2.9) and centrifuged at 

5000g for 5 minutes at 4ºC. The supernatants were removed and the pellets 

(insect cells) were frozen and store at –20ºC. 

 

 Recombinant protein purification from insect cells  

Insect cell pellets from 50 ml cultures were resuspended and lysed with 10 ml of 

lysis buffer (20mM Phosphate buffer, pH7.8, 300mM NaCl, 1% NP-40, 5mM 2-β 

mercaptoethanol and 10 µl/ml protease inhibitor (Sigma). The insect cell lysates 

were rotated at 4 ºC for 15 minutes, followed by Sonication for 3×20 seconds on 

ice with a microtip. The preparations were passed through an 18 gauge needle 

four times to shear the DNA and centrifuged at 10,000g, 4ºC for 10 minutes. The 

supernatants were further clarified by centrifugation at 30,000g, 4ºC for 30 
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minutes. His-select nickel affinity gel (Sigma, Cat. No. P 6611) was used for His-

tagged recombinant maize SSI, SBEI, SBEIIa and SBEIIb purification. 1ml of the 

His-select nickel affinity gel suspension (300 µl of bed volume of nickel gel) was 

prepared in 1.5 ml centrifuge tubes and equilibrated following the manufacturer's 

manual for batch mode purification. The supernatants were removed after 

equilibration and the nickel affinity gel were incubated by rotating with 1ml of 

above insect cell lysates for 2 hours at 4ºC. The mixtures of nickel gel and 

recombinant protein were centrifuged at 800g for 2 minutes at 4ºC, and the 

supernatants were aspirated. The nickel gels were washed 4 times with 1 ml of 

washing buffer (20mM Phosphate buffer, pH7.8, 1 M NaCl, 10% glycerol, 5mM 2-

β mercaptoethanol, 20mM imidazole, 5mM MgCl2). The recombinant proteins 

were eluted 6 times with 0.5 ml of elution buffer (20mM Phosphate buffer, pH7.8, 

150 mM NaCl, 10% glycerol, 5mM 2-β mercaptoethanol, 20mM imidazole, 5mM 

MgCl2). The eluates of recombinant proteins were desalted by PD-10 columns 

following the manufacturer's instructions. Protein concentrations were determined 

as described (section 2.2.4) and analysed by SDS-PAGE followed by 

Commassie Blue staining and immunoblotting (section 2.2.12). Enzymatic 

activities of recombinant maize SSI, SBEI, SBEIIa and SBEIIb were determined 

by zymogram in-gel assays, and 14C labelled substrate assays (section 2.2.6). 
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4.2.4 The expression and purification of recombinant maize SS and SBE in 

Escherichia coli cells 

 The expression of recombinant proteins in Escherichia coli host 

cells and cell lysate fractionation 

Recombinant maize SSI, SBEI, SBEIIa and SBEIIb were expressed in 

Escherichia coli host cells by using Novagen pET-29 and pET-41 vectors 

containing maize SS and SBE sequences. The host cells used are Escherichia 

coli strains BL21 (DE3), Rosetta (DE3), Tuner (DE3) pLysS, BL21-CodonPlus® 

(DE3)-RP and ArcticExpress™ (DE3) RP. The competent cells were prepared 

and transformed as described (4.2.2). Single colonies were inoculated from 

plates into 5 ml of LB medium containing 50 μg/ml of kanamycin and grown at 

37 °C overnight to stationary phase. The inocula were diluted 1:20 (v/v) in fresh 

LB media containing 50 μg/ml kanamycin and allowed to grow at 37°C to an 

OD600nm=0.6. Expression of the recombinant proteins was induced with IPTG 

(isopropyl-beta-D-thiogalactopyranoside, Fisher BioReagents, Cat. No. BP1620-

10) to a final concentration at 0, 0.1, 0.3, 0.5 and 1 mM, and continued incubation 

at 37°C for 3 hours or 16ºC overnight. In the host Escherichia coli strains of 

ArcticExpress™ (DE3) RP cells, the inductions of recombinant protein 

expression was performed at 10ºC for 24 hours. The Escherichia coli cells were 

harvested at the end of the inductions by centrifugation at 5000g for 15 minutes 

at 4ºC, frozen rapidly, and stored at − 80°C.  

 

The Escherichia coli cell pellets were allowed to thaw on ice and resuspended in 

room-temperature BugBuster Protein Extraction Reagent (Novagen, Cat. No. 

TB245) by using 5ml of the reagent for 1 gram of wet cell paste, with addition of 

50µl protease Inhibitor Cocktail (Sigma, Cat. No. P8465), 5μl Benzonase 

Nuclease (Novagen, Cat. No. 70750-3), and 5 KU rLysozyme solutions (Novagen, 

Cat. No. No 71110-3). The mixtures were then incubated on a rotating mixer for 

20 minutes at room temperature. The soluble and insoluble fractions of the cell 
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lysates were separated by centrifugation at 16 000g for 20 minutes at 4°C, and 

frozen in liquid nitrogen, and stored at -80°C until used. 

 

 Purification of recombinant proteins from the soluble phase of 

Escherichia coli cell lysates 

The method for purification of recombinant proteins from soluble cell lysates was 

adapted from the manufacturer‟s manual describing S-protein agarose (Novagen, 

Cat. No. 69704-4) affinity purification. The soluble cell lysates were allowed to 

thawn on ice and centrifuged at 16 000g for 25 minutes. The supernatants were 

passed through a 0.45-µm syringe-driven filter unit and the total protein 

concentrations were determined as described (section 2.2.4) for the filtrates 

which were then applied to the S-protein agarose at a ratio of 1µg recombinant 

protein to 1µl S-protein agarose slurry. The protein-agarose mixtures were 

incubated at 4°C on an orbital shaker overnight. The overnight mixtures were 

transferred to a polyprep chromatography column (Bio-Rad, Cat. No. 731-1550) 

and washed with a 100X bed volume of washing buffer (20mM Tris pH7.5, 

750mMNaCl and 0.1% Triton X-100). Proteins bound to the S-tag agarose were 

eluted with 0.5ml 3M MgCl2 for 5 times. The eluates were desalted and 

concentrated using Microcon YM-50 centrifugal filter units following the 

manufacturer‟s instructions. The purity of recombinant protein was determined by 

Commassie Blue staining or rapid silver staining following SDS-PAGE, and 

immunodetection with anti-S-tag antibodies or peptide-specific antibodies against 

maize SSI, SBEI, SBEIIa and SBEIIb as described (sections 2.2.12). Enzymatic 

activities of purified recombinant proteins were performed by zymogram in-gel 

assays and 14C labelled substrate assays (section 2.2.6). Purified functional 

recombinant proteins were stored in 50% (v/v) glycerol at -20ºC. 
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 The purification and renaturation of recombinant proteins from 

inclusion bodies 

Insoluble cell debris containing inclusion bodies were resuspended in room-

temperature BugBuster Protein Extraction Reagent (Novagen, Cat. No. TB245) 

by adding 5ml of the reagent to 1 gram of wet pellets, with addition of 50µl 

protease Inhibitor Cocktail (Sigma, Cat. No. P8465). The mixture was then 

vortexed, and left at room temperature for 5 minutes, followed by centrifugation 

at 5000g for 15 minutes at 4°C. The pellets were washed with 3 × 25 ml of 10X 

diluted BugBuster reagent. Purified inclusion bodies were frozen in liquid nitrogen, 

and stored at -80°C until used. Different strategies were employed for 

renaturation of different recombinant proteins. 

 

Recombinant maize SSI (apporx.1mg) in purified inclusion bodies was solubilized 

in 5ml of buffer containing 200mM Tris, pH8.9, 150mM NaCl, 1mM DTT, 0.1 mM 

EDTA, 30% glycerol and 8 M urea. The solubilised inclusion body mixture was 

clarified by centrifugation at 16 000g for 25 minutes at room temperature (approx. 

25ºC). The denatured proteins were refolded by stepwise dilution with equal 

volumes of the same buffer containing 4 M urea, 2 M urea and 0 M urea to a final 

concentration of 2 M urea. Recombinant SSI was concentrated by adding 1ml of 

S-protein agarose slurry to the refolding solution and incubating at room 

temperature (approx. 25ºC) on an orbital shaker for 20 minutes. The S-protein 

agarose was separated by centrifugation at 500g for 10 minutes at 4ºC and 

washed twice with equal volume of the same buffer without urea. The washed 

agarose was resuspended in 50ml of the buffer (no urea) containing 0.2mM 

PMSF (Phenylmethylsulfonyl fluoride, Sigma, Cat. No. P7626-5G) and incubated 

at room 4ºC on an orbital shaker refolding for 48 hours. Renatured recombinant 

SSI was eluted from the S-protein agarose with 0.5ml of 3 M MgCl2, 5 times, 

followed by desalting and concentrating with a Microcon YM-30 centrifugal filter 

unit as described above.  
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An alternative approach for recombinant SSI renaturation involved rapid dilution 

of 1mg of above solubilized recombinant protein by adding it drop-wise (by 

gravity-flow with a syringe containing a 23G gage needle) into a 500ml beaker 

containing 200ml of refolding buffer (as above without urea). This was done at 

4°C with gentle stirring until the entire contents of each syringe had been emptied. 

The beaker was left for 48 hours at 4°C with no stirring to allow the proteins to 

refold. Renatured recombinant SSI was concentrated with S-protein agarose and 

eluted from the S-protein agarose as described above. The concentration of the 

recombinant SSI was determined as section 2.2.4. The purity of recombinant SSI 

was determined by Commassie Blue staining and rapid silver staining of SDS-

PAGE, and immunodetection with anti-S-tag antibodies and peptide-specific 

antibodies against maize SSI as described (sections 2.2.12). Enzymatic activities 

of purified recombinant proteins were determined by zymogram in-gel assays, 

and 14C labelled substrate assays (section 2.2.6). Purified functional recombinant 

proteins were stored in 50% glycerol at -20ºC. 

 

Recombinant maize SBEI, SBEIIa and SBEIIb were renatured by using a protein 

refolding kit (Novagen, Cat. No. TB234). The purified inclusion bodies (approx. 

10mg of recombinant proteins of each SBE isoforms) were solubilised in 5 ml of 

the 1X IB Solubilisation Buffer supplemented with 0.3% N-lauroylsarcosine and 

1mM DTT following the manufacturer‟s protocol. The solubilised inclusion body 

mixtures were clarified by centrifugation at 16 000g for 25 minutes at room 

temperature (approx. 25ºC). The solubilised recombinant SBEI, SBEIIa and 

SBEIIb were each dialysised overnight in a 5ml floating dialysis tubes against 1L 

of dialysis buffer (refolding buffer) containing 20mM Tris, pH8.5, DTT and 0.2 mM 

PMSF. The concentration of DTT used in the dialysis buffer was 4mM for SBEI, 

5mM for SBEIIa and 1mM for SBEIIb. The concentrations of the recombinant 

SBE proteins were determined as section 2.2.4. The purity of recombinant 

protein was determined by Commassie Blue staining or rapid silver staining of 

SDS-PAGE, and immunodetection with anti-S-tag antibodies or peptide-specific 

antibodies against maize SBEI, SBEIIa and SBEIIb as described (sections 
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2.2.12). Enzymatic activities of purified recombinant proteins were performed by 

zymogram in-gel assays and 14C labelled substrate assays (section 2.2.6). 

Purified functional recombinant proteins were stored in 50% glycerol at -20ºC. 

 

 Site-directed mutagenesis for high-level expression of SBEIIb and 

a mutant protein  

PCR based site-directed mutagenesis were performed using the recombinant 

SBEIIb/pET-29b plasmid purified from Escherichia coli strain DH5alpha (section 

4.2.2) as a double-stranded DNA template. The conservative mutation of SBEIIb 

cDNA (without altering the amino acid) was achieved by a PCR using the 

following set of oligonucleotides as forward primer 5‟-CAT GTA ACT AAT TTC 

TTT GCG CCA AGT AGT CG-3‟ and reverse primer 5‟-CG ACT ACT TGG CGC 

AAA GAA ATT AGT TAC ATG-3‟ (nucleotides replaced for mutation are in bold, 

custom-made by Sigma Genosys). The 50 µl of PCR reaction mixture contained 

36 µl of ddH2O, 5 µl of 10X reaction buffer (200 mM Tris-HCl, pH 8.8, 20 mM 

MgSO4, 100 mM KCl, 100 mM (NH4) 2SO4, 1% Triton X-100 and 1 mg/ml 

nuclease-free BSA), 1 µl (approx. 20 ng) of dsDNA template, 3 μl (approx.120 ng) 

of oligonucleotide primer (forward), 3 μl (approx.120 ng) of oligonucleotide primer 

(reverse), 1 µl of dNTP mix,  and 1 µl (2.5U) of PfuTurbo DNA polymerase 

(Stratagene, Cat. no. 600250). The PCR reaction was performed in a (TECHNE 

TC0412 PCR machine) using the cycling parameters outlined as 1 minute at 

95ºC, 18 cycles of (95ºC for 50 seconds, 60ºC for 50 seconds and 68ºC for 12 

minutes) and 68ºC for 7 minutes. The other mutation of the SBEIIb sequence 

(with two amino acids changed, C663R664 to A663A664) was achieved by a PCR 

using the following set of oligonucleotides as primers: 5‟-C AGT TAT GAC AAA 

GCT GCT CGA AGA TTT GAC C-3‟ and 5‟-G GTC AAA TCT TCG AGC AGC 

TTT GTC ATA ACT G-3‟ (nucleotides replaced for mutation are in bold, custom-

made by Sigma Genosys). The PCR reaction cycles were the same as above. 

The above PCR products were each added with 1 μl of Dpn I restriction enzyme 

(10 U/μl, Stratagene, Cat. No. 500402) and incubated at 37ºC for an hour to 
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digest the parental supercoiled dsDNA. 2 μl of the Dpn I-treated DNA from each 

PCR reactions were transformed into XL1 blue supercompetent cells (Stratagene, 

Cat. No. 200236) according to the manufacturer‟s manual. The site-directed 

mutagenesis of maize SBEIIb cDNA was tested by plasmid sequencing and 

sequence analysis software “Gene Runner” (version 3.04). Plasmid amplification, 

minipreparation and sequencing were performed as described (section 4.2.2). 

Both of the conservative and double amino acids mutated versions of 

recombinant SBEIIb were expressed and purified as above.   
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4.3 Results 

4.3.1 Expression and purification of recombinant maize SS and SBE in 

insect cells 

The expression of His-tagged recombinant maize SSI, SBEI, SBEIIa and SBEIIb 

in Sf21 insect cells was tested by SDS-PAGE followed by Coomassie Blue 

staining or silver staining, and also by immunoblotting using anti-His-tag 

antibodies and peptide-specific antibodies. Recombinant SSI expression was 

tested in insect cells infected by SSI-recombinant baculovirus at different MOI 

(multiplicity of infections) as described (section 4.2.3). Coomassie Blue staining 

of SDS-PAGE gel (figure 4.3.1.1 A) shows a clear 75kDa band of protein 

corresponding to the molecular weight of maize SSI (indicated by arrow) at MOI 

of 1, 2, 5, 10 and 20, but not at MOI of 0. Expression was similar in all MOI used. 

The expression of maize SSI in insect cells was confirmed by immunodection 

with anti-His-tag antibodies and peptide-specific antibodies against maize SSI 

(figure 4.3.1.1B and C).   

 

 

 

 

Figure 4.3.1.1 The expression of SSI in Sf21 cells infected by recombinant 

baculovirus. Insect cells were infected with recombinant baculovirus containing 

maize SSI cDNA at MOI (multiplicity of infections) of 1, 2, 5, 10, 20 and 0 as 

labelling. Cells were grown at 27ºC for 48 hours and lysed with 10 ml of lysis 

buffer (20mM phosphate buffer, pH7.8, 300mM NaCl, 1% NP-40, 5mM 2-β 
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Recombinant SSI expression in insect cells at MOI of 
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mercaptoethanol and 10µl/ml protease inhibitor from Sigma) followed by 

sonication 3×20 seconds on ice with a microtip. The supernatants of cell lysates 

were boiled in 1X SDS loading buffer and 35µg of total proteins were loaded 

onto each well, followed by electrophoresis on 10% SDS-PAGE. Proteins were 

stained with Coomassie Blue (A), and immunoblots probed with anti-His-tag 

antibodies (B) and anti-SSI antibodies (C). 

 

Purification of His-tagged recombinant SSI using the His-select nickel affinity gel 

was performed as described (section 4.2.3). The proteins of the insect cell 

lysates that bound to the affinity chromatography, the flow through, the washes 

and eluates were tested by Coomassie Blue staining of SDS-PAGE gel (figure 

4.3.2.2A). The major recombinant SSI was bound to the affinity gel as indicated 

by arrow on the lane labelled “bound”, and pure SSI eluted from the affinity gel as 

indicated by arrow. The purification of recombinant SSI was also monitored with 

peptide-specific SSI antibodies (figure 4.3.2.2B). 

 

 

 

 

 
 

 

Figure 4.3.1.2 Purification of His-tagged recombinant SSI expressed in insect 

cells. The insect cell lysate was incubated with nickel affinity gel by incubating 

on a rotator for 2 hours at 4ºC followed by washing with 4 × 1 ml of buffer 

(20mM Phosphate buffer, pH7.8, 150 mM NaCl, 10% glycerol, 5mM 2-β 

mercaptoethanol, 20mM imidazole, 5mM MgCl2). Recombinant protein was 

eluted with 6 washes of 0.5 ml elution buffer (20mM Phosphate buffer, pH7.8, 

150 mM NaCl, 10% glycerol, 5mM 2-β mercaptoethanol, 250mM imidazole, 

5mM MgCl2). The flow through of the cell lysate (proteins unbound to the 

75kDa 

100kDa 

(A) (B) 

His-tag purification of recombinant SSI from insect cells 
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affinity gel), the washes, the bound proteins and elutions were loaded (25µl) 

onto SDS-PAGE followed by Coomassie Blue staining (A) and immunoblotting 

probing with peptide-specific SSI antibodies (B). 

 

The expression and purification of recombinant maize SBEI, SBEIIa and SBEIIb 

in Sf21 insect cells were tested by SDS-PAGE, followed by Coomassie Blue 

staining and immunodetection with either His-tag or anti-maize peptide-specific 

antibodies. Clear bands of recombinant SBEI and SBEIIa from the insect cells 

infected with recombinant baculovirus compare to that of non-infected insect cells 

are apparent in Figure4.3.1.3 A. The expression of maize SBEIIb in insect cells 

appears relatively lower than SBEI and SBEIIa. The purification of maize SBEI, 

SBEIIa and SBEIIb from insect cell lysates was performed as described for SSI. 

Eluates of recombinant SBE isoforms were tested after SDS-PAGE followed by 

Commassie Blue staining and immunodetection probed with peptide-specific 

antibodies. Figure 4.3.1.3B shows the high degree of purity of SBEI and SBEIIb. 

By contrast, the SBEIIa preparations appear to demonstrate a lower level of 

purity. However, many of the contaminating proteins are detected by SBEIIa 

antibodies suggesting that they are degradation products, which is also true for 

the contaminants detected in the SBEIIb preparations. 
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(B) 

 

 

 

 

 

 

           
 

Figure 4.3.1.3 Recombinant SBE isoform expression and purification from 

insect cells. Insect cells were individually infected with recombinant 

baculovirus containing maize SBEI, SBEIIa and SBEIIb full-length sequences 

at MOI (multiplicity of infections) of 5 and 0. Cells were grown at 27ºC for 48 

hours and lysed with 10 ml of lysis buffer (20mM phosphate buffer, pH7.8, 

300mM NaCl, 1% NP-40, 5mM 2-β mercaptoethanol and 10µl/ml protease 

inhibitor from Sigma) followed by sonication 3×20 seconds on ice with a 

microtip. Supernatants of cell lysates were boiled in 1X SDS loading buffer and 

35µg of total proteins loaded onto each well followed by 10% SDS-PAGE 

separation. Proteins were stained with Coomassie Blue and recombinant protein 

detected with anti-His-tag antibodies (A). The insect cell lysate was bound to 

nickel affinity gel by incubating on a rotator for 2 hours at 4ºC followed by 

washing with 4 × 1 ml of washing buffer (20mM Phosphate buffer, pH7.8, 

150mM M NaCl, 10% glycerol, 5mM 2-β mercaptoethanol, 20mM imidazole, 

5mM MgCl2). The recombinant proteins were eluted with 6 washes of 0.5 ml of 

elution buffer (20mM Phosphate buffer, pH7.8, 150 mM NaCl, 10% glycerol, 

5mM 2-β mercaptoethanol, 250 mM imidazole, 5mM MgCl2). The first eluates 

of recombinant SBEI, SBEIIa and SBEIIb were loaded (25µl) onto SDS-PAGE 

followed by Coomassie Blue staining and immunodetection with peptide-

specific antibodies against maize SBEI, SBEIIa and SBEIIb (B). 
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4.3.2 Expression and purification of recombinant maize SS and SBE in 

Escherichia coli  

Isoforms of recombinant maize SS and SBE were expressed in Escherichia coli 

cells under different conditions as described (section 4.2.4). Purification of the 

recombinant proteins from soluble cell lysates yielded a recovery that was very 

low. Thereafter, higher yields of recombinant proteins were purified from 

inclusion bodies. 

 Recombinant protein expression and purification from soluble 

cell lysates 

The S-tagged recombinant protein expression was induced for different 

Escherichia coli strains transformed with SS and SBE full-length sequences at 

different concentrations of IPTG (0mM-1.0mM) at 16ºC for overnight as 

described (section 4.2.4).  

 Recombinant SSI expression and purification 

Soluble recombinant SSI expressed from BL21 (DE3), Tuner (DE3) pLysS or 

Rosetta cell lysates were separated by 12% SDS-PAGE, followed by Coomassie 

Blue staining and immunodetection using monoclonal S-tag antibodies. The 

Coomassie Blue staining gel shows that there was no clear band of protein 

indicating the expression of recombinant SSI in Tuner (DE3) pLysS and Rosetta 

cells, but a 75kDa band expected size of recombinant SSI was observed in  

BL21 (DE3) (Figure 4.3.2.1A). In BL21 cells, there was no clear difference in the 

amount of recombinant SSI expression when induced with either 0.5mM or 1mM 

IPTG. The observed expression of S-tagged recombinant SSI was supported by 

immunodetection using anti-S-tag antibodies. Low expression of S-tagged 

recombinant protein was detected in IPTG induced cells in Tuner (DE3) pLysS 

and Rosetta, but not in uninduced (no IPTG) Escherichia coli preparations 

(Figure 4.3.2.1B). Expression in BL21 was higher, consistent with the data in 

Figure 4.3.2.1A. A ~40kDa band of protein detected on Coomassie Blue staining 
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of SDS-PAGE (indicated by arrow) was also detected by monoclonal S-tag 

antibodies, suggesting that the ~40kDa protein might be a truncated version of S-

tagged recombinant SSI.  

 

 

(A) 

 

 

 
 

 

 

 

(B) 

 
 

Figure 4.3.2.1 Expression of S-tagged recombinant SSI in different 

Escherichia coli strains. The Escherichia coli cells were induced with 

different concentration of IPTG at OD600nm=0.6 and grown at 16ºC for 15 

hours. Cells were harvested by centrifugation at 5000g for 15 minutes at 

4ºC and lysed by using Novagen BugBuster Reagent. Cell lysates were 

boiled in 1X SDS loading buffer at 95ºC for 5minutes and 35µg soluble 

protein was loaded onto SDS-PAGE, followed by Coomassie Blue 

staining (A) and immunodetection probing with anti-S-tag antibodies (B). 
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Purification of S-tagged recombinant SSI using S-protein agarose beads was 

performed as described (section 4.2.4). To avoid the ~40kDa truncated version of 

S-tagged recombinant SSI in BL21 (DE3), cell lysates of Tuner (DE3) pLysS and 

Rosetta were originally used for SSI purification as described (section 4.2.4). 

Proteins from each step of the purifications were separated by 12% SDS-PAGE, 

followed by Commassie Blue staining and immunodetection using monoclonal S-

tag antibodies. Figure 4.3.2.2 shows purification of recombinant SSI from Tuner 

(DE3) pLysS cell lysates suggesting a significant level of nonspecific proteins 

binding to the affinity resin (Figure 4.3.2.2A). Some proteins were eluted from the 

resin with 3M MgCl2 which could not be removed during the normal washes steps 

(wash1-4 and eluate 1, figure 4.3.2.2, A and B). There were no more proteins 

eluted from the resin in the subsequent eluates (eluate 2-4).  
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Figure 4.3.2.2, Affinity purification of S-tagged recombinant SSI. Cell 

lysates: total soluble proteins from Escherichia coli Tuner (DE3) pLysS; 

Flow through: unbound proteins that passed through the affinity resin; Bound: 

proteins bound to the affinity resin; Wash1-4: proteins eluted by washing 

buffer; Eluates 1-4: proteins eluted with 3M MgCl2. Samples were boiled in 

1XSDS loading buffer and 25 µl loaded onto SDS-PAGE followed by 

Commassie blue staining (A) and immunodetection probing with anti-S-tag 

antibodies (B). 

 

 
The purification of recombinant SSI from Rosetta host cells was similar to that of 

Tuner (DE3) pLysS (data not shown). Due to the lower yield and purity of 

recombinant SSI purification from both Tuner (DE3) pLysS and Rosetta cells, 

host cells BL21 (DE3) induced with recombinant SSI expression were nextly 

employed for the recombinant protein purification. Affinity purification of S-tagged 

recombinant SSI expressed in BL21 (DE3) cells was tested by SDS-PAGE 

followed by immunodetection with anti-S-tag antibodies and silver staining 

(Figure 4.3.2.3). Consistent with the above data (Figure 4.3.2.1), a 75kDa protein 

of full length recombinant SSI, and a 40kDa polypeptide were observed on the 

immunoblots, and both of which are bound to the affinity resin (indicated by the 

arrows, Figure 4.3.2.3) after washing. To remove the 40kDa truncation, fractions 

of proteins eluted from the resin were centrifuged in centri-con columns with size 

exclusion of 50kDa as described (section 4.2.4), and the supernatants left in the 

columns were tested by silver staining. Figure 4.3.2.3 shows that the truncated 

SSI was removed and the full length recombinant SSI was purified. However, the 

yield of purified recombinant SSI is still very low. Further, silver staining following 

SDS-PAGE also showed that a significant amount of recombinant SSI and 

contaminating proteins remained bound to the S-protein resin even after eluting 

with 3M MgCl2 (Figure 4.3.2.3, the lane labelled “bound”).  
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Figure 4.3.2.3, Affinity purification of recombinant SSI expressed in BL21 

(DE3) cells. Cell lysates of the BL21 (DE3) were incubated with S-protein 

agarose for an hour at room temperature (approx. 25ºC) followed by washing 

with buffer (20mM Tris pH7.5, 750mMNaCl and 0.1% Triton X-100) and 

elution with 3M MgCl2. The eluates were passed through centri-con columns 

with size exclusion of 50kDa and 3µg of protein subjected to SDS-PAGE 

followed by immunodetection with anti-S-tag antibodies and silver staining. To 

detect the proteins left on S-protein agarose, 10µl of the agarose was boiled in 

buffer containing 20µl of washing buffer and 5µl of 5X SDS loading buffer.  
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In order to remove non-specific bound proteins from the affinity resin before 

eluting recombinant proteins, further washes were nextly performed with buffers 

containing 1.0 M, 1.5 M, 2.0 M and 2.5M of NaCl. The S-protein agarose beads 

washed from each step was monitored by silver staining of SDS-PAGE. It 

showed that significant amounts of contaminating proteins were still left on the S-

protein agarose beads which cannot be removed even with the increase of NaCl 

concentration up to 2.5M (Figure 4.3.2.4).  

 

 

 

 

                
 

 

Figure 4.3.2.4 Removal of non-specific bound proteins from S-protein agarose 

beads by washing with buffer containing higher concentration of NaCl. 100 µl 

of S-protein agarose beads were incubated with 1ml of Escherichia coli BL21 

(DE3) whole cell lysates containing recombinant SSI as above. The agarose 

beads were washed 3×1ml of buffer (20 mM Tris-HCl, pH7.5, 1 M NaCl and 

0.1% Triton X-100). 10 µl of the washed agarose beads was boiled in 25 µl of 

1X SDS loading buffer and the supernatant was loaded onto a SDS-PAGE gel. 

40 µl of the supernatants from each washing step were boiled with 10 µl of 5X 

SDS loading buffer, and loaded to the SDS-PAGE gel followed by silver 

staining (A). The washed agarose left were further washed three times with 1ml 

of washing buffer containing 1.5M, 2M and 2.5M NaCl, and 10µl of the agarose 

was taken for SDS-PAGE and silver staining assay after each different 

concentration of NaCl washing (B).  
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To specifically elute the S-tagged recombinant SSI from S-protein agarose beads 

that bound with significant level of non-specific proteins, efforts were made with 

protease thrombin nextly to elute the recombinant SSI from S-protein agarose 

beads. Thrombin was employed as a specific protease for the cleavage site 

downstream to the N-terminal S-tag of recombinant SSI to release the full-length 

recombinant protein. The above washed S-protein agarose beads were 

incubated with thrombin as described (section 4.2.4). The removing of S-tag and 

release recombinant SSI from the S-protein agarose beads was tested by silver 

staining and immunoblots (Figure 4.3.2.5). Lane 1 on the silver staining of SDS-

PAGE shows that recombinant SSI and non-specific proteins bound to the beads 

before digested by thrombin (Figure 4.3.2.5 A). After digestion by thrombin, a 

single band of protein below the 75kDa marker (Figure 4.3.2.5A, lane 2, indicated 

by the upper arrow) whose molecular weight is slightly smaller than that of the S-

tagged recombinant SSI is shown on the same silver staining gel. The cross-

reaction of this band of protein on the immunoblot with peptide-specific anti-

maize SSI antibodies (Figure 4.3.2.5B, lane 2, indicated by arrow), but not with 

the S-tag antibodies (Figure 4.3.2.5C, lane 3), suggests the release of 

recombinant SSI from S-protein agarose beads when the S-tag was removed. 

  

    
 

 

Figure 4.3.2.5, the eluting of recombinant SSI from S-protein agarose by 

thrombin. The S-proteins agarose matrix bound with S-tagged recombinant SSI 

and non-specific proteins were washed with high concentration of NaCl 

described in the above washing analysis.  20µl of the washed S-protein agarose 
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matrix was boiled in 60µl of 1X SDS loading buffer and equal volume (30 µl) 

of the supernatants were loaded onto two wells of a SDS-PAGE gel cutting for 

silver staining (lane 1, A) and immunoblotting probed with peptide-specific 

anti-maize SSI antibodies (lane 1, B). The other 40µl of the high salt washed S-

protein agarose matrix left was desalted by resuspending in 1ml of 1X thrombin 

digestion buffer and followed by centrifugation at 500g for 10 minutes at 4ºC. 

The supernatant was removed and the pellet was resuspended in 100 µl of 1X 

thrombin digestion buffer. 5U of thrombin was added to the suspension and 

incubating at room temperature (approx. 20 to 25°C) for 5 hours on an orbital 

rotator. The suspension was precipitated by centrifugation at 500g for 10 

minutes at 4ºC. 2 µg of protein in the supernatant eluted from the S-protein 

agarose were loaded to SDS-PAGE followed by silver staining (A, lane 2) and 

immunoblotting probing with peptide-specific anti-maize SSI antibodies (B, 

lane 2) and S-tag antibodies (C, lane 3). 

 

 

To increase the yield of soluble recombinant SSI, Escherichia coli strain Tuner 

(DE3) pLysS host cells transformed with recombinant pET-41a vectors were 

induced at 16ºC and 25ºC for 12 hours with 1mM IPTG as described (section 

4.2.4). The construction of recombinant pET-41a vectors containing maize SSI 

sequence and three fusion tags (GST-tag, His-tag and S-tag) at its amino-

terminus was described in section 4.2.2. Soluble proteins from Escherichia coli 

Tuner (DE3) pLysS cell lysates were tested by immunodetection with peptide-

specific anti-maize SSI antibodies (Figure 4.3.2.6A) and S-tag antibodies (Figure 

4.3.2.6B). The data show similar levels of expression of recombinant SSI at 16ºC 

and 25ºC with double bands on the immunoblots, both of which cross-react with 

peptide-specific anti-maize SSI antibodies and S-tag antibodies as indicated by 

arrows. Maize amyloplast stromal proteins were tested on the same immunoblot 

probed with anti-maize SSI antibodies (Figure 4.3.2.6A), and the molecular 

weight of the native maize SSI appears smaller than that of the recombinant SSI 

with three fusion tags, as would be expected. Since the same amount of total 

amyloplast stroma proteins and Tuner (DE3) pLysS host cell lysate proteins were 

tested and compared on the same immunoblot probed with anti-maize SSI 

antibodies (Figure 4.3.2.6A), it suggested that the expression level of 

recombinant SSI using  recombinant pET-41a vectors is still low. 
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Figure 4.3.2.6 Recombinant SSI expression using pET-41a vectors containing 

maize SSI sequence and three fusion tags (GST-tag, His-tag and S-tag). The 

expression of the recombinant proteins was induced for Escherichia coli strain 

Tuner (DE3) pLysS host cells at OD600nm=0.6 with 1 mM IPTG at 16ºC or 25ºC 

for overnight. The Escherichia coli cells were harvested at the end of the 

inductions by centrifugation at 5000g for 15 minutes at 4ºC. The cell pellets 

were resuspended in room-temperature BugBuster Protein Extraction Reagent 

by adding 5ml of the reagent for 1 gram of wet cell paste, with 50µl protease 

Inhibitor Cocktail, 5μl Benzonase Nuclease. The mixtures were then incubated 

on a rotating mixer for 20 minutes at room temperature (approx. 25ºC). The 

soluble fractions of the cell lysates were separated by centrifugation at 16 000g 

for 20 minutes at 4°C. 12µg of host cell lysates proteins were tested by SDS-

PAGE followed by immunodetection with peptide-specific anti-maize SSI 

antibodies (A) and S-tag antibodies (B). 12µg of maize endosperm amyloplast 

stromal proteins were tested on the same immunoblot probed with peptide-

specific anti-maize SSI antibodies (A). 
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 Recombinant SBE I expression and purification 

Recombinant SBEI expression was induced in Escherichia coli strain Tuner (DE3) 

pLysS cells, transformed with recombinant pET29b vectors containing full-length 

SBEI sequence, at different concentrations of IPTG as described (section 4.2.4). 

Coomassie Blue staining of an SDS-PAGE gel (Figure4.3.2.7A) shows a clear 

90kDa band of protein corresponding to the molecular weight of maize SBEI 

(indicated by arrow) induced at IPTG concentration of 0.2, 0.4, 0.8, 1.0 mM. The 

expression of S-tagged recombinant maize SBEI in Escherichia coli strain Tuner 

(DE3) pLysS cells was confirmed by immunodetection with anti-S-tag antibodies 

(Figure4.3.2.8 7, indicated by arrow). 

 

Affinity purification of S-tagged recombinant SBEI using S-protein agarose resin 

was performed for the lysates of 1mM IPTG induced-host cells as described 

(section 4.2.4). The proteins of the host cell lysates that bound to the affinity resin 

(after washing with buffer containing 20mM Tris, pH 7.8, 750mM NaCl, 1% Triton 

X100), and the first eluate was tested by silver staining following SDS-PAGE 

(Figure4.3.2.7C and E). The major protein bound to the affinity resin is 

recombinant SBEI as indicated by an arrow (Figure 4.3.2.7C), and pure 

recombinant SBEI was eluted from the affinity resin (Figure 4.3.2.7E). The 

purification of recombinant SBEI was also confirmed by immunodetection with 

peptide-specific anti-maize SBEI antibodies (Figure 4.3.2.7D and F). 
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Figure 4.3.2.7 Recombinant SBEI expression (A-B) and S-tag affinity 

purification (C-F). The host cell Escherichia coli strain Tuner (DE3) pLysS was 

induced by IPTG (concentration of 0.2 mM, 0.4 mM, 0.8 mM, 1.0mM and 0 

mM) at 16ºC for 12 hours. The Escherichia coli cell lysate proteins 

(approximate 35µg) were tested by SDS-PAGE followed by Coomassie Blue 

staining (A) and immunodetection with anti-S-tag antibodies (B). The cell lysate 

proteins (approximate 2mg) were incubated with 100µl of S-protein agarose 

beads at room temperature (approximately 25ºC) for 20 minutes. Non-specific 

bound proteins were washed with 6 × 1 ml of buffer (20mM Tris, pH7.8, 

750mM NaCl, 1% Triton 100). Proteins that bound to the washed S-protein 

agarose beads were eluted by boiling 10µl of the agarose beads in 30µl of 1X 

SDS loading buffer and 10µl of the boiled samples were tested by SDS-PAGE 

followed by silver staining (C) and immunodetection with anti-S-tag antibodies 

(D). The rest of non-boiled agarose-protein matrix were eluted with 6 washes of 

0.5 ml elution buffer (20mM Tris, pH7.8, 150mM NaCl, 1% Triton 100 and 3M 

MgCl2), and 1µg proteins of the first eluate was tested by silver stained SDS-

PAGE (E) and immunodetection with peptide-specific anti-maize SBEI 

antibodies (F).  
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 Recombinant SBE IIa expression and purification 

Recombinant SBEIIa expression was induced for in Escherichia coli strain BL21 

(DE3) cells, transformed with recombinant pET29a vectors containing full-length 

SBEIIa sequence, at either 0 or 1.0 mM of IPTG as described (section 4.2.4). 

Coomassie Blue staining of SDS-PAGE gel (Figure 4.3.2.8 A) shows a clear 

band of protein right blow the 100kDa marker corresponding to the molecular 

weight of maize SBEIIa (indicated by arrow) induced at 1.0 mM IPTG. The 

expression of S-tagged recombinant maize SBEIIa in Escherichia coli strain 

BL21 (DE3) cells was confirmed by immunodetection with peptide-specific anti-

maize SBEIIa antibodies and anti-S-tag antibodies (Figure 4.3.2.8 B and C, 

indicated by arrow). 

 

Affinity purification of S-tagged recombinant SBEIIa using S-protein agarose 

resin was performed for the lysates of 1.0 mM IPTG induced host cells as 

described (section 4.2.4). The proteins of the host cell lysates that bound to the 

affinity resin (after washing with buffer containing 20mM Tris, pH 7.8, 750mM 

NaCl, 1% Triton X100), and the first eluate were tested by silver staining of SDS-

PAGE (Figure4.3.2.8 D). The major protein bound to the affinity resin is 

recombinant SBEIIa indicated by arrow (lane 1, Figure4.3.2.8 D), and pure 

recombinant SBEIIa was eluted from the affinity resin as indicated by arrow (lane 

2, Figure4.3.2.8 D). The purification of recombinant SBEIIa was also confirmed 

by immunodetection with anti-S-tag antibodies and peptide-specific anti-maize 

SBEIIa antibodies (Figure4.3.2.8 E and F). 
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Figure 4.3.2.8 Recombinant SBEIIa expression (A-C) and S-tag affinity 

purification (D-F). The host cell Escherichia coli strain BL21 (DE3) was 

induced by IPTG (1.0 mM) at 16ºC for 12 hours. Escherichia coli cell lysate 

proteins (approximate 35µg) were tested by SDS-PAGE followed by Coomassie 

Blue staining (A), and immunodetection with anti-S-tag (B) and anti-SBEIIa 

antibodies (C). The cell lysate proteins (approximate 2mg) were incubated with 

100µl of S-protein agarose beads at room temperature (approximately 25ºC) for 

20 minutes. Non-specific bound proteins were washed with 6 × 1 ml of buffer 

(20mM Tris, pH7.8, 750mM NaCl, 1% Triton 100). Proteins that bound to the 

washed S-protein agarose beads were eluted by boiling 10µl of the agarose 

beads in 30µl of 1X SDS loading buffer, and 10µl of the boiled samples were 

tested by SDS-PAGE followed by silver staining (D) and immunodetection with 

anti-S-tag antibodies (E). The remainder of the non-boiled agarose-protein 

matrix was eluted with 6 washes of 0.5 ml elution buffer (20mM Tris, pH7.8, 

150mM NaCl, 1% Triton 100 and 3M MgCl2), and 1µg protein of the first 

bound eluate MW 
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eluate was tested by silver stained SDS-PAGE (D) and immunodetection with 

peptide-specific anti-maize SBEIIa antibodies (F).  
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 Recombinant SBE IIb expression and purification 

The expression of recombinant maize SBEIIb from Escherichia coli strain BL21 

(DE3) was performed as described (section 4.2.4). The host cells transformed 

with recombinant pET-29b vectors containing full-length SBEIIb sequence were 

induced with 1.0 mM of IPTG at 16ºC or 25ºC for 3 hours. Total proteins of cell 

lysates were tested by SDS-PAGE followed by immunodetection with anti-S-tag 

antibodies (Figure 4.3.2.9). Figure 4.3.2.10A shows an approximate 90kDa band 

of protein corresponding to the molecular weight of maize SBEIIb induced by 1.0 

mM IPTG at 16ºC (lane 2) or 25ºC (lane 3). However, substantial bands of 

proteins (smaller than 50kDa) cross-reacted with anti-S-tag antibodies on the 

immunoblot, and observed in both of the lysates from 25ºC (lane2) and 37ºC 

(lane3) induced-host cells, suggesting a significant level of expression a 

truncated version of recombinant SBEIIb (Figure 4.3.2.9A).  

 

The cell lysates with S-tagged recombinant SBEIIb observed on the immunoblot 

were subsequently subjected to form S-tag affinity purification as described 

(section 4.2.4). Proteins that bound to the washed S-protein agarose resin were 

eluted with six washes of 0.5 ml elution buffer (20mM Tris, pH7.8, 150mM NaCl, 

1% Triton 100 and 3M MgCl2), and the first eluate was tested by silver staining 

and immunoblotting of SDS-PAGE. The silver stained gel (Figure 4.3.2.9 B) 

shows a band of protein with the expected molecular weight of recombinant 

SBEIIb (indicated by arrow), and which cross-reacted with both anti-S-tag 

antibodies (Figure 4.3.2.9 C) and peptide-specific anti-maize SBEIIb antibodies 

(Figure 4.3.2.9 D). The other major protein bands below the 50kDa marker which 

cross-reacted with anti-S-tag antibodies on the immunoblot (4.3.2.9 C) could not 

be removed by the S-tag affinity purification. 
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Figure 4.3.2.9 Recombinant SBEIIb expression (A) and S-tag affinity 

purification (B-D). The host cell Escherichia coli strain BL21 (DE3) were 

induced with 0 mM (lane1) or 1mM IPTG for 12 hours at 16 ºC (lane2)  or 25 

ºC (lane3), and approximate 35µg proteins of the total cell lysates were tested 

by immunoblotting of SDS-PAGE probed with anti-S-tag antibodies (A). The 

cell lysate (approximate 2mg of total protein) was incubated with 100µl of S-

protein agarose at room temperature (approximately 25ºC) for 20 minutes. Non-

specific bound proteins were washed with 6 × 1 ml of buffer (20mM Tris, 

pH7.8, 750mM NaCl, 1% Triton 100). Proteins that bound to the washed S-

protein agarose were eluted with 6 washes of 0.5 ml elution buffer (20mM Tris, 

pH7.8, 150mM NaCl, 1% Triton 100 and 3M MgCl2), and 1µg proteins of the 

first eluate was tested by silver stained SDS-PAGE (B), immunodetection with 

anti-S-tag antibodies (C) and peptide-specific anti-maize SBEIIb antibodies (D). 
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 Purification of SS and SBE from inclusion bodies 

To produce high yield of recombinant proteins, the pET-29 vectors containing 

maize SSI, SBEI, SBEIIa and SBEIIb full-length sequences were transformed 

into Escherichia coli strains BL21-CodonPlus (DE3)-RP and ArcticExpress (DE3) 

RP. Transformation (section 4.2.2) and recombinant protein expression (section 

4.2.4) were performed as described. Proteins in both the soluble and insoluble 

fractions of the cell lysates were tested by SDS-PAGE followed by Coomassie 

Blue staining and immunodetection with anti-S-tag antibodies. Coomassie Blue 

staining of SDS-PAGE gel shows a significant 75 kDa band of protein 

corresponding to the molecular weight of maize SSI in the insoluble fractions of 

the cell lysates from both of Escherichia coli strains BL21-CodonPlus (DE3)-RP 

(Figure 4.3.2.10A) and ArcticExpress (DE3) RP (Figure 4.3.2.10C), but shows 

very low level of the recombinant SSI in the soluble fractions. The expression of 

recombinant SBEI in Escherichia coli strains BL21-CodonPlus (DE3)-RP tested 

on the Coomassie Blue staining of SDS-PAGE gel is similar to that of SSI, 

showing a significant level of SBEI in the insoluble fractions but very low level in 

the soluble fraction (Figure 4.3.2.10A). Coomassie Blue staining of SDS-PAGE 

also shows a higher level of expression of soluble recombinant SBEIIa (lane 6) in 

the Escherichia coli strains BL21-CodonPlus (DE3)-RP, but it is still less than that 

in the insoluble fraction (figure 4.3.2.10A). Proteins that were detected by the 

Coomassie Blue staining of SDS-PAGE above, with expected molecular weight 

of SSI, SBEI and SBEIIa, also cross-reacted with anti-S-tag antibodies on the 

immunoblot (Figure 4.3.2.10B) which confirmed the expression of the S-tagged 

recombinant proteins. Recombinant SBEIIb expression in Escherichia coli strain 

ArcticExpress (DE3) RP was also tested by Coomassie Blue staining of SDS-

PAGE for both soluble and insoluble fractions of the cell lysates. Figure 

4.3.2.10D shows no apparent expression of recombinant SBEIIb in the soluble 

fraction (the strong band indicated by red arrows are chaperonin proteins with 

highly protein refolding activity at temperatures of 4-12ºC), and fairly low level of 

full-length recombinant SBEIIb expressed in the insoluble fraction. However, a 

high level expression of a ~40 kDa truncated version recombinant SBEIIb was 
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found in the insoluble fraction (Figure 4.3.2.10D) compare to that of the non-

induced host cells (Figure 4.3.2.10F). Expression of the ~40 kDa truncated 

version of recombinant SBEIIb in Escherichia coli strain ArcticExpress (DE3) RP 

cells was confirmed by immunodetection with anti-S-tag antibodies (Figure 

4.3.2.10E). 
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Figure 4.3.2.10 Recombinant protein expression in soluble and insoluble 

fractions of BL21-CodonPlus (DE3)-RP and ArcticExpress (DE3) RP. Host 

cells BL21-CodonPlus (DE3)-RP were induced by 1mM IPTG at 37ºC for 3 

hours, the soluble and insoluble fractions were tested by Coomassie Blue 

staining of SDS-PAGE (A) and immunodetection with anti-S-tag antibodies (B). 

Host cells ArcticExpress (DE3) RP transformed with maize SSI and SBEIIb 

sequences were induced with 1mM IPTG at 10ºC for 24 hours, the soluble and 

insoluble fractions of recombinant protein expression were tested by Coomassie 

Blue staining of SDS-PAGE for SSI (C) and SBEIIb (D, induced by 1mM IPTG; 

F, non-induced). The insoluble SBEIIb expression induced with 1mM IPTG for 

24 hours was also detected by immunodetection with anti-S-tag antibodies (E) 

indicated by arrow.   

 

 

Purification of recombinant proteins from inclusion bodies was performed as 

described (section 4.2.4). Purified recombinant proteins were tested by 

Coomassie Blue staining of SDS-PAGE (Figure 4.3.2.11 A), which shows pure 

proteins of recombinant SSI (lane1), SBEI (lane2) and SBEIIa (lane3) with 

expected molecular weight. The purified recombinant proteins were confirmed by 

immunodetection with peptide-specific anti-maize SSI, SBEI and SBEIIa 

antibodies (Figure 4.3.2.11 B). 

 

 

 

       
 

 

Figure 4.3.2.11 Purification of recombinant maize SSI, SBEI and SBEIIa from 

inclusion bodies. Approximate 3µg of the purified recombinant proteins were 

loaded onto the SDS-PAGE and tested by Coomassie Blue staining (A) and 

immunodetection with peptide-specific anti-maize SSI, SBEI and SBEIIb 

antibodies (B).  
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 Site directed mutation of SBEIIb  

 Full-length recombinant SBEIIb expression and purification 

Due to significant expression of the ~40 kDa truncated version of recombinant 

SBEIIb in different Escherichia coli strains (rather than the full-length 

recombinant protein), site-directed mutagenesis of the maize SBEIIb sequence 

was performed as described (section 4.2.4). This was done to change the 

F346F347 codon from “TTT TTT” to “TTC TTT” without changing the amino acids, 

in order to achieve a high yield expression of the full-length recombinant SBEIIb. 

Mutation of the codon was confirmed by sequence analysis, and expression of 

the recombinant SBEIIb was performed as described (section 4.2.4) for the non-

mutated SBEIIb. The soluble and insoluble fractions of cell lysates from the 1mM 

IPTG induced Escherichia coli strains BL21-CodonPlus (DE3)-RP and 

ArcticExpress (DE3) RP host cells were tested for recombinant SBEIIb 

expression. Coomassie Blue staining following SDS-PAGE shows that the level 

of full-length recombinant SBEIIb expressed in the soluble fraction of Escherichia 

coli strains ArcticExpress (DE3) RP (Figure 4.3.2.12A) is higher than that of 

BL21-CodonPlus (DE3)-RP (Figure 4.3.2.12B), and both of the two host cells 

have a significant high yield of the recombinant SBEIIb in the insoluble fractions 

(Figure 4.3.2.12 A and B). The expression of full-length recombinant SBEIIb in 

Escherichia coli strains BL21-CodonPlus (DE3)-RP host cells was confirmed by 

immunodetection with anti-S-tag antibodies (Figure 4.3.2.12 C). Significantly, the 

~40 kDa truncated version of SBEIIb is missing in both of the two host cells 

(Figure 4.3.2.12 A, B and C). 

 

Full-length recombinant SBEIIb was purified from insoluble cell lysates of BL21-

CodonPlus (DE3)-RP. Protein purification from inclusion bodies was performed 

as described (section 4.2.4). Coomassie Blue staining of SDS-PAGE shows a 

single band of protein corresponding to the molecular weight of S-tagged 

recombinant SBEIIb (Figure 4.3.2.12 D). The purified recombinant SBEIIb was 
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confirmed by immunodetection with peptide-specific anti-maize SBEIIb 

antibodies.  

 

 

 

 

     
 

 

 

 

 

 

 

 

 

 

        
 

 

Figure 4.3.2.12 Full-length recombinant SBEIIb expression (A-C) and 

purification (D-E). Escherichia coli strains ArcticExpress (DE3) RP (A) and 

BL21-CodonPlus (DE3)-RP (B) transformed with pET-29a vectors containing 

site directed mutagenesis SBEIIb sequence were induced with 1mM IPTG. The 

soluble and insoluble fractions were tested by Coomassie Blue staining of SDS-

PAGE and immunodetection with anti-S-tag antibodies. The purified SBEIIb 
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from inclusion bodies was tested by Coomassie Blue staining of SDS-PAGE (D) 

and immunodetection with anti-maize SBEIIb antibodies (E). 

  

 Mutant recombinant SBEIIb expression and purification 

Site directed mutagenesis was performed as described (section 4.2.4) to produce 

a double mutant SBEIIb with a double amino acids mutation (from C663R664 to 

A663A664, GenBank accession no. AAC33764), this was done as a useful tool for 

testing interaction domains with other proteins (section 5.3.4). Mutation of maize 

SBEIIb sequence was tested by plasmid sequencing. Analysis of the sequence 

before and after site directed mutagenesis shows the mutation of SBEIIb from 

C663R664 (Figure 4.3.2.13A) to A663A664 (Figure 4.3.2.13B). The expression of 

recombinant SBEIIb (A663A664) was tested for the non-induced and induced host 

cell lysates by immunodetection with peptide-specific anti-maize SBEIIb 

antibodies (Figure 4.3.2.13C). It shows a band of protein with expected molecular 

weight of maize SBEIIb and cross-reacting with peptide-specific anti-maize 

SBEIIb antibodies. 
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Figure 4.3.2.13 Site directed mutagenesis and expression of the mutant SBEIIb 

(A663A664). The sequences were analysed before (A) and after the mutagenesis 

(B) indicated by red boxes. The Escherichia coli strain BL21 (DE3) 

transformed with the rebuild pET-29b vectors containing mutant SBEIIb 

sequence was induced with 0 mM or 1mM IPTG at 37ºC for three hours. The 

host cell lysates were tested for recombinant protein expression by 

immunodetection with peptide-specific anti-maize SBEIIb antibodies. 
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4.3.3 Functional analysis of recombinant SS and SBE purified from insect 

cells and Escherichia coli 

Catalytic activities of purified recombinant SSI, SBEI, SBEIIa and SBEIIb were 

tested by 14C-labeled substrate assays and in-gel zymogram assays as 

described (section 2.2.6). 

 14C-labeled substrate assays 

The maximum catalytic activities of recombinant SSI, SBEI, SBEIIa and SBEIIb 

purified from insect cells (sf29) and Escherichia coli cells were compared with 

amyloplast lysates from normal maize endosperm at stages of development (22-

25 DAP) (Figure 4.3.3.1). Figure 4.3.3.1A shows total SS activities of maize 

amyloplasts and recombinant maize SSI purified from insect cells, soluble and 

insoluble fractions of Escherichia coli cells. No apparent SS activity was 

observed in recombinant SSI purified from insect cells. The specific activity of 

recombinant SSI purified from the soluble and insoluble fractions of Escherichia 

coli cell lysates are only approximately 8-10X more than the total SS activity in 

maize amyloplasts. SBE activities of recombinant SBEI and SBEIIb purified from 

insect cells were comparable to amyloplast total SBE activities (Figure 4.3.3.1B 

and D), and recombinant SBEIIa purified from insect cells is approximately 

double that found in maize amyloplasts (Figure 4.3.3.1C). Comparatively, 

activities of recombinant SBEI, SBEIIa and SBEIIb purified from soluble fractions 

of Escherichia coli cells are slightly higher than those of renatured SBEI, SBEIIa 

and SBEIIb purified from insoluble fractions, and both of which are apparently 

higher than total SBE activities of maize amyloplasts (Figure 4.3.3.1B, C and D).  
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Figure 4.3.3.1 Starch synthase and branching enzyme activities of pure 

recombinant proteins. Purified recombinant maize SSI activities were tested by 

assaying the incorporation of [ADP-
14

C]-glucose into glycogen (A). Purified 

recombinant SBE activities were assayed indirectly by stimulation of incorporation 

of 
14

C from [U-
14

C] Glc1P into glucan by phosphorylase a (B, C and D). 

Recombinant proteins purified from soluble fractions of Escherichia coli cell 

lysates were labelled as ―Escherichia coli (S)‖ and the renatured recombinant 

proteins purified from inclusion bodies were labelled as ―Escherichia coli (I)‖.  
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 In-gel zymogram assays 

Catalytic activities of renatured recombinant SBEI, SBEIIa and SBEIIb purified 

from Escherichia coli cell inclusion bodies were further tested by in-gel 

zymogram assays as described (section 2.2.6). Figure 4.3.3.2 shows clear bands 

of SBE activities of pure recombinant SBEI (A), SBEIIa (B) and SBEIIb (C). 

Corresponding isoforms of native SBE activities in maize amyloplasts are 

indicated by arrows respectively, which run slightly further than that of 

recombinant proteins containing 15 amino acids S-tags at their amino terminus. 
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Figure 4.3.3.2 Branching enzyme zymograms of maize amyloplast lysates and 

pure recombinant SBE isoforms. SBE activities were assayed indirectly by 

stimulation of incorporation of 
14

C from [U-
14

C] Glc1P into glucan by phosphorylase a. 
Pure recombinant maize SBEI (A), SBEIIa (B) and SBEIIb (C), and endosperm 

amyloplast SBE isoforms (A, B and C) in native gels containing maltohaptose 

as primers, were incubated with [U-
14

C] Glc1P  as  substrate. Bands labelled by 

arrow are SBE activities. 
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4.3.4 Specificity of the peptide-specific anti-maize SS and SBE antibodies 

towards recombinant proteins 

The specificity of anti-maize SS and SBE antibodies were analysed with purified 

recombinant proteins. Cross-reactivity between SSI and SSIIa, SBEIIa and 

SBEIIb antibodies was tested by loading equal amounts of purified recombinant 

proteins onto SDS-PAGE followed by immunodetection with peptide-specific anti-

maize SSI, SSIIa, SBEIIa and SBEIIb antibodies. Coomassie Blue staining of 

SDS-PAGE (Figure 4.3.4.1A) shows that approximately equal levels of purified 

recombinant SSI and SSIIa were loaded,  and no cross-reaction was found on 

the immunoblots probed with either peptide-specific anti-maize SSI (Figure 

4.3.4.1B) or SSIIa antibodies (Figure 4.3.4.1C). Likewise, Coomassie Blue 

staining of SDS-PAGE shows equal levels of recombinant maize SBEIIa and 

SBEIIb (Figure 4.3.4.1D), but some cross-reaction between SBEIIa and SBEIIb 

was found on both of the respective immunoblots (Figure 4.3.4.1E,F). 
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Figure 4.3.4.1, Cross-reaction of peptide-specific anti-maize SSI and SSIIa 

antibodies with recombinant SSI and SSIIa, SBE antibodies with recombinant 

SBEIIa and SBEIIb. Approximately 2µg of recombinant SSI (A, lane1) and 

SSIIa (A, lane2), 1µg of recombinant SBEIIa (D, lane1) and SBEIIb (D, lane2) 

were loaded onto a 10% SDS-PAGE. The same loading were performed for the 

recombinant proteins and followed by immunoblotting probed with anti-maize 

SSI antibodies (B), anti-maize SSIIa antibodies (C), anti-maize SBEIIa 

antibodies (E) and anti-maize SBEIIb antibodies (F).  

 

Cross-reactivity was also tested between anti-maize SS antibodies and 

recombinant SBE proteins, and anti-SBE antibodies with recombinant SS 

proteins. Pure recombinant maize SSI, SSIIa, SBEI, SBEIIa and SBEIIb were 

loaded at equal levels on SDS-PAGE, as indicated by the Coomassie Blue 

staining of the gel (Figure 4.3.4.2A). No cross-reaction was found between anti-

maize SS antibodies (either SSI or SSIIa) and recombinant maize SBE isoforms 

(SBEI, SBEIIa and SBEIIb) on the immunoblots probed with either peptide-

specific anti-maize SSI (Figure 4.3.4.2B) or SSIIa antibodies (Figure 4.3.4.2C). 

For the peptide-specific anti-maize SBE antibodies, some cross-reaction was 

found between the anti-SBEIIa antibodies and pure recombinant SBEI, whereas 

no cross-reaction was found between anti-SBEIIa antibodies and SS (either SSI 

or SSIIa) on the same immunoblot (Figure 4.3.4.2D). No cross-reaction was 

observed between anti-SBEIIb antibodies and recombinant SSI, SSIIa and SBEI 

(Figure 4.3.4.2E). Similarly, no cross-reaction was found between anti-SBEI 

antibodies and recombinant SSI, SSIIa and SBEIIb (Figure 4.3.4.2F).  
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Figure 4.3.4.2, Identification of cross-reactivity of peptide-specific anti-maize 

SS and SBE antibodies with recombinant proteins. Approximately 3µg of 

purified recombinant SSI (lane1), SSIIa (lane2), SBEI (lane3), SBEIIa (lane4) 

and SBEIIb (lane5) were loaded onto a 10% SDS-PAGE. Immunoblots were 

probed with peptide-specific anti-maize SSI (B), SSIIa (C), SBEIIa (D), SBEIIb 

(E) and SBEI (F) antibodies. 
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4.4 Discussion 

Recombinant maize starch synthases and branching enzymes have previously 

been expressed by using Escherichia coli expression systems for different 

studies (Commuri and Keeling, 2001; Seo et al., 2002; Guan et al., 1994a, 1994b; 

Kuriki et al., 1997; Imparl-Radosevich et al., 1999). In the work reported in this 

chapter, recombinant maize SSI, SBEI, SBEIIa and SBEIIb were expressed in 

both prokaryotic and eukaryotic expression systems. Different expression and 

purification strategies were employed to increase the yield, purity and function of 

the recombinant proteins. PCR based site-directed mutagenesis was also 

performed to modify the maize SBEIIb sequence, and mutations of recombinant 

SBEIIb proteins were expressed in Escherichia coli.  

 

The initial selection of the insect cell system for the expression of recombinant 

maize starch synthases and branching enzymes was because of the potential for 

posttranslational modification in eukaryotic systems, such as protein 

phosphorylation, which is now known to be important to starch synthetic 

enzymes (Tetlow et al., 2004b). High yields of recombinant SSI (Figure 4.3.1.1), 

SBEI and SBEIIa (Figure 4.3.1.3) were produced, and purified by His-tag affinity 

purification.  However, no observable starch synthase activities of the His-tagged 

or non-tagged recombinant SSI purified from insect cells was detected. Activities 

of the His-tagged recombinant SBEI and SBEIIa purified from insect cells were 

low. Comparatively, recombinant maize SSI, SBEI and SBEIIa purified from the 

Escherichia coli cell system, commonly used in the literature mentioned above, 

were functionally active. However, the yield of soluble recombinant proteins 

expressed in Escherichia coli cell system is low, especially recombinant maize 

SSI (Figure 4.3.2.1 to 4.3.2.9). The majority of recombinant maize SSI, SBEI and 

SBEIIa expressed in Escherichia coli cells are precipitated by forming inclusion 

bodies (Figure 4.3.2.10). One possible reason for the insolubility of recombinant 

maize starch synthases and branching enzymes in Escherichia coli cells might 

be that the maize proteins were recognized as toxic proteins by the host cells, 
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since both insect cells and Escherichia coli cells do not synthesize starch. Other 

than forming inclusion bodies, insect cells might also have other mechanisms (s) 

that inactivate the soluble enzyme activities. This may explain why there are 

more soluble recombinant proteins in insect cells but they are not functionally 

active. In addition, another reason for the insolubility of the recombinant proteins 

might be that they are not folded properly. 

 

His- and S-tag fusion tag systems for recombinant protein purification were 

employed in the work reported in this chapter. The hexa-histidine residues at the 

amino-terminus of recombinant maize proteins expressed in the insect cells, 

exhibit strong interaction with immobilized metal ion matrices. Whereas, the 15 

amino acid, S-tag at the amino-terminus of recombinant maize proteins 

expressed in the Escherichia coli cells is tightly associated with the other 

fragment of RNase that is digested by subtilisin, termed S-protein (“S“ refers to 

subtilisin), as a result of antibody like ligand-binding specificity (Richards, 1959). 

The His-tag affinity purification (by charge) is presumely less specific than that of 

the S-tag (peptide-specific), but presented less difficulty for the elution of proteins 

bound to the affinity column. This might be part of the reason that the amount of 

recombinant maize starch synthases and branching enzymes eluted from the S-

protein agarose matrix is less than that achieved via the metal ion matrices of 

His-tag purification. However, the other important element is that the yield of 

soluble recombinant proteins from Escherichia coli cell lysates by S-tag 

purification, is lower than that from insect cell lysates by His-tag purification. 

Since the yield of pure functional recombinant proteins from the S-tag affinity 

purification is low and expensive, more efforts were switched to the purification of 

the high yield recombinant proteins from the insoluble fractions of Escherichia 

coli cell lysates. 

 

Large amounts of recombinant maize starch synthases and branching enzymes 

overexpressed in Escherichia coli cells are aggregated in the insoluble fractions 
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by forming inclusion bodies (Figure 4.3.2.10), causing loss of functional activities. 

The significant features of protein aggregates found in inclusion bodies are a 

native-like secondary structure of the expressed protein (Przybycien et al., 1994), 

and a resistance to proteolytic degradation due to the acquired compact 

conformation (Bowden et al., 1991). Such properties of proteins forming inclusion 

bodies make their purification from cells easier than purification of soluble 

recombinant proteins. Ultra pure inclusion bodies of recombinant maize proteins 

were collected by extensive washing with detergent. The renaturation of 

recombinant maize SBEI, SBEIIa and SBEIIb proved to be relatively straight 

forward by simply adjusting DTT concentrations in the refolding buffers as 

described (section 4.2.4) to reach a higher refolding rate for the different isoforms. 

The optimized recovered SBE activities are shown in Figure 4.3.3.1. The different 

optimal concentration of DTT in refolding buffer used for SBE isoforms may also 

suggest redox modulation of activities of SBE isoforms. The renaturation of 

recombinant maize SSI was a challenge, since many complicated steps were 

needed to recover its activity, including fast and large volume dilution, and affinity 

chromatography immobilization under partial denaturing condition to avoid 

aggregation of recombinant SSI within milli-seconds (section 4.2.4). Another 

challenge with recombinant SSI was the observation of loss of detectable activity 

of renatured proteins after freeze-thawing. As a result, for long term storage, the 

pure renatured recombinant proteins were stored in 40% glycerol at -20ºC 

without frozen.  

 

The expression of full-length recombinant SBEIIb in Escherichia coli cells was an 

issue when using the original plasmid containing maize SBEIIb sequence 

(GenBank accession no.  AAC33764). The major recombinant protein expressed 

was a 40 kDa amino terminal fragment of SBEIIb. In analysis of the SBEIIb cDNA 

sequence, a spontaneous mutation with an extra T inserted was frequently 

observed in a poly dA•poly dT region (7 thymine bases) of the N-terminal 

fragment of SBEIIb protein resulting in a termination codon (TAG) leading to 

expression of the truncated SBEIIb. This mutation happened repeatedly with the 
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cloning of the plasmid in Escherichia coli cells. In an attempt to solve this 

problem, a conservative mutation was introduced by PCR based site-directed 

mutagenesis, converting the phenylalanine (Phe) codon at position 346 of SBEIIb 

sequence from TTT to TTC, which is a preferred codon of Escherichia coli. This 

does not alter the code for Phe in the amino acid sequence and resulted in an 

increased yield for the full-length recombinant SBEIIb (Figure 4.3.2.12) compared 

to the original sequence (Figure 4.3.2.10, D and E). By using site-directed 

mutagenesis, a double amino acid mutant protein of recombinant SBEIIb 

(C663R664 to A663A664) was also expressed in Escherichia coli cells, which will be 

used to study the interaction domain of SBEIIb protein (section 5.3.4). 

Technically, this will be a useful tool for further studies. 

 

In summary, the successful production of recombinant forms of maize starch 

synthases and branching enzymes represents an important tool, which will used 

in the following chapters for protein-protein interaction studies. The Escherichia 

coli expression system is useful for producing recombinant maize SS and SBE, 

and high yields of the purified recombinant proteins from inclusion bodies were 

achieved. High yields of pure recombinant SBE isoforms, and the straight 

forward renaturation of the SBEs, may allow the future possibility for 

crystallization of functional starch branching enzymes. The renaturation of 

recombinant SSI proved more challenging than for the SBE isoforms, but was 

successful. The creation of mutant recombinant proteins by site-directed 

mutagenesis presents a useful tool for further studies. 
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Chapter.5 Use of immobilized recombinant proteins 

to reconstitute multi-enzyme complexes in vitro  
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5.1 Introduction 

Protein-protein interactions between starch synthetic enzymes in wheat and 

maize endosperms were observed in the work of previous chapters by co-

immunoprecipitation and gel filtration chromatography experiments. It has also 

been demonstrated that protein phosphorylation is an important regulatory factor 

for protein-protein interactions (Tetlow et al., 2004a and chapter 3). It is still a 

challenge to reconstitute protein complexes by simply combining individual pure 

starch synthetic enzymes, due to the lack of knowledge about the protein 

kinase(s) involved in phosphorylation of the enzymes. Further, purification of 

native protein complex (es) may be difficult if protein-protein interactions are 

weak and the number of different protein complexes with similar or different 

molecular mass is unknown. Technically, using fusion-tagged proteins as bait, to 

detect interacting pairs in cell lysates is a method for partial reconstitution of the 

protein complexes in vitro. Such an approach is useful for both confirming the 

existence of a protein-protein interaction detected by other techniques (e.g., co-

immunoprecipitation, yeast two-hybrid or gel permeation chromatography) and 

also as an initial screening assay for identifying previously unknown protein-

protein interactions. The minimal requirement for such an assay is the availability 

of a purified and tagged protein (the bait) which will be used to capture and „pull-

down‟ a protein-binding partner (the prey) from cell lysates. In this chapter, S-

tagged recombinant forms of SSI, SBEI, SBEIIa and SBEIIb, were immobilized 

onto S-agarose beads and used to detect interacting amyloplast stromal proteins.  

 

In addition, full length maize SBEIIb protein was analysed with a receptor-binding 

domain (RBD) finder program (Gallet et al., 2000). This program identifies linear 

stretches of sequences as “receptor-binding domains” by analysing 

hydrophobicity distribution. It is known to be an efficient first approach, in the 

absence of structural data, for localizing putative interaction sites from protein 

sequences, although a receptor binding site cannot be distinguished from a site 

that interacts with another protein. This method has been tested successfully to 
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compare experimental and computed predictions of interaction sites of known 

protein–protein and protein–DNA interactions, and helps to predict point 

mutations that disrupt the interaction between two partners without altering their 

structure or conformation. The RBD finder program has been used successfully 

in studies of enzymes in different species, including Arabidopsis thaliana 

(Decreux et al., 2006), tomato (Rajendran et al., 2004), human cells (Price et al., 

2009) and many others. In this study, S-tagged recombinant maize SBEIIb 

protein, containing site-directed mutations for two amino acids (C663R664 to 

A663A664) that were predicted as a strong possibility of an interaction domain, was 

also employed in recombinant protein “pull-down” assays.  
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5.2 Methods 

5.2.1 Immobilization of s-tagged recombinant proteins 

S-tagged recombinant SSI, SBEI, SBEIIa and SBEIIb were purified and stored as 

described in chapter 4. Approximately 120μg of S-tagged recombinant protein, 

either SS or SBE, was immobilized to 120μl of S-protein agarose (Novagen, 

catalog no. 69704-4) according to the manufacturer‟s manual: the S-protein 

agarose was gently suspended by inversion and 240μl of the slurry added 

(equivalent to 120μl settled resin) to 120μg of purified S-tagged recombinant 

proteins and incubated at room temperature (approximately 25 ºC) on a rotator 

for 30 minutes. Approximately 240μl of slurry in the absence of recombinant 

proteins was used as a parallel control. Both sets of the agarose beads, with or 

without recombinant proteins, were washed with 50ml of 1X Bind/Wash buffer 

(20mM Tris pH7.5, 750mMNaCl and 0.1% Triton X-100) and equilibrated with 

1ml of amyloplast extraction buffer (50mM HEPES/KOH, pH 7.5, containing 0.8M 

sorbitol, 1mM KCl, 2mM MgCl2, and 1mM EDTA). The S-agarose beads and 

recombinant proteins matrixes were maintained in good condition for two weeks 

with the presence of 0.05% sodium azide. 

 

5.2.2 Enzymatic assay for immobilized recombinant SS and SBE 

Enzymatic assays of immobilized recombinant proteins were performed as 

described for soluble enzyme activities assay (section 2.2.6). SS activity was 

measured by the incorporation of 14C from ADP [U-14C] Glc into anionic water-

soluble glucan in a total assay volume of 200μl. The reaction mixture contained 

200mM Bicine-KOH, pH 8.5, 50 mM potassium acetate, 200 mM sodium citrate, 

20 mM DTT, 10mM Na2-EDTA, and 8 %( w/v) of rabbit liver glycogen (type III, 

Sigma-Aldrich). Immobilized recombinant SSI (60μl of slurry), and the same 

volume of slurry without immobilized recombinant protein as a control, were 

added immediately prior to initiating reactions with 2 mM ADP-[U-14C] Glc (0.67 

kBq per assay; Amersham Biosciences). The mixtures were incubated at 25ºC 
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on an orbital rotator for 20 min. Reactions were terminated by heating the mixture 

at 95ºC for 5 min, followed by passing the mixture through 1ml anion-exchange 

resin columns (AG1-X8 resin, Bio-Rad Laboratories) to bind ADP [U-14C] Glc 

remaining in the reaction mix. The columns were washed three times with 0.5ml 

ddH2O to elute soluble glucan stuck to the columns. The incorporation of 14C 

from ADP [U-14C] Glc into anionic water soluble glucan was measured as 

described in section 2.2.6. 

 

SBE was assayed indirectly by measuring stimulation of incorporation of 14C from 

[U-14C] Glc1P into methanol insoluble glucan by phosphorylase a according to 

methods previously described (section 2.2.6). The reaction was performed in a 

total volume of 200μl, 100 mM sodium citrate, pH 7.0, 1 mM Na2-EDTA, 1 mM 

DTT, 2.5 mM AMP, and 0.2 unit rabbit muscle phosphorylase a (product no.P-

126, Sigma-Aldrich). Immobilized protein (60μl of slurry) was added immediately 

before initiation of the reaction with 20μl 50 mM [U-14C] Glc 1-P (3.7–7.4 kBq per 

assay; Amersham Biosciences), and the same volume of slurry without 

immobilized recombinant protein was used as a control. Each mixture was 

incubated at 25ºC on an orbital rotator for 90 min, and terminated by heating at 

95ºC for 5min. The stimulation of incorporation of 14C from [U-14C] Glc1P into 

methanol insoluble glucan by phosphorylase was measured as described in 

section 2.2.6. 

 

5.2.3 Reconstitution of protein complexes using immobilized proteins as 

baits for amyloplast stromal proteins 

S-tagged recombinant SSI, SBEI, and SBEIIa were purified as described above. 

Approximately 120μg of S-tagged recombinant protein, either SS or SBE, was 

immobilized to 120μl of S-protein agarose (Novagen, catalog no. 69704-4) 

according to the manufacturer‟s manual. The S-tagged (at the N-terminus) 

immobilized recombinant proteins and the control (S-protein agarose without 
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recombinant proteins) were incubated with 1.5% (w/v) bovine serum albumen 

(BSA) at room temperature for 20 to 30 min in order to minimize non-specific 

binding of plastidial proteins to the column matrix. S-agarose beads (with or 

without immobilized protein) were collected by low-speed centrifugation (500 g in 

a refrigerated microfuge for 10 minutes) and then incubated with amyloplast 

lysates individually at room temperature for 60 min. Following this, each mixture 

was loaded onto a Bio-Rad Polyprep chromatography column (Bio-Rad, catalog 

no. 731-1550) and washed with 250 ml washing buffer (20mM Tris-HCl pH7.5, 

150mM NaCl, 0.1% [v/v] Triton X-100) to remove non-specifically bound proteins. 

The washed agarose pellet was then boiled in 1X SDS-PAGE loading buffer, and 

the eluted proteins analysed by SDS-PAGE and immuno-blots probed with 

purified peptide-specific anti-maize starch SS and SBE antibodies. 
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5.3 Results 

5.3.1 Immobilization of the recombinant maize SS and SBE on S-protein 

agarose 

The S-tagged recombinant maize SSI, SBEI, SBEIIa and SBEIIb were 

immobilized onto S-protein agarose as described in the methods (section 5.2.1). 

The immobilized recombinant proteins were separated by SDS-PAGE followed 

by silver staining (Figure 5.3.1, A and C), and immunodetection with peptide-

specific anti-maize antibodies (Figure 5.3.1B, D, E and F). The smaller bands 

below SBEIIa on the silver stained gel (Figure 5.3.1C, lane2) also cross-reacted 

with anti-SBEIIa antibodies, suggesting these polypeptides are degradation 

products of SBEIIa.  

 

 

 

 

  
 

 

Figure 5.3.1, Detection of immobilized S-tagged recombinant proteins. Proteins 

were purified and renatured from inclusion bodies (Chapter 4). 10 µl of the 

agarose with immobilized proteins were boiled at 95ºC for 7 minutes in 40µl of 

1X SDS loading buffer, and 20 µl of the supernatants were loaded on to SDS-

PAGE for silver staining and immunoblot probed with peptide-specific anti-

maize SS and SBE antibodies. The lanes labelled ―MW‖ were loaded with 

protein molecular weight markers. Arrows indicate the corresponding target 

protein; SSI (approximately 75 kDa), SBEI (approximately 85 kDa), SBEIIa 

(approximately 90 kDa), SBEIIb (approximately 80 kDa). (A) silver staining of 

recombinant SSI, (B) immunoblots probed with peptide-specific anti-maize SSI 

antibodies, (C) silver staining of recombinant SBEI (lane1), SBEIIa (lane2) and 

MW MW MW 

(A) (B) (C) (D) (E) (F) 

1 1 1 3 2 MW MW MW 1 1 1 
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SBEIIb (lane3). Immunoblots probed with peptide-specific anti-maize SBEI 

antibodies (D), SBEIIa antibodies (E) and SBEIIb antibodies (F). 

 

 

5.3.2 Catalytic activities of immobilized recombinant proteins 

Catalytic activities of immobilized recombinant maize SSI (Figure 5.3.2 A) and 

branching enzymes (Figure 5.3.2 B) were assayed as described (section 5.2.2). 

The data shows that the catalytic activities of immobilized recombinant SS and 

SBE (Figure 5.3.2) are lower than those of the non-immobilized recombinant 

proteins (Figure 4.3.3.1), but still functionally active compare to the maize 

amyloplasts stroma proteins.  

 

         
 

 

Figure 5.3.2, Starch synthase and branching enzyme activities of immobilized 

pure recombinant proteins. The immobilized recombinant maize SSI activities 

were tested by assaying the incorporation of [ADP-
14

C]-glucose into glycogen 

(A). The immobilized recombinant SBE activities were assayed indirectly by 

stimulation of incorporation of 
14

C from [U-
14

C] Glc1P into glucan by phosphorylase a 
(B).  
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5.3.3 Reconstitution of protein complexes by affinity chromatography 

Purified, catalytically active recombinant forms of maize SSI, SBEI, SBEIIa and 

SBEIIb immobilized on S-agarose beads were incubated with maize amyloplast 

stromal proteins (Figure 5.3.3.1). Figure 5.3.3.1A shows that immobilized SSI 

was able to bind SSIIa and SBEIIb from maize amyloplast lysates, whereas SBEI 

and SBEIIa were not bound. The control using S-agarose beads without 

immobilized SSI as bait did not pull-down any stromal SSIIa, SBEI, SBEIIa and 

SBEIIb (lane 1, Figure 5.3.3.1 A), consistent with the results from the co-

immunoprecipitation experiments (chapter 2). Similar experiments using 

recombinant maize SBEI attached to S-agarose beads as bait showed that SBEI 

forms a protein complex with amyloplast stromal SBEIIb, but not with SSI, SSIIa 

and SBEIIa (lane 2, Figure 5.3.3.1B). When using immobilized SBEIIa as bait 

(Figure 5.3.3.1 C), there was no detectable interaction with SSI, SSIIa, SBEI or 

SBEIIb (lanes 2, Figure 5.3.3.1 C). The immobilized recombinant maize SBEIIb 

was also incubated with maize amyloplast stromal proteins. Figure 5.3.3.1D 

shows the formation of protein complexes between immobilized SBEIIb and 

amyloplast stromal SSI, SSIIa (lanes 2), No protein complexes were observed for 

the controls using S-agarose beads lacking immobilized recombinant SBEIIb. 

Again, reconstitution of protein complexes by using the immobilized recombinant 

forms of SBEs have shown the same interactions observed in the co-

immunoprecipitation experiments (chapter 2). Similar experiments using SSI 

immobilized on S-agarose beads were incubated with maize amyloplast stromal 

proteins pre-treated with APase or ATP (Figure 5.3.3.2). Consistent with the 

above experiments, data show that immobilized SSI was able to bind SSIIa and 

SBEIIb from maize amyloplast lysates, whereas SBEI were not bound. But, no 

difference was observed when the lysates were pre-treated with APase or ATP. 
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Figure 5.3.3.1. Use of recombinant maize SSs and SBEs as affinity ligands to 

reconstitute interactions with proteins in amyloplast lysates. 120 μg of 

catalytically active recombinant maize enzymes (S-tagged at the N-terminus of 

each protein) were immobilized onto S-agarose beads and incubated with 1 ml 

of amyloplast lysates (0.8-1 mg protein per ml) for 1 h at 25ºC. After removal of 

the plastidial lysates, the beads containing the recombinant protein and 

interacting proteins were washed and then boiled in SDS-loading buffer, 

proteins separated by SDS-PAGE using 10% acrylamide gels, blotted onto 

nitrocellulose, and probed with peptide-specific anti-maize antibodies. A) 

Recombinant maize SSI immobilized to S-protein agarose, B) Recombinant 

maize SBEI immobilized to S-protein agarose, C) Recombinant maize SBEIIa 

immobilized to S-protein agarose, and D) Recombinant maize SBEIIb 

immobilized to S-protein agarose. Lane 1, S-agarose beads without recombinant 

proteins, controls; Lane 2, recombinant proteins attached to S-agarose beads; 

Lane 3, amyloplast lysates. Arrows indicate cross-reactions with the various 

antibodies used. MW, indicates molecular mass markers with their molecular 

masses shown on the left of the blot. 

 

 

 

 

 

 

 

 

 

   
 

 

Figure 5.3.3.2. Use of recombinant maize SSI as affinity ligands to reconstitute 

interactions with proteins in amyloplast lysates with phosphorylation or 

dephosphorylation treatments. Maize amyloplast stromal proteins (approx. 1mg 

per ml, in rupturing buffer containing 7.5mM Mg
2+

) were pre-incubated with 

1mM ATP or 25 units APase at room temperature (approx. 20 to 25°C) for 50-

60 minutes. Each of the pre-treated samples was then incubated with 120 μg of 

catalytically active recombinant maize SSI were immobilized onto S-agarose 

beads and incubated with 1 ml of amyloplast lysates (0.8-1 mg protein per ml) 

for 1 h at 25ºC. After removal of the plastidial lysates, the beads containing the 

recombinant protein and interacting proteins were washed and then boiled in 

SSIIa SBEI SBEIIb 

Immobilized recombinant maize SSI as bait using 
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SDS-loading buffer, proteins separated by SDS-PAGE using 10% acrylamide 

gels, blotted onto nitrocellulose, and probed with peptide-specific anti-maize 

antibodies. MW, indicates molecular mass markers with their molecular masses 

shown on the left of the blot.  
 

5.3.4 Interaction domain of maize SBEIIb 

The site-directed mutation of recombinant maize SBEIIb (A663A664) was 

immobilized to the S-agarose beads as bait and similar reconstitution 

experiments as described above used to test the importance of this domain. The 

immunoblot probed with peptide-specific anti-maize SBEIIb antibodies (Figure 

5.3.4) shows the immobilized recombinant forms of wild-type SBEIIb (lane 3) and 

the mutant SBEIIb (A663A664) (lane 2), whose molecular masses are slightly 

higher than that of the native SBEIIb from amyloplast lysates (lane 4) because of 

the S-tag. Figure 5.3.4 shows that SSIIa from maize amyloplast lysates bound to 

the wild-type SBEIIb attached to S-agarose beads (lane 3, indicated by arrow) as 

detected above, but not to the mutated enzyme (lane 2). Figure 5.3.4 also shows 

that SBEI from amyloplast lysates bound to both the wild-type SBEIIb (lane 3) 

and the mutant SBEIIb (A663A664) (lane2). There was no detectable interaction of 

SBEIIa from amyloplasts lysates with either immobilized wild-type SBEIIb (lane 3) 

or the mutant SBEIIb (lane 2). No detectable proteins from amyloplast lysates 

were bound to the S-agarose beads without attached recombinant protein as 

negative controls (lane 1). 
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Figure 5.3.4. Putative interaction site of maize SBEIIb with other proteins. 

Recombinant SBEIIb (wild-type and mutant) was immobilized onto S-agarose 

beads and incubated with 1 ml of amyloplast lysate (0.8-1 mg protein per ml) 

for 1 h at 25ºC. After removal of the plastidial lysates, the beads containing the 

recombinant protein and interacting proteins were washed and then boiled in 

SDS-loading buffer, proteins separated by SDS-PAGE using 10% acrylamide 

gels, blotted onto nitrocellulose, and probed with peptide-specific anti-maize 

SBEIIb, SSIIa, SBEI and SBEIIa antibodies. Lane 1, Control-proteins from 

amyloplast lysates bound to the S-agarose beads in the absence of recombinant 

proteins; Lane 2, proteins from amyloplast lysates bound to the mutant SBEIIb 

(A663A664); Lane 3, proteins from amyloplast lysates that bound to the wild-type 

SBEIIb; Lane 4, amyloplast lysates. Arrows indicate cross-reactions with the 

various antibodies used. MW, indicates molecular mass markers with their 

molecular masses shown on the left of the blot. 
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5.4 Discussion 

The S-tagged recombinant forms of maize SSI, SBEI, SBEIIa and SBEIIb were 

individually immobilized onto S-agarose beads as bait to interact with amyloplast 

stromal proteins. The protein-protein interactions observed between the 

immobilized proteins and their interacting partners were the same as those 

observed in the co-immunoprecipitation experiments described in chapter 2.  

 

The use of immobilized recombinant proteins in the study of protein-protein 

interactions has been documented in other systems (Einarson et al., 2001; Vikis 

et al., 2004). Pure, catalytically active recombinant protein is necessary for this 

assay. In the work described in this chapter, the purity and function of the 

recombinant forms of maize SSI, SBEI, SBEIIa and SBEIIb were tested by silver 

staining of SDS-PAGE (Figure 5.3.1) and catalytic activity assays using 14C-

labeled substrates (Figure 5.3.2). The results indicated that pure, natively folded 

proteins are available to be used to form protein complexes with potential 

interacting partners in maize amyloplasts. Compared to unbound recombinant 

forms of SS and SBEs, the catalytic activities of the immobilized recombinant 

proteins are decreased, but still functionally active. The decrease in catalytic 

activities may be due to reduced accessibility of the immobilized proteins to 

glucans. The immobilization of recombinant proteins to S-agarose beads is 

through affinity association between the S-tag at the amino-terminal of 

recombinant maize proteins and S-protein on the agarose beads (section 4.4). 

The specificity of immobilization, non-charge and small molecular mass, makes 

the S-tag a more useful candidate for pull-down assays as there is likely to be 

less interference than that sometimes found when using either a His-tag or a 

GST-tag. As maize amyloplast stromal proteins were used in this study, this 

reduced the chance of non-specific protein-protein interactions with cytosolic 

proteins. To further reduce background from non-specific binding of amyloplast 

stromal proteins, the S-agarose beads were pre-coated with BSA before 
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incubating with maize amyloplast stromal proteins. This also significantly reduced 

non-specific interactions (Data not shown). 

 

The data in Figure 5.3.3.1 demonstrated that immobilized recombinant SSI 

formed protein complexes with amyloplast stromal SSIIa and SBEIIb, but not with 

either SBEI or SBEIIa. Reciprocal experiments using recombinant SBEIIb as bait 

demonstrated protein complexes with amyloplast stromal SSI and SSIIa, and 

SBEI, but not with SBEIIa. When using recombinant SBEI as bait, protein 

complexes were observed with stromal SBEIIb, but not with either SSI or SSIIa. 

No observable protein complexes were found when using recombinant SBEIIa as 

bait. These protein complexes formed between recombinant proteins and 

amyloplast stromal proteins are consistent with the protein-protein interactions 

observed in co-immunoprecipitation experiments using peptide-specific 

antibodies (sections 2.3.2). Since no direct protein-protein interactions between 

either SSI or SSIIa with SBEI were observed using either approach, this 

suggests that, one form of potential protein complex might contain SBEI and 

SBEIIb as observed in wheat endosperm amyloplasts (Tetlow et al., 2004), and 

another protein complex may contain SSI, SSIIa and SBEIIb (Figure 5.4.1). Such 

protein-protein interactions are regulated by protein phosphorylation (chapter 3). 

Surprisingly, experimental conditions which favoured dephosphorylation (addition 

of APase) or phosphorylation (addition of ATP) did not affect the formation of 

protein complexes between immobilized recombinant forms of SS and SBE and 

stromal proteins (Figure 5.3.3.2). This might be due a high level of recombinant 

proteins attached to S-agarose beads, which could saturate the effects of protein 

phosphorylation and dephosphorylation on interactions between recombinant 

proteins and amyloplast stromal proteins.  

 

The observed protein-protein interactions reported in this chapter, are 

summarized in Figure 5.4.1A. The abundant association of SSI and SSIIa is 

consistent with GPC data (Figure 2.3.2.2) and co-immunoprecipitation studies 
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SBEIIb SBEIIb 

(Figure 2.3.2.3), which showed a higher ratio of SSI and SSIIa in high molecular 

weight (HMW) forms compared to SBEIIb, suggesting co-existence of SSI/SSIIa 

and SSI/SSIIa/SBEIIb complexes. The interaction between SBEIIb and SBEI was 

also observed in this chapter, consistent with co-immunoprecipitation studies 

(Figure 2.3.2.3) earlier. The formation of homomeric dimers of SBEII isoforms 

was reported in wheat endosperm (Tetlow et al., 2008). No comparable data is 

available for maize endosperm, but since protein-protein interactions observed in 

maize and wheat appear to be similar in many ways, it is likely that homo-dimers 

of SBEII isoforms are also present in maize (Figure 5.4.1 B). 

 

(A) Observed protein-protein interactions in maize endosperm 

 

 

 

 

 

(B) Other possible protein-protein interactions 

 

 

 

Figure 5.4.1, Model of possible protein complexes involved in starch synthesis 

in maize endosperm (on the basis of data from using recombinant proteins). 

 

Details of the physical interfaces between the above interaction partners are still 

unknown. The interaction between SBEIIb and SSIIa was disrupted by site-

directed mutagenesis of two amino acids of maize SBEIIb. This mutation did not 

affect the interaction between SBEIIb and SBEI, suggesting interaction with SBEI 

involves different domains. Further effects of protein phosphorylation on the 

binding domain of SBEIIb are discussed in Chapter 8.  
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Ideally, future work  on in vitro reconstitution of the observed protein complexes 

using combinations of pure recombinant proteins could be a usful tool to 

understand the regulation of these protein-protein interactions and their 

physiological functions.  

 

In the following two chapters, to better understand the regulation of the observed 

protein-protein interactions and their potential functions in starch biosynthesis, 

mutant endosperms deficient in key enzymes of starch biosynthesis were studied. 

Partitioning of starch synthetic enzymes between stroma an granule in 

amyloplasts, and protein-protein interactions in the soluble stroma of these 

mutants are investigated. 
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Chapter.6 Proteome analysis of starch granule 

bound proteins from wild-type zea mays L. and several 

mutants 
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6.1 Introduction 

A number of enzyme activities are involved in amylopectin formation in higher 

plant amyloplasts, including ADP-glucose pyrophosphorylase (AGPase), starch 

synthase (SS), starch branching enzyme (SBE), debranching enzyme (DBE) and 

starch phosphorylase (SP) (Smith et al., 1997; Myers et al., 2000; James et al., 

2003). Within endosperm amyloplasts, these amylopectin-synthesizing enzymes 

are partitioned between the soluble stroma and the insoluble fraction of the 

starch granule (Ball and Morell, 2003; Tetlow et al., 2004a). Starch granule-

associated proteins are those isoforms entrapped within starch granules and 

require extensive washing in aqueous buffer with detergent and gelatinization of 

the granules in SDS to release them from starch granules (Denyer et al., 1993; 

Rahman et al., 1995; Boren et al., 2004; Tsai, 1974; Echt and Schwartz, 1981; 

Denyer et al., 1993). Distribution of starch biosynthetic enzymes between the 

soluble and insoluble fractions of amyloplasts has been studied in several plant 

species, and in cereals it can be summarized as shown in table 6.1. 

 

Table 6.1. Distribution of key starch biosynthetic enzymes between stroma and 

granule in three major cereal endosperms 

*SBEIc is restricted to the A-type granules of storage starches from the endosperms 

of Festucoideae. 

 

Species Enzymes observed in 

stroma 

Enzymes observed in starch 

granules 

Reference 

Maize SSI, SSIIa, SSIII, SIV, 

SBEI, SBEIIa, SBEIIb, 

SP, Iso 1-3, PUL 

GBSSI, SSI, SSIIa,SBEIIb Mu-Forster et al., 

1996; Zhang et al., 

2004 

Wheat SSI, SSIIa, SSIII, SIV, 

SBEI, SBEIIa, SBEIIb, 

SP, Iso 1-3, PUL 

GBSSI, SSI, SSIIa,SBEIc*, 

SBEIIa, SBEIIb 

Regina et al., 2005; 

Baga et al., 2000; 

Peng et al., 2000 

Barley SSI, SSIIa, SSIII, SIV, 

SBEI, SBEIIa, SBEIIb, 

SP, Iso 1-3, PUL 

GBSSI, SSI, SSIIa,SBEIIa, 

SBEIIb 

Morell et al., 2003 
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Pleiotropic effects on starch granule-associated proteins have been reported in 

studies of mutants. For example, in a barley sex6 mutant lacking SSIIa, the 

mutation leads to pleiotropic effects on other starch biosynthetic enzymes, 

abolishing the binding of SSI, SBEIIa and SBEIIb to starch granules of the 

mutant, although their protein level remains similar in the soluble stroma (Morell 

et al., 2003). In wild-type maize endosperm amyloplasts (as shown in table 6.1), 

GBSSI, SSI, SSIIa and SBEIIb are routinely detected as starch granule-

associated proteins (Mu-Forster et al., 1996; Zhang et al., 2004).  

 

In this chapter, using peptide-specific anti-maize antibodies and mass 

spectrometric analysis as a means of identification, the distribution of 

amylopectin-synthesizing enzymes between amyloplast stroma and starch 

granules were compared in wild-type maize endosperm and mutants in starch 

biosynthesis. In particular the maize amylose extender (ae) mutants lacking 

branching enzyme SBEIIb activity were investigated. Two different types of ae- 

mutants were analysed in this chapter: one ae mutant lacking SBEIIb protein 

(from OH43 and CG102 background) “ae--1.1”; the other type of ae mutant is 

from CG102 background, in which SBEIIb protein is present but inactive, “ae--

1.2”. Pleiotropic effects on starch granule-associated proteins were found in 

some of the mutants, and the relationship with effects on stromal protein-protein 

interactions is discussed.  

 

Moreover, during the production of this thesis, genetic analyses in a separate 

study also revealed several instances in maize endosperm, including waxy, 

sugary-2, dull and ae mutants, in which granule association of one protein is 

affected by the absence of another biosynthetic enzyme (Grimaud et al., 2008). 

Many well characterized mutations in the maize starch biosynthesis pathway 

have been known for many years. Starch granule-associated proteins in some 

typical mutants that are affected in amylopectin biosynthesis were studied in this 
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chapter, and their genetic backgrounds and phenotypes are summarized in Table 

6.2.  

 

Table 6.2. Summary of major maize mutants 

Genotype enzymatic basis Phenotype references 

Amylose extender SBEIIb Glassy, tarnished, high amylose 

content 

Vineyard and Bear 

1952; Deatherage 

et al., 1954; Boyer 

et al., 1981 

waxy GBSSI lack of amylose makes the cut 

surface appear shiny and waxy 

Shannon and 

Garwood, 1984 

sugary-1 Isoamylase class 

DBE 

wrinkled and have reduced 

amounts of dry material, The 

concentration of sugars is higher 

and the starch content is much 

lower 

Creech, 1965; 

Boyer et al., 1981 

James et al., 1995; 

Rahman et 

al.,1998 

Sugary enhancer1 Unknown Observed only in su1 lines; 

inflated, light colored, slow 

drying, color varies with 

background 

Ferguson et al., 

1978 

Sugar-2 SSIIa greater content of amylose and a 

lower gelatinization 

Perera et al. 

(2001) 

Shrunken2 ADP-glucose 

pyrophosphorylase 

Inflated, transparent, sweet 

kernels collapse on drying 

becoming angular and brittle 

Bhave et al., 1990 

ZPU-1 Pullulanase class 

DBE 

a concomitant accumulation of 

phytoglycogen 

Beatty et al.,1999 
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6.2 Methods 

6.2.1 Plant materials (Zea mays L.) 

The ae– allele was examined in two common maize inbred line backgrounds, 

OH43 and CG102. The ae1-ref allele in Oh43 background was the genetic 

background that the Illinois Maize Genetics Stock Centre had the allele in; the 

ae1-ref (stock 517B) in CG102 background obtained from the Maize Genetics 

Cooperation Stock Centre and backcrossed into CG102 for three generations. 

Wild-type Zea mays L. plants and mutant maize plants were grown either in the 

field or at 25–27ºC in the greenhouse at the University of Guelph under 

conditions previously described in (section 2.2.1). The ae1-ref allele in both 

backgrounds (OH43 and CG102) missing SBEIIb protein was called “ae--1.1” in 

context. Some of the ae1-ref allele kernels at CG102 background present 

inactive SBEIIb protein, called “ae--1.2” in context. The “sugary-2” is in a CG102 

background. The “white food” is CGX 333, this is a white food corn inbred line; 

the waxy is wx1-ref sh1-ref alleles also partially backcrossed into a SD80 

background. The su1-ref, se-1 allele, shrunken-2, Zpu-1 do not reflect any 

particular inbred background. 

 

Self-pollinated kernels, obtained through controlled pollinations, were collected at 

10–15 days after pollination (DAP), 20–25 DAP, and 30–35 DAP and used to 

prepare endosperm amyloplasts, starch granules, and whole cell soluble extracts. 

Plant materials were flash frozen in liquid nitrogen and stored in –80ºC until 

future use. 

 

6.2.2 Isolation of Starch Granule Bound Proteins 

Isolation of starch granule bound proteins was performed as described as 

previously (Denyer et al., 1995; Tetlow et al., 2004a). Starch granules were 

obtained from amyloplast lysates by centrifugation at 13, 500 g for 2 min at 4 ºC 
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during the process of amyloplast stromal proteins purification (section 2.2.3). The 

pellets were resuspended in cold aqueous washing buffer (50mM Tris-Acetate, 

pH 7.5, 1mM Na2EDTA, and 1mM DTT) and centrifuged at 3,000g for 1 min at 

4ºC. This washing step was repeated 5 times. The pellet was then washed three 

times with acetone followed by 3 washes with 2.0 % SDS. Starch granule bound 

proteins were extracted by boiling the washed starch in SDS loading buffer (62.5 

mM Tris-HCl, pH 6.8, 2% [w/v] SDS, 10% [w/v] glycerol, 5% [v/v] β-

mercaptoethanol, 0.001% [w/v] bromophenol blue). Boiled samples were 

centrifuged at 13,000 g for 5 min and the supernatant was used for SDS-PAGE 

and immuno-blotting analysis of granule-associated proteins. 
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6.3 Results 

6.3.1 The distribution of stromal and starch granule associated enzymes 

of starch biosynthesis in normal and ae- mutant maize endosperm 

amyloplasts 

 Immunological characterization of amyloplast stromal proteins 

from ae--1.1 and ae--1.2 maize mutants 

In order to test the ae mutations at protein levels, presence of SBEIIb proteins 

were tested by SDS-PAGE and immunoblotting as described (section 2.2.12). 

Immunoblots of amyloplast lysates probed with peptide-specific anti-maize 

SBEIIb antibodies showed an immuno-reactive polypeptide of approximately 88 

kDa in normal maize (Figure 6.3.1.1A and B). Subsequent Q-TOF-MS analysis of 

the corresponding immuno-reactive polypeptide identified the 88 kDa polypeptide 

as SBEIIb (data not shown), also confirming the specificity of these antibodies. 

Analysis of amyloplast lysates from ae--1.1 endosperm with anti-SBEIIb 

antibodies indicated that the SBEIIb protein is absent in this mutant (Figure 

6.3.1.1A), however, SBEIIb protein is detected in the ae--1.2 mutant (Figure 

6.3.1.1B). Analysis of immunoblots of amyloplast lysates probed with available 

antibodies raised against enzymes of starch synthesis showed that SSI, SSIIa, 

SBEI, SBEIIa, plastidial SP, Iso-1 and Iso-2 were all present in the ae--1.1 and 

ae--1.2 mutant at levels comparable with that found in normal maize amyloplasts 

stroma (Figure 6.3.1.1A and B).  
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(B) 

 

 
 

 

Figure 6.3.1.1, Immunological characterization of amyloplast stromal proteins 

from wild type, ae
-
-1.1 and ae

-
-1.2 mutant. Amyloplast lysates (approximately 

0.8 mg per ml) were prepared from developing wild-type (wt) and the two ae
-
 

mutant endosperms at 22-25 DAP (individual kernel fresh weight approximately 

300 mg). 12 μg of soluble (stromal) proteins were loaded onto each gel lane and 

separated on 4-12% acrylamide gels, electroblotted onto nitrocellulose 

membranes, and developed with various peptide-specific anti-maize antibodies 

as shown. Arrows indicate cross-reactions of each of the antibodies with its 

corresponding target protein; SBEIIb (approximately 85 kDa), SSI 

(approximately 74 kDa), SSIIa (approximately 76 kDa, but with a predicted 

mass of 85 kDa), SSIV (approximately 97kDa), SBEI (approximately 80 kDa), 

SBEIIa (approximately 90 kDa), SP (approximately 112 kDa), Iso-1 

(approximately 88 kDa) and Iso-2 (approximately 83 kDa). MW, molecular 

mass markers. The wild-type and ae
-
-1.1 is shown as (A), and the wild-type and 

ae
-
-1.2 is shown as (B)  
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 Analysis of starch granule-associated proteins from ae--1.1 and 

ae--1.2 maize mutants 

Proteins remaining attached to starch granules following extensive washing with 

buffer, SDS, and acetone are termed granule-associated proteins (Rahman et al., 

1995; Mu-Forster et al., 1996). The granule-associated proteins of wild type and 

ae maize endosperms were analysed by SDS-PAGE followed by silver staining 

(Figure 6.3.1.2A) and immunoblotting (Figure 6.3.1.2C and D). Many of the 

silver-stained granule-associated proteins were identified by mass spectrometry 

(MS, Figure 6.3.1.2B), showing that GBSSI, SSI and SSIIa were present in both 

wild type and ae--1.1 starch granules. SSIIa appeared at higher levels in ae--1.1 

granules. SBEIIb was found to be granule-associated in wild type starch, but was 

not present in ae--1.1 granule (see also Figure 6.3.1.2C). Silver-stained 

polyacrylamide gels of granule-associated proteins showed a number of 

additional proteins associated with ae--1.1 starch, that were either not present, or 

not detectable by MS in wild type granules (Figure 6.3.1.2A). These included 

SBEI, SBEIIa, and SSIII. In addition, an abundant polypeptide of approximately 

110 kDa was present exclusively in ae--1.1 starch granules. Starch granule-

associated proteins from ae--1.1 and ae--1.2 amyloplasts were further analysed 

by immunoblotting using available antibodies (Figure 6.3.1.2C and D). 

Immunoblot analysis of ae--1.1 granule-associated proteins essentially confirmed 

the proteomic analysis described in Figure 6.3.1.2A and B. GBSSI, SSI, SSIIa 

and SBEIIb were present in wild type starch granules, whereas ae--1.1 starch 

granules lacked SBEIIb but contained SBEI and SBEIIa. The 110 kDa 

polypeptide associated with ae--1.1 starch granules cross-reacted with anti-maize 

SP antibodies (Figure 6.3.1.2C), although it was not possible to obtain any 

identification of this polypeptide using MS. Immunoblot analyses of ae--1.2 

granule-associated proteins showed that SSI and SSIIa are present in both wild-

type and ae--1.2. As in ae--1.1, SBEI and SBEIIa were found in the ae--1.2 

mutant granules. SSIV was detected in none of ae--1.1, ae--1.2 and wild-type 

granules. Perhaps significantly SBEIIb was observed in the ae--1.2 starch 

granules but possible less than in the wild-type. Plastid SP was clearly found in 
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the ae--1.1 granule associated proteins, but was not found in the ae--1.2 granules 

nor the wild-type (Figure 6.3.1.2D). 

 

(A) 

 

 

 

 

(B) Q-TOF-MS data of peptides 

a and a’: GBSSI, RDKYIAVK.Y; RNIPLVAFIGR.L; KIYGPVAGTDYR.D; KSNYQSHGIYR.D; 

RVFVDHPLFLER.V; RLSVDCNVVEPADVKK.V; RFAFSDYPELNLPER.F; 

RNIPLVAFIGRLEEQK.G; KSSFDFIDGYEKPVEGR.K; RVLTVSPYYAEELISGIAR.G; 

KNWENVLLSLGVAGGEPGVEGEEIAPLAK.E 

b and b’: SSI, RTAISTYR.E; RSTESIFKDK.F; KFGAFGDNQFR.Y; KNYANAFYTEK.H; 

RGWVGFSVPVSHR.I; RHALDKGEAVNFLK.G; KSGGLGDVCGSLPVALAAR.G; 

KVTQSIVFVTGEASPYAK.S; KELGLPIRPDVPLIGFIGR.L; RYLNGTSDKNYANAFYTEK.H; 

KGYSWEVTTAEGGQGLNELLSSR.K 

c and c’: SSIIa, KFPAPGYR.M; RHCLDTYR.K; KTGGLGDVVGALPK.A; 

K.YIGFDEPDEAKDDSR.V; R.ELGLEVRDDVPLLGFIGR.L 

d: SBEIIb,  KYHLEYR.Y; RRFDLGDADYLR.Y; R .LFNYGNWEVLR.F; KVVLDSDAGLFGGFSR.I; 

KINTYVNFRDEVLPR.I; K.CVTYAESHDQALVGDK.T 

e: SBEI, REFADNVLPR.I; KFGAPYDGVHWDPPASER.Y 

f: SBEIIa,  RLFNYGSWEVLR.F; KIVLDSDDGLFGGFSR.L; RGPQSLPNGSVIPGNNNSFDK.C 

g: 112kDa polypeptide 

h: SSIII,  KEALQAEVGLPVDR.N; RFAFSDYPELNLPER.F; KLNIDQNPGTAPK.Y 
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(D) 

 

 

         
 

 

 

 
 

 

 

 
 

 

 

 
 

 

       
 

 

Figure 6.3.1.2, Analysis of starch granule bound proteins from wild type, ae
-
-

1.1 and ae
-
-1.2 amyloplasts. Starch granules were isolated from amyloplasts and 

washed extensively to remove proteins loosely bound to the granule surface. 40 

mg of purified starch was boiled in 600 μl SDS-loading buffer and 35 μl of the 

supernatant from the boiled sample loaded onto gels. A) Granule bound proteins 

were separated by SDS-PAGE using 4-12% acrylamide gradient gels and 

visualized by silver staining. Horizontal arrows indicate polypeptides which 

were excised and identified by Q-TOF-MS analysis. MW, indicates molecular 

mass markers with their molecular masses shown on the left of the gel. B) 

Silver-stained polypeptides were excised from the polyacrylamide gels in A and 

digested with trypsin, and the recovered peptides sequenced using Q-TOF-MS 

to identify polypeptides from wild type and ae
-
-1.1 starch granules. The identity 

of presumptive proteins is shown in bold. The peptide sequences presented for 

each polypeptide analysed and identified were acquired form a single 

representative in-gel digest. Starch granule proteins separated by SDS-PAGE 

were also subjected to immunoblot analysis using various peptide-specific anti-

maize antibodies. C) for ae
-
-1.1 and D) for ae

-
-1.2. Horizontal arrows indicate 

cross-reactions with the various antibodies used. MW, indicates molecular mass 

markers with their molecular masses shown on the left of the blot. 
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 Developmental analysis of amyloplast stromal and starch 

granule-associated proteins of wild-type and ae--1.1 mutant  

To test changes in distribution of starch synthetic enzymes between soluble and 

insoluble fractions of developing endosperm amyloplasts, immunoblots of 

amyloplast stromal proteins from 10-15 DAP (early stage, lanes 1), 20-25 DAP 

(middle stage, lanes 2) and 30-35 DAP (late stage, lanes 3) endosperm were 

probed with peptide-specific anti-maize antibodies for wild-type (Figure 6.3.1.3A) 

and ae--1.1 (Figure 6.3.1.3B). The immunoblot probed with anti-SSI antibodies 

shows that the 75 kDa SSI is present in the middle and late stage of both wild-

type (A) and the ae--1.1 mutant endosperm amyloplast stroma, but the amount of 

SSI present in the early stage is very low  for both wild-type and the mutant 

(Figure 6.3.1.3A, B). SSIIa is not detectable in the early stage of wild-type 

amyloplasts stroma (Figure 6.3.1.3A), but is present in the early stage of ae--1.1 

mutant endosperm amyloplast stroma. SBEI is low in the early stage of both of 

wild-type and ae--1.1 mutant endosperm amyloplast stroma. SBEIIb is low in the 

early stage of wild-type amyloplast stroma, which is missing in the ae--1.1 mutant. 

However, plastid SP in early stage of the ae--1.1 mutant amyloplasts stroma is at 

levels comparable to that of later stages, which is different to the wild-type which 

exhibits only a small amount of SP in the early stage (Figure 6.3.1.3A, B). 

 

The studies of starch granule associated proteins from different developmental 

stages endosperms demonstrated that the same enzymes which from the core 

complex of proteins (SSI, SSIIa, SBEIIb and GBSSI) are present in the wild-type 

starch granules. In the mutant (ae--1.1), SSIII, SBEI, SBEIIa and SP are 

detectable from the middle stage (20-25 DAP), rather than early stage (10-15 

DAP) of endosperm development (Figure 6.3.1.3C). The starch granule 

associated SSI, SSIIa and SBEIIb in wild-type endosperm are present at levels 

comparable with that found in the later stages (Figure 6.3.1.3C).  
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Figure 6.3.1.3, Analysis of amyloplast stromal (A, B) and starch granule (C) 

associated proteins from different developmental stages of endosperm. 

Amyloplast lysates (approximately 0.8 mg per ml) were prepared from 

developing wild type (A) and ae
-
-1.1 (B) endosperms at 10-15 DAP, 20-25 

DAP and 30-35 DAP. 12 μg of soluble (stromal) proteins were loaded onto each 

gel lane and separated on 12% acrylamide gels, electroblotted onto 

nitrocellulose membranes, and developed with various peptide-specific anti-

maize antibodies as shown. Arrows indicate cross-reactions of each of the 

antibodies with its corresponding target protein. (C), Starch granule bound 

proteins from wild type (lanes 1 for 10-15 DAP, lanes 2 for 20-25 DAP and 

lanes 3 for 30-35 DAP) and ae
-
-1.1 amyloplasts (lanes 4 for 10-15DAP and 

lanes 5 for 20-25 DAP) were isolated from amyloplasts and washed extensively 

to remove proteins loosely bound to the granule surface. 40 mg of purified 

starch was boiled in 600 μl SDS-loading buffer and 35 μl of the supernatant 

from the boiled sample loaded onto gels. Starch granule-associated proteins 

separated by SDS-PAGE were subjected to immunoblot analysis using various 

peptide-specific anti-maize antibodies. MW, indicates molecular mass markers 

with their molecular masses shown on the left of the blot.  
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6.3.2 The distribution of stromal and starch granule associated enzymes 

of starch biosynthesis in other major mutants of maize endosperm 

amyloplasts 

 Sugary-1 (su-1) and sugary enhancer (se-1) 

 

Immunoblots of amyloplast lysates probed with peptide-specific anti-maize Iso-1 

antibodies showed an immuno-reactive polypeptide of approximately 80 kDa in 

normal maize (Figure 6.3.2.1A). Analysis of amyloplast lysates from su-1 and se-

1 endosperm with anti-Iso-1 antibodies indicated that the Iso-1 protein is absent 

in both of these two mutants (Figure 6.3.2.1A and C). Analysis of immunoblots of 

amyloplast lysates probed with available antibodies raised against enzymes of 

starch synthesis showed that SSI, SSIIa, SBEI, SBEIIa, SBEIIb and plastidial SP 

were all present in the su-1 and se-1 mutant at levels comparable with that found 

in normal maize amyloplasts stroma (Figure 6.3.2.1A and C), with the exception 

that SSIIa in the se-1 amyloplast stroma appears to be present at a lower level 

than that observed in normal amyloplasts (Figure 6.3.2.1C). Importantly, GBSSI 

is clearly observed in the soluble phase of su-1 amyloplast, but is not detected in 

that of wild-type maize. Note that it is readily detectable in the granules of both. 

 

The granule-associated proteins of wild type, su-1 and se-1 maize endosperms 

were analysed by immunoblotting following SDS-PAGE (Figure 6.3.2.1B and D). 

It has shown that GBSSI, SSI, SSIIa and SBEIIb are present in the wild type, su-

1 and se-1 starch granules. Very low levels of SBEI and SP were observed in the 

su-1 starch granules (Figure 6.3.2.1B), whereas SBEI and SP are clearly 

detected in the se-1 starch granules (Figure 6.3.2.1D), but not present in wild-

type starch granules (Figure 6.3.2.1B). SBEIIa was not detected in any of the 

wild type, su-1 and se-1 starch granules. 
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Figure 6.3.2.1, Analysis of amyloplast stroma and starch granule bound 

proteins from wild type, su-1 and se-1. A), Amyloplast lysates (approximately 

0.8 mg per ml) were prepared from developing wild-type (wt) and su-1 

endosperms at 22-25 DAP (individual kernel fresh weight approximately 300 

mg). 12 μg of soluble (stromal) proteins were loaded onto each gel lane and 

separated on 4-12% acrylamide gels, electroblotted onto nitrocellulose 

membranes, and developed with various peptide-specific anti-maize antibodies 

as shown. B) Starch granules of wild-type and su-1 were isolated from 

amyloplasts and washed extensively to remove proteins loosely bound to the 

granule surface. 40 mg of purified starch was boiled in 600 μl SDS-loading 

buffer and 35 μl of the supernatant from the boiled sample loaded onto gels. 

Starch granule proteins separated by SDS-PAGE were also subjected to 

immunoblot analysis using various peptide-specific anti-maize antibodies. 

Horizontal arrows indicate cross-reactions with the various antibodies used. 

MW, indicates molecular mass markers with their molecular masses shown on 

the left of the blot. Amyloplast lysates (C) and starch granule bound proteins (D) 

wt  se-1   MW  wt  se-1   MW  wt  se-1   MW  wt  se-1   MW  wt  se-1   MW  wt  se-1   MW  

amyloplast stromal proteins of normal and 

sugary enhancer maize mutant  

SSI  SSIIa  SBEIIb SP Iso-1 

 100kDa 

  50kDa 

SBEI  

amyloplast starch granule associated proteins of 

sugary enhancer maize mutant 

GBSSI  SSIIa  SSI  SBEI  SBEIIa  SP  SBEIIb 

 100kDa 

  50kDa 



199 

 

of wild-type and se-1 were separated by SDS-PAGE and immunodetection 

perform as previously described. 

 

 Sugary-2 and white food 

Immunoblots of amyloplast lysates from wild-type (wt), sugary-2 (su2-) and a 

white food (wf) maize mutant probed with peptide-specific anti-maize SSIIa 

antibodies showed an immuno-reactive polypeptide of approximately 85 kDa in 

wt and wf maize, which was not detected in the sugary-2 maize (Figure 6.3.2.2A). 

The immunoblot probed with anti-maize SBEIIa antibodies showed an immuno-

reactive polypeptide of approximately 90 kDa in wt and sugary-2 maize, which 

was not in the wt maize (also see Figure 6.3.2.2A). Analysis of immunoblots of 

amyloplast lysates probed with other available anti-maize peptide-specific 

antibodies raised against enzymes of starch synthesis showed that SSI, SBEI, 

SBEIIb and plastidial SP were all present in the sugary-2 and wf mutant at levels 

comparable with those found in wt maize amyloplasts stroma (Figure 6.3.2.2A, 

with the exception that soluble SSI in the wf amyloplast stroma seems 

considerably less than that of wt and su2- amyloplasts (Figure 6.3.2.2A).  

 

The granule-associated proteins were analysed by immunoblots following SDS-

PAGE for wt, su2- (Figure 6.3.2.2B) and wf (Figure 6.3.2.2C) maize endosperms. 

It has shown that GBSSI, SSI, SSIIa and SBEIIb are present in both of the wild-

type and wf starch granules. SSIII, SSIV, SBEI, SBEIIa, SP and Iso-1 were not 

detected in any genotype starch granules detected (Figure 6.3.2.2B). Figure 

6.3.2.2C has shown that GBSSI, SSI and SBEIIb are present in both of the wt 

and the su2- mutant starch granules. SSIIa is detected in the wt maize starch 

granules, but not found in the su2- mutant starch granules. There is no SBEI, 

SBEIIa, SP or Iso-1 detected in either wt maize starch granules or the su2- 

mutant starch granules (Figure 6.3.2.2C).   
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Figure 6.3.2.2, Analysis of amyloplast stroma and starch granule bound 

proteins from wild type, sugary-2 and white food maize. A), Amyloplast lysates 

(approximately 0.8 mg per ml) were prepared from developing wild-type (wt) 

and su-1 endosperms at 22-25 DAP (individual kernel fresh weight 

approximately 300 mg). 12 μg of soluble (stromal) proteins were loaded onto 

each gel lane and separated on 4-12% acrylamide gels, electroblotted onto 

nitrocellulose membranes, and developed with various peptide-specific anti-

maize antibodies as shown. B) Starch granules of wild-type and white food 

maize were isolated from amyloplasts and washed extensively to remove 

proteins loosely bound to the granule surface. 40 mg of purified starch was 

boiled in 600 μl SDS-loading buffer and 35 μl of the supernatant from the 

boiled sample loaded onto gels. Starch granule proteins separated by SDS-

PAGE were subjected to immunoblot analysis using various peptide-specific 

anti-maize antibodies. Horizontal arrows indicate cross-reactions with the 

various antibodies used. MW, indicates molecular mass markers with their 

molecular masses shown on the left of the blot. Starch granule bound proteins of 

wild-type and sugary-2 (C) were separated by SDS-PAGE and immunoblotted 

as the above. 
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 Waxy, Shrunken-2 and ZPU-1 

Immunoblots of amyloplast lysates from wild-type (wt), waxy (wx) and shrunken-2 

(sh2) mutant maize probed with peptide-specific anti-maize antibodies show that 

SSI, SSIIa, SBEI, SBEIIa and SBEIIb are present in both these two mutants at 

levels slightly different with that found in normal maize amyloplasts stroma 

(Figure 6.3.2.3A). The blots of amyloplast lysates from wild-type and ZPU-1 

mutant show that SSI, SBEI, SBEIIb and plastid SP are present at levels 

comparable with that found in wild-type maize amyloplasts, with the exception 

that those appears to be less SSIIa than in the wild-type maize(Figure 6.3.2.3B).  

 

Granule-associated proteins were also analysed by immunodetection of proteins 

following SDS-PAGE for wild type, ZPU-1, waxy and shrunken-2 (Figure 

6.3.2.3C). The Immunoblot of starch granule-associated proteins probed with 

peptide-specific anti-maize GBSSI antibodies has shown an immuno-reactive 

polypeptide of approximately 60 kDa in wild-type maize, ZPU-1 and shrunken-2 

mutants (Figure 6.3.2.3C). Analysis of starch granule-associated proteins from 

the waxy endosperm with anti-GBSSI antibodies indicated that the GBSSI protein 

is absent in this mutant (Figure 6.3.2.3C). Analysis of immunoblots of starch 

granule-associated proteins probed with available antibodies raised against 

enzymes of starch synthesis showed that SSI, SSIIa and SBEIIb were all present 

in the three mutants at levels comparable to those found in wild-type maize 

starch granules (Figure 6.3.2.3C). SBEI, SBEIIa and SP are absent in the three 

mutants as is the case for maize (Figure 6.3.2.3C). 
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Figure 6.3.2.2, Analysis of amyloplast stroma and starch granule bound proteins from 

wild type, waxy, shrunken-2 and ZPU-1 maize. Amyloplast lysates (approximately 0.8 

mg per ml) were prepared from developing wild-type (wt), waxy and Shrunken-2 

endosperms (A), wild-type and ZPU-1 endosperms (B) at 22-25 DAP (individual kernel 

fresh weight approximately 300 mg). 12 μg of soluble (stromal) proteins were loaded 

onto each gel lane and separated on 12% acrylamide gels, electroblotted onto 

nitrocellulose membranes, and developed with various peptide-specific anti-maize 

antibodies as shown. C) Starch granules of wild-type, waxy, Shrunken-2 and ZPU-1 were 

isolated from amyloplasts and washed extensively to remove proteins loosely bound to 

the granule surface. 40 mg of purified starch was boiled in 600 μl SDS-loading buffer and 

35 μl of the supernatant from the boiled sample loaded onto gels. Starch granule proteins 

separated by SDS-PAGE were also subjected to immunoblot analysis using various 

peptide-specific anti-maize antibodies. Horizontal arrows indicate cross-reactions with 

the various antibodies used. MW, indicates molecular mass markers with their molecular 

masses shown on the left of the blot. 
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6.4 Discussion 

Distribution of starch biosynthetic enzymes between soluble stroma and insoluble 

starch granules was analysed in wild-type, amylose extender (ae-) and other 

major maize mutants in the work described in this chapter. Analysis of starch 

granule-associated proteins that were either strongly bound to, or trapped within 

the granules (following extensive detergent and solvent treatment), revealed 

marked alterations in the granule protein compliments between different 

genotypes. 

 Maize amylose extender mutants 

A “core” group of granule-associated proteins (SSI, SSIIa, SBEIIb, and GBSSI) 

was found in wild type maize starch granules using mass spectrometry and 

immunoblot analyses as tools for identification (section 6.3.1). These proteins are 

also routinely found as granule-associated proteins in other cereals such as 

wheat, barley, and rice which also contain SBEIIa as a granule-associated 

protein (Rahman et al., 1995; Regina et al., 2005; Morell et al., 2003; Borén et al., 

2004; Umemoto and Aoki, 2005). Notably, all of the observed granule-associated 

proteins known to be involved in amylopectin synthesis are also components of 

identified protein complexes in the endosperms of wheat and maize (Tetlow et al., 

2004a, Chapters 2, 3 and 5).  

 

In the ae- mutant amyloplasts, in addition to SSI and SSIIa, amylopectin-

synthesizing isoforms of SSIII, SBEI, SBEIIa and plastid SP are also clearly 

found as granule-associated proteins in the ae--1.1 mutant lacking SBEIIb 

(Figure 6.3.1.2A, B and C). This is significantly different from wild-type, and it 

seems that pleotropic effects in the absence of a key branching enzyme also 

result in different entrapment of amylopectin-synthesizing enzymes in granules. 

In comparison, in the ae--1.2 mutant containing inactive SBEIIb protein in both of 

the soluble stroma and insoluble starch granules (see Chapter 7), SBEI and 

SBEIIa were still detected in the starch granule as well as the core group of 
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amylopectin-synthesizing enzymes of SSI and SSIIa. Interestingly, SP was not 

detected this case in the ae--1.2 starch granules, whereas it was clearly present 

in the mutant of ae--1.1 granule. This suggests that the inactive SBEIIb protein 

present in the ae--1.2 mutant disables entrapment of SP in the starch granules. 

This reinforces the point that different mutations, even in the same enzyme, 

cause different pleotropic effects. 

 

One possibility which needed to be considered was that the difference in starch 

granule-associated proteins between wild-type, ae--1.1 and ae--1.2 is due to 

differences in the development of their endosperms, rather than difference in the 

genotypes. To test this argument, developmental studies were performed on 

stromal and granule-associated proteins of amyloplast from endosperms at 

different stages of 10-15 DAP, 20-25 DAP and 30-35 DAP (Tsai et al., 1970). 

The core group of starch granule-associated proteins (GBSSI, SSI, SSIIa, and 

SBEIIb) were detected in amyloplasts from all stages in wild-type endosperm, 

whereas no SBEI, SBEIIa, SP and SSIII were detected in any of the stages. In 

comparison, the presence of SBEI, SBEIIa, SP and SSIII as granule-associated 

proteins in the ae--1.1 mutant was detectable from the mid-stage (20-25 DAP) of 

endosperm development (Figure 6.3.1.3C). This reinforced the view that the 

difference in composition of starch granule-associated proteins found in ae 

mutants is because of the missing SBEIIb activity, rather than changes which 

occur in development.  

 

The ratio of some starch synthetic enzymes partitioning between granule and 

stroma appears to be different with the development of endosperms. In wild-type 

endosperm at 10-15 DAP, SSIIa was not detectable in the stroma (Figure 

6.3.1.3A), but was detectable in granules (Figure 6.3.1.3C). This suggests that 

SSIIa expressed in early stages of development is granule-associated. By 

contrast, at the same developmental stage (10-15 DAP), SSIIa is clearly 

detectable in both stroma and granule of the ae--1.1 endosperm amyloplasts. 
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While in the later stages, the distribution of SSIIa between stroma and granule is 

similar when comparing wild-type and the ae--1.1 mutant, at endosperms 

development of both (20-25 and 30-35 DAP). The distribution of isoforms of 

starch synthetic enzymes between stroma and granule is summarized in Table 

6.4, and it suggests that their partitioning is not random, but may reflect changes 

in protein-protein interactions. For example, SBEI is excluded from starch 

granules in wild-type endosperm amyloplasts, whereas it is routinely detected in 

ae- mutant starch granules. Interestingly, SBEI is excluded from insoluble starch 

granules and is not involved in protein-protein interactions in the soluble stroma 

of wild-type amyloplasts. Conversely, SSI, SSIIa and SBEIIb are present in the 

granules and appear to form a heteromeric complex in the stroma of wild-type 

amyloplasts. This therefore suggests a linkage between soluble protein-protein 

interactions and their subsequent partitioning as insoluble granule-associated 

proteins. 

 

The amylopectin-synthesizing enzymes found as granule-associated proteins in 

the starch granules of cereal endosperms are all involved in the synthesis of 

short- to intermediate-length glucan chains which are known to form clusters, 

resulting in semi-crystalline lamellae (see Ball and Morell, 2003). The gradual, 

periodic synthesis of amylopectin clusters joined via amorphous lamellae as 

proposed by the French (1985) and Hizukuri (1986) models has been suggested 

to be the cause of entrapment of proteins (specifically, starch biosynthetic 

enzymes) within granules. However, detailed kinetic analysis of some SS 

isoforms suggests that granule-association of these proteins, at least, may be a 

product of their increased affinity for longer glucan chains during catalysis 

(Commuri and Keeling, 2001). A number of granule-associated proteins have 

been shown to be phosphorylated in wheat (Tetlow et al., 2004a), leading to the 

suggestion that protein phosphorylation may play a role in granule association. 

Analysis of granule-associated proteins in higher plants reveals that only a 

specific group of amylopectin-synthesizing proteins are consistently observed 

within granules (SSI, SSIIa, and isoforms of SBEII), whereas other enzyme 
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classes, which likely play an important role in amylopectin biosynthesis are either 

absent (SSIV, SBEI, SP, isoforms of isoamylase, pullulanase-type DBE, and D-

enzyme) or are found in the granule at very low levels (SSIII). SSIII and SBEI 

respectively elongate and branch relatively long glucan chains (Gao et al., 1998; 

Blauth et al., 2002), and it has been proposed that these enzymes function in 

glucan chain formation between clusters in the amorphous region (Nakamura, 

2002; James et al., 2003). The operation (and cooperation) of SSI, SSIIa, and 

SBEII isoforms (working as one or more protein complexes, Tetlow et al., 2004a 

and above chapters) in semi-crystalline cluster formation, and SSIII and SBEI 

(probably working with other SSs and SBEs) involved in synthesis of the cluster-

connecting glucan chains in the amorphous zones fits well with the “two-step 

branching and improper branch clearing” model proposed by Nakamura (2002). 

In this model, glucan extension and branching activities occur in both the cluster 

and amorphous regions of the granule. During the whole process DBEs play 

critical roles in trimming the cluster shape at the periphery of the growing granule, 

since they act on sparsely localized branch points more rapidly than those in the 

densely packed semi-crystalline lamellae (Nakamura et al., 1997). Consequently 

those enzymes involved in synthesis of the amorphous region, and the trimming 

process remain as soluble proteins in the amyloplast stroma, or are removed 

during the washing of starch granules. 

 Other major maize mutants 

The characterization of starch biosynthetic enzymes distribution between soluble 

and insoluble fractions of amyloplasts for some other major maize mutants was 

also analysed by immunodetection using available peptide-specific anti-maize 

antibodies. The maize sugary-1 (su-1) and sugary-enhancer (se-1) mutants were 

tested and found lacking ISA I as expected (Figure 6.3.2.1A). It is interesting that 

GBSSI is clearly detected in the su-1 and se-1 mutant amyloplast stroma but not 

in the wild-type. The maize su-1 and se-1 mutants lacking ISA I are low-starch 

mutants that accumulate a water soluble polysaccharide termed phytoglycogen, 

rather than insoluble starch (James et al., 1995). The apparent present of GBSSI 
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in the soluble fraction of su-1 and se-1 mutants might be associated with the 

water soluble phytoglycogen. The starch granules from su-1 and se-1 mutants 

still contain GBSSI, SSI, SSIIa and SBEIIb at levels comparable with those found 

in normal maize starch granules. In addition, small amounts of SBEI and SP 

were detected in granules of the su-1 mutant, and relatively higher levels of SBEI 

and SP in the se-1 granules (Figure 6.3.2.1D). As described in section 6.1, the 

precise genetic background of the se-1 mutant is still not clear, other than 

knowing that it is observed only in su-1 lines which accumulate soluble sugars at 

approximately twice the concentration of su1 kernels (Ferguson et al., 1978). 

Compared with the su-1 mutant, the increased level of starch granule-associated 

SBEI and SP in the se-1 mutant, might be a function of se-1 gene product.  

 

Starch granules from maize su2 (lacking SSIIa) endosperm mutant were also 

examined, showing that GBSSI, SSI and SBEIIb are present in the starch 

granules (Figure 6.3.2.2C). This is in contrast with barley sex6 mutant (lacking 

SSIIa) with shrunken and high amylose phenotypes, in which the mutation also 

abolishes the binding of SSI, SBEIIa and SBEIIb to the starch granules (Morell et 

al., 2003). The single enzyme deficiency of same starch synthase (SSIIa) in 

maize and barley leads to different phenotypes, suggesting different pleiotropic 

effects on other enzymes of the starch biosynthesis pathway.  

 

It is worth mentioning that a white food corn inbred line was studied for both 

soluble and insoluble fractions of amyloplasts, and immunodetection suggests it 

might be a SBEIIa deficient mutant (Figure 6.3.2.2 A). Starch granule-associated 

proteins remained unchanged in this mutant (Figure 6.3.2.2 A), which is not 

surprising since maize SBEIIa is not granule-associated in wild-type.  

 

A summary of the association of different enzymes with the stroma and granule 

of amyloplasts is shown in Table 6.4. As discussed earlier, in wild-type maize 
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endosperm, SSI, SSIIa and SBEIIb are specific to granule and also involved in 

stromal protein-protein interactions. One hypothesis is that the proteins found 

within the starch granule are a result of the formation of functional, heteromeric 

protein complexes in the stroma. In the ae--1.1 mutants lacking SBEIIb protein, 

SBEI, SBEIIa, SP and SSIII become starch granule-associated whereas SP is 

missing from granules when an inactive SBEIIb protein is present in ae--1.2 

mutant. To test the above hypothesis, the work described in the next chapter is 

focussed on an investigation of the protein-protein interactions which occur in the 

stroma of ae mutants, compared to the wild-type. 
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Table 6.4. Distribution of key starch synthetic enzymes between stroma and granule 

in wild-type and maize mutant endosperms 

Genotype DAP partition GBSSI SSI SSIIa SSIII SBEI SBEIIa SBEIIb SP 

wt 10-15 stroma ˗ ˗ ˗ + ˗ ˗ ˗ ˗ ˗ N/A + ˗ ˗ N/A + ˗ ˗ ˗ ˗ ˗ 

granule + + + + + ˗ + + ˗ ˗ ˗ ˗ ˗ ˗ ˗ ˗ ˗ ˗ + + ˗ ˗ ˗ ˗ 

20-25 stroma ˗ ˗ ˗ + + + + + + + ˗ ˗ + + + + ˗ ˗ + + + + + + 

granule + + + + + + + + + ˗ ˗ ˗ ˗ ˗ ˗ ˗ ˗ ˗ + + + ˗ ˗ ˗ 

30-35 stroma ˗ ˗ ˗ + + + + + + + ˗ ˗ + + + + ˗ ˗ + + + + + + 

granule + + + + + + + + + ˗ ˗ ˗ ˗ ˗ ˗ ˗ ˗ ˗ + + + ˗ ˗ ˗ 

ae
-
-1.1 

 

10-15 stroma ˗ ˗ ˗ + ˗ ˗ + + ˗ N/A + ˗ ˗ N/A ˗ ˗ ˗ + + ˗ 

granule + + + + + ˗ + + ˗ ˗ ˗ ˗ ˗ ˗ ˗ ˗ ˗ ˗ ˗ ˗ ˗ ˗ ˗ ˗ 

20-25 stroma ˗ ˗ ˗ + + + + + + + ˗ ˗ + + + + ˗ ˗ ˗ ˗ ˗ + + + 

granule + + + + + + + + + + ˗ ˗ + + + + + ˗ ˗ ˗ ˗ + + + 

30-35 stroma ˗ ˗ ˗ + + + + + + + ˗ ˗ + + + + ˗ ˗ ˗ ˗ ˗ ˗ ˗ ˗ 

granule + + + + + + + + + N/A + + + + + ˗ ˗ ˗ ˗ N/A 

ae
-
-1.2 

 

20-25 stroma ˗ ˗ ˗ + + + + + + + ˗ ˗ + + + + ˗ ˗ + + + + + + 

granule + + + + + + + + + + ˗ ˗ + + + + + ˗ + + + ˗ ˗ ˗ 

Su-1 20-25 stroma + + + + + + + + + + ˗ ˗ + + + + ˗ ˗ + + + + + + 

granule + + + + + + + + + ˗ ˗ ˗ + ˗ ˗ ˗ ˗ ˗ + + + + ˗ ˗ 

Se-1 20-25 stroma + + + + + + + + + N/A + + + N/A + + + + + + 

granule + + + + + + + + + N/A + + + ˗ ˗ ˗ + + + + + + 

Su-2 20-25 stroma N/A + + + ˗ ˗ ˗ N/A + + + + ˗ ˗ + + + + + + 

granule + + + + + + ˗ ˗ ˗ N/A ˗ ˗ ˗ ˗ ˗ ˗ + + + ˗ ˗ ˗ 

wf 20-25 stroma N/A + + + + + + N/A + + + ˗ ˗ ˗ + + + + + + 

granule + + + + + + + + + ˗ ˗ ˗ ˗ ˗ ˗ ˗ ˗ ˗ + + + ˗ ˗ ˗ 

wx 20-25 stroma ˗ ˗ ˗ + + ˗ + + + 
N/A 

+ + + + ˗ ˗ + + + N/A 

granule ˗ ˗ ˗ + + + + + + 
N/A 

˗ ˗ ˗ ˗ ˗ ˗ + + + ˗ ˗ ˗ 

Sh-2 20-25 stroma ˗ ˗ ˗ + + ˗ + + + 
N/A 

+ + + + ˗ ˗ + + + N/A 

granule + + + + + + + + + 
N/A 

˗ ˗ ˗ ˗ ˗ ˗ + + + ˗ ˗ ˗ 

Zpu-1 20-25 stroma ˗ ˗ ˗ + + ˗ + + + 
N/A 

+ + + N/A + + + + + + 

granule + + + + + + + + + 
N/A 

˗ ˗ ˗ ˗ ˗ ˗ + + + ˗ ˗ ˗ 

―+‖ indicates presence of the protein, ―-‖ indicates absence of the protein. 

Variation is an attempt to reflect semi-quantitative differences in amount. 
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Chapter.7 Protein-protein interactions in maize 

amylose extender (ae) mutants 
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7.1 Introduction 

Altered starch phenotypes have been shown in many well-characterized 

mutations of the starch biosynthetic pathway in maize, providing insight into the 

mechanisms of starch biosynthesis. Genetic analysis of different mutations also 

suggests coordination and interdependence of starch biosynthetic enzymes 

(Boyer and Preiss, 1981; Singletary et al., 1997; Gao et al., 1998). This is 

supported by biochemical studies of protein-protein interactions between 

enzymes of starch biosynthesis in wheat (Tetlow et al., 2004a and Chapter 2) 

and maize (Chapter 2 and Chapter 5). In maize, SBEIIb is the major isoform of 

branching enzyme and a component of protein complexes in endosperm 

amyloplasts (Chapter 2 and Chapter 5). Maize lacking SBEIIb activity has a well-

characterised phenotype, termed amylose extender (ae) as described in section 

6.1. The ae mutant produces starch with an increase in the apparent amylose 

content (Deatherage et al., 1954), due to a reduction in total amount of 

amylopectin (Boyer and Preiss, 1978; Hedman and Boyer, 1982), which gives 

rise to a higher amylose: amylopectin ratio. However, the amylopectin found in 

ae mutants is also altered with longer internal chain lengths compared with wild-

type, resulting in a higher ratio of long-chain branch points and less frequently 

branched chains (Klucinec and Thompson, 2002), and which also contributes to 

the increase in apparent amylose content. The physio-chemical properties of 

starch may be affected more by amylopectin branching pattern than the chain 

length profile (Klucinec and Thompson, 2002), and it is well known that starch 

granules from high-amylose maize are an important source of resistant starch 

because of the highly packed and crystalline structure which protects it from 

enzymatic digestion (Sandstedt et al., 1961; Evans and Thompson, 2004). In 

addition to differences in the semi-crystalline structure of the starch granules, the 

ae- starch granules are longer in shape and smaller than wild-type (Fogher et al., 

1981; Shannon and Garwood, 1984, 2009), suggesting that the loss of SBEIIb 

activity in maize amyloplasts leads to alterations in both ultrastructure and 

morphology of starch granules.  
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The analysis of starch granules from the ae mutant (chapter 6) revealed a distinct 

profile of starch granule-associated proteins peculiar in this mutant, including the 

presence of starch phosphorylase (SP) and SBEI within granules. In terms of the 

starch granule associated proteins, SSI, SSIIa and SBEIIb are routinely detected 

in wild-type maize starch granules, which is the same as the protein complex 

observed in the amyloplast stroma, indicating a potential linkage between the 

insoluble starch granule bound proteins and protein-protein interactions of 

soluble starch biosynthetic enzymes. The deposition of SBEI into ae mutant 

starch granules may be significant for the phenotype of ae starch granules, since 

the longer amylopectin chains observed in the ae mutant are a preferred 

substrate of SBEI. This suggests a substitution of SBEIIb by SBEI in the ae 

mutant, and also consistent with the number of chains per cluster is less than 

that of the wild-type, giving fewer branch points in periodic clusters of branch 

points (Boyer et al., 1976; Klucinec and Thompson, 2002). Consequently, an 

interesting question is to examine the relationship between starch granule bound 

proteins and protein-protein interactions of starch biosynthetic enzymes in the ae 

mutant. 

 

In this chapter, protein-protein interactions between enzymes of starch 

biosynthesis were analysed in maize ae mutant endosperm amyloplasts. Distinct 

protein complexes are observed in the ae mutants (either lacking the SBEIIb 

protein [ae-1.1], or expressing an inactive SBEIIb protein [ae-1.2]) suggesting 

functional complementation for the loss of SBEIIb by SBEI. 

Coimmunoprecipitation experiments using peptide-specific antibodies and S-

tagged recombinant protein pull-down assays show that amyloplasts from wild-

type maize endosperm form protein complexes involving SSI, SSII and SBEIIb, 

whilst  the SSI/SSII complex in the ae- amyloplasts also contains SBEI, SBEIIa 

and SP. All interactions in the different genotypes were strongly enhanced by 

ATP, and broken by the addition of alkaline phosphatase, indicating a role for 

protein phosphorylation in their assembly. This suggests that during amylopectin 

biosynthesis SSI and SSII form the core of a glucan-synthesizing protein 
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complex which, in wild-type endosperm recruits the major form of SBEII (in maize 

this is SBEIIb), but when SBEIIb is absent (ae-), recruits SBEI, SBEIIa and SP. 

The functional roles of the different protein complexes in starch structure 

assembly will be discussed in this chapter and the final discussion (Chapter 8). 
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7.2 Methods 

7.2.1 Enzyme assays 

 Carbon-14-labeled substrate assays 

Starch synthase and branching enzyme activities were assayed in wild-type and 

ae mutant amyloplast lysates at 20-25 DAP according to section 2.2.6 by 

following the incorporation of 14C from substrates (ADP [U-14C] Glc for SS, Glc-

1P [U-14C] for SBE) into anionic water soluble glucan covered previously. 

 

Starch phosphorylase activity in amyloplast lysates was determined in the 

direction of polysaccharide synthesis as described by Chang and Su (1986) with 

some modifications. Enzyme activity was assayed in a final volume of 200µl 

containing 50mM Mes-NaOH buffer (pH 5.9), 1mM DTT, 10mM Glc-1P (Sigma, 

catalog No G7000-25G), 2.5% (w/v) rabbit liver glycogen (type III, Sigma-Aldrich) 

and 50 µg of amyloplast stromal proteins. The assay system was pre-incubated 

at 37ºC for 2 min. Protein extracts (60μl) were added immediately before 

initiation of the reaction followed by the addition of 20μl 50 mM [U-14C] Glc 1-P 

(3.7–7.4 kBq per assay; Amersham Biosciences). The mixture was incubated at 

37ºC for 30 min, and the reaction terminated by heating at 95ºC for 5min. An 8% 

(w/v) aqueous solution of rabbit liver glycogen (type III, Sigma-Aldrich) was 

added to the mixture and precipitated together with newly elongated glucan by 

adding 1ml of 75% (v/v) methanol-1% (w/v) KCl followed by centrifugation at 

13,500 g for 5 minutes. The pellet was resuspended with 0.3ml H2O on a 

disruptor for 5 minutes; glucan was again precipitated with 1ml of MeOH/KCl and 

centrifuge at 13,500 g for 5 minutes; the pellet was resuspended again with 0.5ml 

of H2O on a disruptor for 5 minutes. Finally, the suspension was added into a vial 

for counting 14C radio activity on a Beckman LS6500 liquid scintillation counter. 
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 Zymograms 

Starch synthase and branching enzyme zymograms were performed according 

to section 2.2.6. 

 

Isoamylase zymograms were performed following the method of Wattebled et al. 

(2005) by using commercial corn amylopectin (Sigma, catalog No A7780) as 

substrate.  Approximately 35 µg of amyloplast (late stage) stromal proteins were 

loaded onto native PAGE (7.5% acrylamide) containing 0.3% corn amylopectin. 

Proteins were separated at 4ºC for 2.5 h at 100V. Gels were incubated 5h at 

28ºC and rotated at 50rpm in buffer containing 50 mM trisodium citrate, pH6, 50 

mM Na2HPO4, and 5 mM DTT. Enzyme activities were visualized by staining with 

Lugol‟s solution. 

 

Zymograms of pullulanase activity were performed following the methods of 

Wattebled et al. (2005). Approximately 150 µg of endosperm extract proteins 

were loaded onto native PAGE (7.5% acrylamide) containing 1% red pullulan. 

Proteins were separated at 100V for 4 h at 4ºC. Gels were incubated for 3h at 

28ºC, rotated at 50rpm in buffer containing 25 mM Tris, 192 mM glycine, pH 8.2, 

5 mM DTT, 1mM MgCl2 and 1mM CaCl2. 

 

7.2.2 S-tag immunoprecipitation 

Functional recombinant maize SSI (5 µg) purified from Escherichia coli was 

incubated with either 1ml of wild-type or ae- mutant amyloplast protein (0.5 µg/ µl) 

at 25ºC for 60 minutes on an orbital rotator. Approximately 3 µg of S-tag 

antibodies were added to the S-tagged recombinant SSI and amyloplast mixture, 

and incubated for a further 60 minutes at 25ºC. Proteins were 

immunoprecipitated by adding 60 ml of Protein A–Sepharose (Sigma-Aldrich) 

made up as a 50% (w/v) slurry with PBS (137 mM NaCl, 10 mM Na2HPO4, 2.7 



218 

 

mM KCl, and 1.8 mM KH2PO4) to the samples, and incubating for another 60 min 

at 25ºC. The Protein A-Sepharose/antibody/protein complex was centrifuged at 

2000g for 5 min at 4ºC in a refrigerated microfuge. The pellet was washed 5 

times (1.3ml each) with PBS, followed by washing 3 times with HEPES buffer 

containing 10mM HEPES-NaOH, pH 7.5, and 150 mM NaCl. The washed pellet 

was boiled in 1X SDS loading buffer and separated by SDS-PAGE, followed by 

immuno-blot analysis (see below). 

 

7.2.3 Protein phosphorylation and dephosphorylation 

Phosphorylation and dephosphorylation of amyloplast stromal proteins (either 

wild-type or ae- mutant prepared from endosperm at 20-25 DAP, containing 0.5-

1.1 mg protein per ml) were performed as described (section 3.2). For 

dephosphorylation and reversible phosphorylation treatments, amyloplast lysates 

were incubated with alkaline phosphatase-agarose (APase-agarose, from calf 

intestine, Sigma, catalog No P0762-250UN) at room temperature (approx. 20 to 

25°C) for 50-60 minutes on an orbital rotator. Immobilized APase was removed 

by centrifugation at 500g for 10 min at 4ºC in a refrigerated microfuge. For 

reversible protein phosphorylation experiments, supernatants were treated by 

further incubation with adenosine 5‟-triphosphate (ATP, Sigma A7699) at a final 

concentration of 1mM at room temperature (approx. 20 to 25°C) for 50-60 

minutes on an orbital rotator. 

 

In 32-P radio labelling experiments, For radio activity labelled protein 

phosphorylation, plastid lysates (containing 0.5-1.1 mg protein per ml) were 

incubated with 1 mM ATP containing between 600-1200 Ci/mmol  γ-32P-ATP 

(Perkin-Elmer, Boston, MA), in a total volume of 0.5 ml for 30 min at 25ºC with 

gentle rocking. Phosphorylated stromal proteins were immunoprecipitated as 

described (section 2.2.9). Radio-labelled proteins were visualized two to four 

weeks later by autoradiography. 
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7.2.4 Starch granule analysis 

Starch granules were purified from wild-type, waxy and ae mutant endosperm as 

described (section 6.2.1). Purified starches were resuspended in ddH2O and 

transferred to 1.5ml microcentrifuge tubes, followed by centrifugation at 3000g for 

5 minutes at 4ºC. Pellets of starch samples were dehydrated in an eppendorf 

vacufuge (240g fixed rotational speed, Max. vacuum <20hPa) at 30ºC for 

overnight, and sent out for analysis. Morphology (by scanning electron 

micrographs, SEM) of starch granules was imaged at University of Guelph 

(Department of Molecular and Cellular biology, the Electron Microscopy facility). 

Apparent amylose content, chain length distribution, differential scanning 

calorimetry (DSC), and reducing end assays were analysed at Agriculture and 

Agri-Food Canada (AAFC) by Dr. Qiang Liu‟s laboratory and CSIRO Plant 

Industry by Dr. Ahmed Regina. Methodologies for each analysis are described 

below. 

 Morphology of starch granules by scanning electron microscopy 

The morphology of purified starch granules was observed by SEM (Hiachi 

Tabletop Microscope TM-1000) based on variable pressure technology combined 

with the high sensitivity backscattered electron detector. Purified starch samples 

were inserted into the chamber directly without any treatment.  

 Apparent amylose content estimation by iodometry 

Apparent amylose content was estimated following the colorimetric method of 

Morrison and Laignelet (1983) with slight modifications as described in Regina et 

al., (2004). The analysis was conducted on 2mg starch. Accurately weighed 

starch was defatted by incubation in 85% methanol at 65°C. Following defatting, 

the dried starch was dissolved in urea dimethylsulphoxide (UDMSO) solution (9 

parts of DMSO and 1 part of 6M urea). A 50µl aliquot of starch-UDMSO solution 

was treated with I2-KI reagent and the absorbance was read at 620nm. Standard 

samples containing an amylose content ranging from 0-100% were used to 

generate a standard curve. The absorbance of the test samples was converted 
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into amylose content using a regression equation derived from the standard 

curve (Morrison and Laignelet, 1983). 

 Chain length distribution analysis by capillary electrophoresis 

Chain length distribution of starch was analysed following the method of O‟Shea 

et al. (1998) using a P/ACE 5510 capillary electrophoresis system (Beckman) 

with argon-LIF detection. Debranching of native starch and β-amylase treated 

starch was done using isoamylase (Megazyme). Debranched starch was labelled 

with 8-amino-1,3,6,-pyrenetrisulfonic acid before conducting the capillary 

electrophoresis. 

 Isoamylase debranched reducing end assay 

Isoamylase debranched starch solution (50 μl) was mixed with 150 μl of 

dinistrosalicylic acid solution and incubated at 100°C for 10 min. DNS (3, 5-

dinitrosalicylate) solution was prepared by dissolving 5 g of DNS in 100 ml of 2M 

NaOH followed by adding di-sodium tartrate solution (150 g dissolved in 250 ml 

of water) and making up the final volume to 500 ml. After incubation of the 

starch-DNS solution for 10 min at 100°C, 180 μl of water was added and the 

absorbance measured at 540 nm. A calibration curve was generated using 

malto-triose solution for a concentration ranging from 0 to 200 nmol. The 

reducing end of starch sample was estimated as equivalent malto-triose.  

 Differential Scanning Calorimetry (DSC) 

Thermal properties were analysed using a differential scanning calorimeter (2920 

Modulated DSC; TA Instruments, New Castle, DE, USA) equipped with a 

refrigerated cooling system (RCS) for gelatinization and retrogradation of the 

starches. Samples of starch granules from different genotypes were weighed into 

high-volume pans. Distilled water was added using a micropipette to produce 

suspensions with 70% moisture content. Sample weights were about 11 mg. 

Pans were sealed and equilibrated overnight at room temperature before heating 

in the DSC. The measurements were carried out at a heating rate of 100C/min 

from 5 to 2000°C. The instrument was calibrated using indium and an empty pan 
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as reference. The enthalpy (H) of phase transitions was measured from the 

endotherm of DSC thermograms using software (Universal Analysis, Version 

2.6D, TA Instruments) based on the mass of dry solid. Transition temperatures 

(Onset - To, Peak - Tp and Completion - Tc) of endotherms were also measured 

from DSC thermograms. The reported values are the means of duplicate 

measurements. 
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7.3 Results 

7.3.1 Enzymological characterization of plastid lysates from maize ae- 

mutants 

 SS, SBE and SP activities (14C-labeled substrate assays) 

In order to test for pleiotropic effects of the mutations on starch synthetic 

activities, the maximum catalytic activities of SS, SBE and SP were measured as 

described (section 2.2.6 and 7.2.1) for amyloplasts from amylose extender 

mutant (ae--1.1, lacking SBEIIb protein), and compared with amyloplast lysates 

from wild-type maize endosperm at equivalent stages of development (22-25 

DAP) (Figure 7.3.1.1). Total branching enzyme activities in the ae--1.1 mutant 

was approximately half that of the wild-type maize (P value < 0.001), whereas 

measurable soluble starch synthase activity was significantly higher than in wild 

type (P value < 0.001). SP activity (measured in the glucan-synthesizing direction, 

as the incorporation of [U-14C]-glucose 1-phosphate into glycogen) was reduced 

in the ae--1.1 mutant amyloplasts (P value < 0.001) compared to wild-type. 

 

 

 
 

Figure 7.3.1.1 Changes in catalytic activities of key starch synthetic enzymes in 

endosperms of ae
-
-1.1. The maximum catalytic activities of SS, SBE, and SP 
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were measured in amyloplast lysates from wild type (wt) and ae
-
-1.1

 
endosperms 

at 20-25 DAP. Approximately 20 μg stromal proteins were used in each assay to 

measure total soluble SS, SBE and SP activities. 

 

 In-gel zymogram assays and immunological characterization 

Starch synthetic enzyme activities were also analysed by in gel zymogram 

assays to determine the relative activities of individual isoforms of the enzymes in 

wild-type and ae mutant endosperms. Zymogram analysis of branching enzyme 

activities, coupled with immunodetection of different isoforms in native 

polyacrylamide gels, clearly demonstrates the loss of catalytic activity in a region 

corresponding to SBEIIb in the ae--1.1 mutants lacking SBEIIb protein (Figure 

7.3.1.2 A). Furthermore, the catalytic activity of SBEI in ae--1.1 amyloplasts was 

apparently reduced when compared with wild type extracts (Figure 7.3.1.2 A). 

Analysis of the SBE zymogram in Figure 7.3.1.2A also showed a reduction in SP 

activity (measured in the glucan-synthesizing direction) in ae--1.1 amyloplast 

extracts, despite equal amounts of SP protein being present in wild type and the 

ae--1.1 amyloplasts as judged by immunoblot analysis. Zymogram analyses of 

SS activities coupled with immunodetection in native PAGE show clear 

differences in the ae--1.1 mutant. In the mutant there is one strong SS activity 

band of very different mobility to the wild-type (Figure 7.3.1.2 B). This SS activity 

band clearly aligns with the band recognized by anti-maize SSI antibodies, but 

not SSIIa (Figure 7.3.1.2 B). Further, detection of soluble SSIIa protein is greatly 

reduced on native gels (Figure 7.3.1.2 B) even though the amount of soluble 

SSIIa protein detected following SDS electrophoresis (see earlier, Figure 6.3.3.1 

A) is virtually identical to that of the wild-type.  

 

Zymogram analyses of debranching enzyme activities in native polyacrylamide 

gels showed an additional band of pullulanase activity in the ae--1.1 mutants 

compare to the wild-type (Figure 7.3.1.2 C). Three bands of isoamylase activities 

were observed in wild-type and ae--1.1 mutant (Figure 7.3.1.2 D), whilst activities 
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in the ae--1.1 mutants appear slightly lower than that of the wild-type (middle 

band activity, Figure 7.3.1.2 C).  
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(A) 

  

 

 

(B) 

   

 

(C)                                                                 (D) 

                      

 

Figure 7.3.1.2. Zymogram analysis and immunological characterization of 

starch synthetic enzymes from wild-type and ae
-
-1.1 mutant of maize 
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endosperms. A), Activity and immunoblots of SBE isoforms and SP from 

endosperms at equivalent stages of development (20-25 DAP). Approximately 

100 μg of soluble proteins per lane were separated on a 7.5-cm native 5% 

acrylamide gel containing 0.2% (w/v) maltoheptaose, and then incubated in 

buffer containing Glc-1P as described in the methods for 3hours at 28ºC. SBE 

and SP activities were visualized by staining with Lugol’s solution. Identical 

gels were electroblotted onto nitrocellulose membranes and probed with 

peptide-specific anti-maize SBE and SP antisera, allowing the identification of 

specific SBE and SP activities from the zymogram. B), Activity and 

immunoblots of SS isoforms from wild-type and ae
-
-1.1 mutant endosperm at 

(20-25 DAP). Approximately 100 μg of soluble proteins per lane were separated 

on a 10-cm native 5% acrylamide gel containing 0.3% (w/v) rabbit liver 

glycogen, and then incubated in buffer containing ADP-glucose as described in 

the methods for 48 hours at 28ºC. SS activities were visualized by staining with 

Lugol’s solution. Identical gels were electroblotted onto nitrocellulose 

membranes and probed with peptide-specific anti-maize SSI and SSIIa antisera. 

C), Activity of pullulanase from wild-type and ae
-
-1.1 mutant endosperm at (20-

25 DAP). Approximately 150 µg of endosperm whole cell extract proteins were 

loaded onto the native PAGE (7.5% acrylamide) containing 1% red pullulan, 

proteins were separated at 4ºC for 4 h at 100V. The gel was incubated at 28ºC 

for 3hours as described in Methods. Bands with white colour are pullulanase 

activities.  D), Activity of isoamylase from wild-type and ae
-
-1.1 mutant 

endosperm at (20-25 DAP). Approximately 35 µg of endosperm amyloplast 

extract proteins were loaded onto a native PAGE (7.5% acrylamide) 0.3% 

commercial corn amylopectin. Proteins were separated at 4ºC for 2.5 h at 100V. 

The gel was incubated at 28ºC for 5h as described in Methods. 

 

 

SBEIIb protein is apparently present in the ae--1.2 mutant endosperms (Figure 

6.3.1.1B) observed by SDS-PAGE and immunoblotting, compared to missing in 

the ae--1.1 mutant (Figure 6.3.1.1A). SBE zymogram analyses were performed to 

determine whether the protein in the ae--1.2 mutant is active (section 7.2.1). The 

SBE zymogram data show that SBEIIb activity is missing in the ae--1.2 mutant, 

suggesting that the SBEIIb protein observed may not be functionally active 

(Figure 7.3.1.3A). Interestingly, the SBEIIb protein, although clearly present in 

the ae--1.2 mutant, was not detected as a clear band of immuno-reactive peptide 

on the blots of native PAGE (Figure 7.3.1.3B) probed with anti-SBEIIb antibodies, 

and only a faint, smeared signal was observed (Figure 7.3.1.3B). This might 

suggest a change in the native conformation of SBEIIb in the ae--1.2 mutant, 
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since the protein was readily detected abundance following SDS-PAGE and 

immunoblotting (Figure 6.3.1.1B).  

 

 

         

 

Figure 7.3.1.3 Zymogram and immunological analysis of endosperm whole cell 

extracts from wild-type and ae
-
-1.2 mutant (20-25 DAP). Approximately 100 μg 

of soluble proteins per lane were separated on a 7-cm native 5% acrylamide gel 

containing 0.2% (w/v) maltoheptaose, and developed for 3h at 28ºC. SBE and 

SP activities were visualized by staining with I2/KI as described. (A), activity of 

SBE isoforms and SP. (B), identical gels were electroblotted onto nitrocellulose 

membranes and probed with peptide-specific anti-maize SBEIIb antisera, 

allowing the identification of SBEIIb.  
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7.3.2 Gel permeation chromatography of starch synthesizing enzymes 

from wild type and ae--1.1 mutants 

In order to test the distribution of starch synthetic enzymes in high molecular 

weight (HMW) protein complexes, maize endosperm stromal proteins from either 

wild-type or the ae--1.1 mutants were eluted through a Superdex 200 column (at 

4°C as described in the methods section of chapter 2). In wild type extracts, the 

elution profiles for SSI and SSIIa were similar to those observed previously 

(section 2.3.3). For each isoform of starch synthetic enzymes, Figure 7.3.2 

shows that two peaks of immunodetectable protein were found corresponding 

approximately to the native molecular sizes of the monomeric forms of SSI and 

SSIIa (75 and 85 kDa respectively), and also a HMW form of approximately 300 

kDa which we have previously shown in maize corresponds to a complex 

between SSI, SSIIa and SBEIIb (Figure 7.3.2 A and B). By contrast only a single 

peak of SBEI protein could be detected in wild type maize, corresponding to the 

monomer of approximately 87kDa (Figure 7.3.2C).  SP was eluted from fractions 

of approximately 600 to 150 kDa which likely corresponds to the tetrameric and 

dimeric configuration of the 112 kDa subunit in wild type maize (Mu et al., 2001) 

(Figure 7.3.2D). In the ae--1.1 mutant, the elution profiles were similar to wild 

type maize, although both SSI and SSIIa eluted earlier from the column than was 

the case with wild type extracts, indicating that these proteins are components of 

possibly larger complexes than those found in wild type amyloplasts. Importantly, 

in ae--1.1 (but not wild type) plastid lysates, SBEI eluted in a high molecular 

weight form, approximately coincident with the HMW forms of SSI and SSIIa 

(Figure 7.3.2C). 
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Figure 7.3.2. Fractionation of SSs, SBEs, and SP by size exclusion 

chromatography. Amyloplast extracts were prepared from wild type (wt) and ae
-

-1.1 endosperms at 20-25 DAP, and 0.5 ml of soluble proteins from these 

extracts (approximately 1.5-2 mg protein per ml) was applied to a Superdex 200 

10/300GL gel permeation column. Protein fractions eluting from the column 

were separated by 12% SDS-PAGE and then subjected to immunoblot analysis 

using various peptide-specific anti-maize antibodies; anti-SSI (A), anti-SSIIa 

(B), anti-SBEI (C), and anti-SP (D). Numbers on the top of the blots indicate 

column fraction number (early elution and greater molecular mass on the left) 

and numbers in boxes refer to the elution position (marked by a vertical arrow) 

of molecular mass markers (in kDa; Amersham Biosciences), as determined in 

independent column runs under identical conditions. The positions of molecular 

mass markers for SDS-PAGE are on the left side of each immunoblot. The 

position of each cross-reacting protein with the respective anti-maize antibody 

is marked as a horizontal arrow on the blots. 
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7.3.3 Soluble SSs co-immunoprecipitate with different isozymes of SBE in 

wild type and the ae--1.1 mutant plants 

Peptide-specific anti-maize SSI, SSIIa and SBEIIb antibodies were used in 

reciprocal co-immunoprecipitation experiments performed as described in 

Chapter 2 (methods section 2.2.9) to analyse protein-protein interactions among 

starch synthesizing enzymes in wild type and ae--1.1 mutant at 20-25 DAP. All of 

the antibodies used in co-immunoprecipitation experiments were able to 

recognize, and precipitate, their respective target protein (Figure 7.3.3.1 A-C). 

Figure 7.3.3.1 shows that antibodies to either SSI or SSIIa co-precipitated each 

other in all cases.  In wild type maize, SBEIIb was clearly co-immunoprecipated 

by either SSI or SSIIa antibodies whereas neither SBEIIa, SBEI nor SP were 

detected (Figure 7.3.3.1 A, B).  Significantly, in the ae--1.1 mutant, antibodies to 

either SSI or SSIIa also co-precipitated SBEI, SBEIIa and SP (Figure 7.3.3.1 A, 

B). It is also notable that, in wild type and the ae--1.1 mutant amyloplast lysates, 

no interactions were observed between SSs or SBEs with Iso-1, or Iso-2 (Figure 

7.3.3.1A-C). SSIV was also absent from the observed protein-protein interactions 

in both wild type and the ae--1.1 mutant amyloplast lysates (Figure 7.3.3.1A-B).  

The co-immunoprecipitation experiments using anti-SBEI antibodies 

demonstrated the reciprocal associations predicted from the above (Figure 

7.3.3.1C).  In wild type maize amyloplast extracts, neither SSI, SSIIa, SBEIIa nor 

SP were immunoprecipitated with antibodies to SBEI.  Interestingly, SBEIIb was 

associated with SBEI in wild type maize.  In the case of the ae--1.1 mutants, 

antibodies to SBEI were clearly able to co-precipitate SSI and SSIIa. Co-

precipitation of SBEIIa by SBEI antibodies was not observed in wild type lysates, 

and only slightly in the ae--1.1 mutants. Pre-incubation of wild type and ae--1.1 

mutant plastid lysates with glucan-degrading enzymes (amyloglucosidase and α-

amylase) were performed as described in chapter 2, and the co-

immunoprecipitation data obtained were the same with above (data not shown). 

This indicates that their association in each of the genotypes tested is due to 

specific protein-protein interactions, and not a result of SSs, SBEs or SP binding 

to a common glucan chain.  
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Figure 7.3.3.1 Co-immunoprecipitation of stromal proteins from wild type and 

ae
-
-1.1 amyloplasts. 0.5-1 ml amyloplast lysates (0.8-1 mg protein per ml) 

prepared from wild type and ae
-
 endosperm 20-25 DAP were incubated with 

peptide-specific anti-SS and anti-SBE antibodies at 25ºC for 50 min, and then 

immunoprecipitated with Protein-A-Sepharose. The washed Protein-A-

Sepharose-antibody-antigen complexes were boiled in 200 μl SDS-loading 

buffer and 30 μl loaded onto 4-12% pre-cast acrylamide gradient gels, 

electroblotted onto nitrocellulose, and developed with various anti-maize 

antisera as shown. A) Co-immunoprecipitation using anti-SSI antibodies, B) co-

immunoprecipitation using anti-SSIIa antibodies, and C) co-

immunoprecipitation using anti-SBEI antibodies. Horizontal arrows indicate 

cross-reactions with the various antisera used: SSI at 74 kDa, SSIIa at 76 kDa, 

SBEI at 80 kDa, SBEIIa at 90 kDa, SBEIIb at 85 kDa, SP at 112 kDa, Iso-1 at 

80 kDa, and Iso-2 at 90 kDa. The large band observed at approximately 50 kDa 

in all lanes is due to autorecognition of the IgG heavy chain. MW, indicates pre-

stained molecular mass markers with their molecular masses shown on the left 

of the immunoblot.  
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All of the protein-protein interactions observed between amyloplast proteins from 

wild type and ae--1.1 endosperm at 20-25 DAP (see above) were also observed 

in endosperm at later stages of endosperm development (30-35 DAP) (Figure 

7.3.3.2A). However, when co-immunoprecipitation studies were performed using 

earlier stages of development (9-12 DAP), no protein-protein interactions were 

detected in wild type or the ae- mutant (Figure 7.3.3.2B). 
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Figure 7.3.3.2 Co-immunoprecipitation of stromal proteins from wild type and 

ae
-
-1.1 amyloplasts. 0.5-1 ml amyloplast lysates (0.8-1 mg protein per ml) 

prepared from wild type and ae
-
-1.1 endosperm at 30-35 DAP (A) and 9-12 

DAP (B) were incubated with peptide-specific anti-SSIIa antibodies at 25ºC for 

60 min, and then immunoprecipitated with Protein-A-Sepharose. The washed 
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Protein-A-Sepharose-antibody-antigen complexes were boiled in 200 μl SDS-

loading buffer and 30 μl loaded onto 12% acrylamide gels, electroblotted onto 

nitrocellulose, and developed with various anti-maize antisera as shown. 

Horizontal arrows indicate cross-reactions with the various antisera used: SSI at 

74 kDa, SSIIa at 76 kDa, SBEI at 80 kDa, SBEIIa at 90 kDa, SBEIIb at 85 kDa, 

SP at 112 kDa. The large band observed at approximately 50 kDa in all lanes is 

due to autorecognition of the IgG heavy chain. MW, indicates pre-stained 

molecular mass markers with their molecular masses shown on the left of the 

immunoblot. 
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7.3.4 Using recombinant proteins to study protein-protein interactions in 

wild type and ae--1.1 amyloplasts 

Recombinant maize proteins were produced in Escherichia coli (as described in 

chapter 4) and used to study protein-protein interactions either through S-tag co-

immunoprecipitation, or immobilised to S-agarose beads for reconstitution and 

affinity purification of protein complexes. 

 

 Reconstitution of protein complexes using S-tagged recombinant SSI and 

S-tag co-immunoprecipitation 

Purified functional S-tagged recombinant SSI was incubated with maize 

amyloplast stromal proteins from either ae--1.1 mutant or wild-type maize 

endosperms. Reconstitution of protein-protein interactions between the 

recombinant SSI and amyloplast stromal proteins was tested by 

immunoprecipitation using anti-S-tag antibodies as described (section 7.2.1). 

Figure 7.3.4.1 demonstrates that recombinant SSI formed protein complexes with 

amyloplast stromal SBEIIb in wild-type, but not in the ae--1.1 mutant. 

Recombinant SSI formed protein complexes with SBEIIa and SBEI in the ae--1.1 

mutant, but not in the wild-type, consistent with the previous 

coimmunoprecipitation data (Figure 7.3.4.1). SBE isoforms were not detected in 

the coimmunoprecipitation control experiment (S-tagged antibodies omitted), 

suggesting the observed protein-protein interactions (Figure 7.3.4.1) represent 

specific protein complexes. 
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Figure 7.3.4.1 S-tag immunoprecipitation of recombinant SSI and stromal 

proteins from wild type and ae
-
 endosperm amyloplasts (20-25 DAP). 5 µg of S-

tagged recombinant SSI was incubated with 500 µg (1ml) of amyloplast stromal 

proteins for 1 hour at room temperature (approximately 25°C) on a rotator. 3 µg 

of S-tag antibodies were added to the mixture and incubating further 50 minutes 

at room temperature, and then immunoprecipitated with Protein-A-Sepharose. 

The washed Protein-A-Sepharose-antibody-antigen complexes were boiled in 

200 μl SDS-loading buffer and 30 μl loaded onto 10% SDS-PAGE gels, 

electroblotted onto nitrocellulose, and developed with anti-maize SBEIIb, 

SBEIIa and SBEI antibodies as shown. The lane labelled ―IP-background‖ 

shows control experiments where samples were immunoprecipitated with 

Protein-A-Sepharose in the absence of S-tag antibodies.  Horizontal arrows 

indicate cross-reactions with the various antisera used. The large band observed 

at approximately 50 kDa in all lanes is due to autorecognition of the IgG heavy 

chain. MW, indicates pre-stained molecular mass markers with their molecular 

masses shown on the left of the immunoblot. 
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 Reconstitution of protein complexes by affinity chromatography using 

immobilized recombinant proteins as baits 

Purified catalytically active recombinant forms of maize SSI, SBEI, and SBEIIa 

were immobilized to S-agarose beads and used in interaction experiments with 

wild type and ae--1.1 amyloplast stromal proteins (Figure 7.3.4.2). All of the 

recombinant proteins used in the study retained their catalytic activity whilst 

attached to S-agarose beads, as determined by 14C-based SS and SBE assays 

described in sections 5.2.2 and 5.3.2, and anti-SSI, anti-SBEI and anti-SBEIIa 

antibodies all recognized their respective recombinant proteins (section 5.3.1). 

For each of the immobilized recombinant proteins (either SSI, SBEI or SBEIIa) 

pull-down assays were performed as described in Methods. The corresponding 

native amyloplast proteins (smaller in size than the recombinant form) were not 

observed attached to the washed beads, indicating that no homomeric protein 

interactions occurred in these experiments (Figure 7.3.4.2). 

 

SSIIa and SBEIIb from wild type amyloplast lysates bound to recombinant maize 

SSI attached to S-agarose beads (Figure 7.3.4A), showing the same interaction 

observed in the co-immunoprecipitation experiments (Figure 7.3.3A). No protein-

protein interaction was observed between recombinant SSI and SBEI, SBEIIa, or 

SP from wild type amyloplast lysates (Figure 7.3.4A). By contrast, when 

amyloplast lysates from ae--1.1 maize were incubated with the recombinant 

maize SSI, in addition to interacting with SSIIa, the recombinant SSI also 

interacted with SBEI, SBEIIa and SP (Figure 7.3.4A). It can be noted from the 

immunoblot shown in Figure 7.3.4A that when ae--1.1 lysates were incubated 

with recombinant SSI, two proteins showed cross-reactivity with the anti-SBEIIa 

antisera. These were close in molecular mass to the expected size of SBEIIa, 

and present in the washed beads containing the recombinant SSI. MS analysis of 

the two protein bands (approximately 90~100 kDa, and marked with arrows on 

Figure 7.3.4A) showed that the lower protein band indicated by the black arrow 

was SBEIIa (KIVLDSDDGLFGGFSR.L), and the upper band marked with a red 
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arrow was maize pyruvate orthophosphate dikinase (PPDK, R.SINQITGLR.G; 

K.CCVSGCSGIR.V; K.IAVDMVNEGLVEPR.S; R.EGEWLSLNGSTGEVILGK.Q; 

K.FIPVYLAQGILQHDPFEVLDQR.G). It is also notable that, in wild type and the 

ae--1.1 mutant amyloplast lysates, no interactions were observed between SSI 

and SSIIa with SSIV (Figure 7.3.4A), which is consistent with the co-

immunoprecipitation data using anti-maize SSI  and SSIIa antibodies (Figure 

7.3.3A-B). Similar pull-down assays using immobilized recombinant maize SBEI 

on S-agarose beads as bait indicated interaction only with SBEIIb in wild type 

maize plastid lysates (Figure 7.3.4B). However, when using amyloplast lysates 

from the ae--1.1 mutants, SSI, SSIIa, SBEIIa and SP interacted with recombinant 

maize SBEI (Figure 7.3.4B). When wild type amyloplast lysates were incubated 

with immobilized recombinant maize SBEIIa (as bait) no interactions were 

observed with other enzymes of starch synthesis (Figure 7.3.4C). By contrast 

when using ae--1.1 plastid lysates, SSI, SSIIa, SBEI and SP are observed 

interacting with the immobilized recombinant maize SBEIIa (Figure 7.3.4C). In 

addition, results obtained by using unbound recombinant proteins were identical 

to those in which the protein was immobilized to S-agarose (data not shown). 

  



240 

 

(A) 

     

 

 

 

   

 

 

(B) 

   

 

   

Recombinant. SBEI   

SSIIa SSI 

SBEIIb 

SSI SBEI 

SBEIIb SBEIIa SP 

SP SBEIIa 

SSIIa 

   100kDa 

    50kDa 

   100kDa 

    50kDa 

SBEI 

   100kDa 

    50kDa 

   100kDa 

    50kDa 

MW  MW  MW  

MW  MW  MW  

MW  MW  MW  

MW  MW  MW  

Recombinant. SSI   

MW  

SSIV 

ae--1.1  wt   ae--1.1  wt   ae--1.1  wt   ae--1.1  wt   

ae--1.1  wt   ae--1.1  wt   ae--1.1  wt   

ae--1.1  wt   ae--1.1  wt   ae--1.1  wt   

ae--1.1  wt   ae--1.1  wt   ae--1.1  wt   



241 

 

 (C) 

 
 

   

   

 

    

 

 

 

Figure 7.3.4.2 Use of recombinant maize SSs and SBEs as affinity ligands to 

study protein-protein interactions in amyloplast lysates. 120 μg of catalytically 

active recombinant maize enzymes (S-tagged at the N-terminus of each protein) 

were immobilized onto S-protein agarose and incubated with 1 ml of either wild 

type or ae
-
 amyloplast lysates (0.8-1 mg protein per ml) for 1 h at 25ºC. After 

removal of the plastidial lysates, the beads containing the recombinant protein 

and interacting proteins were washed and then boiled in SDS-loading buffer, 

proteins separated by SDS-PAGE using 4-12% acrylamide gradient gels, blotted 

onto nitrocellulose, and probed with peptide-specific anti-maize antibodies. A) 

Recombinant maize SSI immobilized to S-protein agarose, B) Recombinant 

maize SBEI immobilized to S-protein agarose, and C) Recombinant maize 

SBEIIa immobilized to S-protein agarose. Horizontal arrows indicate cross-

reactions with the various antibodies used. MW, indicates molecular mass 

markers with their molecular masses shown on the left of the blot. 
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7.3.5 The effects of protein phosphorylation on protein-protein 

interactions in wild type and ae- mutant plants 

 ae--1.1 mutants 

ATP and alkaline phosphatase (APase) were employed to stimulate either 

phosphorylation or dephosphorylation of proteins in amyloplasts as described in 

the Methods (section 7.2.3) followed by co-immunoprecipitation experiments 

using SSIIa antibodies. In the ae--1.1 mutant and wild-type endosperm, treatment 

with ATP or APase did not affect the ability of SSIIa antibodies to bind to, and 

precipitate, the target protein, SSIIa (Figure 7.3.5.1A). In wild type amyloplast 

lysates, interactions between SSIIa and SSI, and SSIIa and SBEIIb (as 

determined by immunoprecipitation with anti-SSIIa antibodies) were strongly 

enhanced by pre-incubation of lysates with 1mM ATP, and reduced to nearly 

undetectable levels following dephosphorylation with APase (Figure 7.3.5.1A).  

 

Importantly, the phosphorylation-controlled formation of protein complexes in wild 

type amyloplast lysates was shown to be reversible. An insoluble form of APase 

attached to agarose beads was used to dephosphorylate proteins in amyloplast 

lysates. Following removal of the insoluble APase, protein complexes were re-

formed by the addition of 1mM ATP to the plastid lysates following further 

incubation for 30 min at 25ºC (Figure 7.3.5.1A, lane marked APase, + ATP).   

Surprisingly, when ae--1.1 amyloplast lysates were used in the co-

immunoprecipitation experiments described in Figure 7.3.5.1A, the interactions 

observed between SSI, SSIIa, and SBEI were unaffected by pre-treatment with 

either ATP or APase (Figure 7.3.5.1A). 

 

In wild-type maize endosperm, no protein-protein interactions were observed 

between SSIIa and SBEI (Figure 7.3.5.1A) or between SSIIa and SP (section 

7.3.3), irrespective of pre-treatment with ATP or APase. When antibodies to 
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SBEIIb were employed as the precipitating agent, reciprocal, phosphorylation-

dependent interactions were observed between SBEIIb and SSIIa, and SSI 

(section 3.3.3). In addition, SBEIIb was shown to interact with SBEI. As with the 

other protein-protein interactions observed in wild type amyloplast lysates, this 

interaction was enhanced by treatment with ATP and eliminated following 

incubation with APase (section 3.3.3). No interaction was observed between 

SBEIIb and SP.   

 

In order to determine whether the proteins within the complexes described are 

directly phosphorylated, wild type and ae--1.1 amyloplast lysates were incubated 

with 1 mM [γ32P]-ATP, and anti-SSIIa antibodies were used to immunoprecipitate 

the protein complexes. Figure 7.3.5.1B shows that in wild type amyloplasts 32P-

labelled SBEIIb co-precipitated with SSIIa, whereas in ae--1.1 plastid lysates, 

SSIIa co-precipitated phosphorylated SBEI and SP. Interestingly, no 32P-labelling 

of SSI or SSIIa was detected in the immunoprecipitates from either wild type or 

ae--1.1 amyloplast lysates. 

  



244 

 

 (A)  

 

 

 

 

   

 
 

 

 

 

 

 

 

 
 

SSIIa Co-IP 

SSIIa SSI 

SBEI SBEIIb 

 100kDa 

  50kDa 

 100kDa 

  50kDa 

wt MW  wt MW  

wt MW  wt ae
-
-1.1 MW  ae

-
-1.1 

ae
-
-1.1 ae

-
-1.1 



245 

 

(B)  

 

 

 

  
 

 

Figure 7.3.5.1 Phosphorylation-dependent protein-protein interactions in maize 

endosperm amyloplasts. Wild type and ae
-
-1.1 amyloplasts (20-25 DAP) were pre-

incubated with either 1mM ATP or 25 units E. coli alkaline phosphatase (APase) for 60 

min at 25ºC. Non-treated samples were incubated in an equivalent volume of rupturing 

buffer. Following pre-incubation, samples were then incubated with peptide-specific anti-

SSIIa antibodies at 25ºC for 50 min, and then immunoprecipitated with Protein-A-

Sepharose. The washed Protein-A-Sepharose-antibody-antigen complexes were boiled in 

200 μl SDS-loading buffer and 30 μl loaded onto 4-12% pre-cast acrylamide gradient 

gels, electroblotted onto nitrocellulose, and developed with various anti-maize antisera as 

shown (A). Horizontal arrows indicate cross-reactions with the various antisera used: SSI 

at 74 kDa, SSIIa at 76 kDa, SBEI at 80 kDa, SBEIIa at 90 kDa, SBEIIb at 85 kDa, and 

SP at 112 kDa. The large band observed at approximately 50 kDa in all lanes is due to 

autorecognition of the IgG heavy chain. MW, indicates molecular mass markers with 

their molecular masses shown on the left of the immunoblot. (B) Autoradiography of 
32

P-

labelled phosphoproteins immunoprecipitated with anti-maize SSIIa antibodies from wild 

type and ae
-
 amyloplast stroma. Amyloplasts were incubated with 1 mM [γ-

32
P]-ATP for 

30 min at 25ºC, and then incubated with anti-maize SSIIa antibodies as described in 

Materials and Methods. Arrows shown on the autoradiograph indicate phosphoproteins 

co-precipitating with SSIIa which were identified by immunoblot analysis with various 

maize antisera: a, SBEI, b, SP, and c, SBEIIb. MW indicates the positions of molecular 

mass markers (shown as bands) with their corresponding masses in kDa. 
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 ae--1.2 mutants 

In the ae--1.2 mutants, the SBEIIb protein appears to be present but inactive. 

Coimmunoprecipitation experiments using SSIIa antibodies were performed as 

described under phosphorylating (ATP) and dephosphorylating (APase) 

conditions (section 7.2.3 and 2.2.9). In the ae--1.2 mutant and wild-type 

amyloplasts, treatment with ATP or APase did not affect the ability of SSIIa 

antibodies to bind and precipitate the target protein of SSIIa (Figure 7.3.5.2). In 

wild type amyloplast lysates, interactions between SSIIa and SBEIIb were 

enhanced by pre-incubation of lysates with 1mM ATP, and reduced to nearly 

undetectable levels following dephosphorylation treatment with APase (Figure 

7.3.5.2), consistent with data shown above (Figure 7.3.5.1). In the ae--1.2 mutant 

amyloplasts, apparent molecular weight of the inactive SBEIIb protein is slightly 

smaller than that of the functional, active SBEIIb protein of the wild-type (Figure 

7.3.5.2, indicated by red arrows). The inactive SBEIIb protein from the ae--1.2 

mutant amyloplasts is observed to be associated with SSIIa, but there is no 

apparent effects of pre-treatment with either ATP or APase on this interaction, 

suggesting the association between SSIIa and the inactive SBEIIb is not 

phosphorylation-dependent, contrasting with that of wild-type. Furthermore, SBEI 

still interacts with SSIIa in the ae--1.2 mutant amyloplasts (determined by 

immunoblots probed with SBEI antibodies, Figure 7.3.5.2), even in the presence 

of the inactive SBEIIb protein. It is also interesting to observe that the interactions 

between SSIIa and SBEI are clearly enhanced by pre-incubation of lysates with 

1mM ATP, and reduced to nearly undetectable levels following 

dephosphorylation with APase in the ae--1.2 mutant amyloplasts (Figure 7.3.5.2). 

This is significantly different to the situation observed in the ae--1.1 mutant 

amyloplasts shown above (Figure 7.3.5.1). No protein-protein interaction was 

observed between SSIIa and SP in the wild-type amyloplasts (Figure 7.3.5.2), 

again consistent with earlier data (Figure 7.3.3.1B). In contrast to studies of the 

ae--1.1 mutant amyloplasts, SP does not appear to interact with SSIIa in ae--1.2 

mutant amyloplasts (Figure 7.3.5.2). 
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Figure 7.3.5.2 Protein-protein interactions in maize ae
-
-1.2 endosperm 

amyloplasts. Wild type and ae
-
-1.2 amyloplasts (20-25 DAP) were pre-

incubated with either 1mM ATP or 25 units E. coli alkaline phosphatase (APase) 

for 60 min at 25ºC. Non-treated samples were incubated in an equivalent 

volume of rupturing buffer. Following pre-incubation, samples were then 

incubated with peptide-specific anti-SSIIa antibodies at 25ºC for 50 min, and 

SSIIa Co-IP for wild-type and ae
-
-1.2 amyloplasts 
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immunoprecipitated with Protein-A-Sepharose. The washed Protein-A-

Sepharose-antibody-antigen complexes were boiled in 200 μl SDS-loading 

buffer and 30 μl loaded onto 4-12% pre-cast acrylamide gradient gels, 

electroblotted onto nitrocellulose, and developed with various anti-maize 

antisera as shown. Horizontal arrows indicate cross-reactions with the various 

antisera used: SSI at 74 kDa, SSIIa at 76 kDa, SBEI at 80 kDa, SBEIIa at 90 

kDa, SBEIIb at 85 kDa, and SP at 112 kDa. The large band observed at 

approximately 50 kDa in all lanes is due to autorecognition of the IgG heavy 

chain. MW, indicates molecular mass markers with their molecular masses 

shown on the left of the immunoblot. 
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7.3.6 Phenotype of starch granules 

In order to compare the impact of co-operation between different enzymes of 

starch biosynthesis, the phenotypes of starch granules from wild-type and ae 

mutants (ae--1.1 and ae--1.2) with different starch structures were analysed.  

 Morphology of starch granules from different genotypes 

Native maize starch granules were purified by extensive washing with detergent 

as described (section 6.2.1). Scanning electron micrographs (SEM) of the shape 

and surface details of the starch granules are shown in Figure 7.3.6.1. Average 

diameter of starch granules are shown in (Table 7.3.6.1). It was observed that 

wild-type starch granules (84 µm) are bigger than waxy (64 µm, P value < 0.005), 

and waxy granules are bigger than ae--1.1 (40 µm, P value < 0.002). The 

observed granules size of ae--1.1 and ae--1.2 (33 µm) are not statistically 

different (P value equals 0.2254). Furthermore, the wild-type starch granules are 

spherical in shape (Figure 7.3.6.1A). The waxy starch granules are not quite as 

spherical as the wild-type (Figure 7.3.6.1B). Many granules in ae--1.1 and ae--1.2 

are longer and narrow (Figure 7.3.6.1C and D). 

(A) wild-type  
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(B) Waxy 
 

 
 

(C) ae
-
-1.1 
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(D) ae
-
-1.2 

 

 
Figure 7.3.6.1 Scanning electron micrographs (SEM) micrographs of isolated 

maize starch granules from different genotypes: wild-type (A), waxy (B), ae
-
-

1.1 (C) and ae
-
-1.2 (D). The red arrows on (C) and (D) indicate elongated starch 

granules in the ae mutants. Diameters of starch granules within red boxes were 

measured. 

 

 

 

                         Table 7.3.6.1. Average diameter of starch granules 

Genotype Average granule size* (µm)  

WT 83.65± 13.27 

WX 64.32± 13.21 

ae
-
-1.1 40.44± 15.49 

ae
-
-1.2 33.24± 9.43 

                              * Value denotes mean of 10 replicates ± standard deviation 
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 Apparent amylose content  

Compared to wild-type, both of the ae mutants exhibited apparent high amylose 

content (P value < 0.0005, wild-type versus ae--1.1 and ae--1.2, Table 7.3.6.2). 

The mutant line ae--1.1 recorded an apparent higher amylose content than ae--

1.2 (P value equals 0.0002).  

                       Table 7.3.6.2. Apparent amylose content 

Sample Amylose content (%)* (Iodometric method) 

Wild-type 24.9± 2.2 

ae
-
-1.1 65.6± 0.4 

ae
-
-1.2 49.3± 2.2 

                            * Value denotes mean of three replicates ± standard deviation 

 

 Frequency of α-1,6 branches 

The frequency of α-1,6 branch points in total starch was estimated by isoamylase 

debranching of starch followed by measuring the reducing ends created (by a 

reducing end assay, see Methods), expressed as nmols value equivalent to 

standard malto-triose. The results revealed a significant reduction in the 

frequency of branch points in both ae starches compared to the wild-type (860 

nmol) with a maltotriose equivalent value of 668 nmol for ae--1.1 and 653 nmol 

for ae--1.2 (P value of wild-type versus ae--1.1 equals 0.0136, Table 7.3.6.3). No 

significant difference was observed between ae--1.1 and ae--1.2. 

 

                        Table 7.3.6.3. Branching frequency of maize starches 

Sample Branching frequency  (nmol malto-triose)* 

Wild-type 863.2± 71.0 

ae
-
-1.1 667.7± 37.8 

ae
-
-1.2 652.8± 25.1 

                           * Value denotes mean of three replicates ± standard deviation 
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 Chain length distribution of maize starches 

Chain length distribution of isoamylase debranched starches were determined 

using fluorophore-assisted carbohydrate electrophoresis (FACE) by AAFC and 

CSIRO. In this assay, a common wild-type (WT0) maize (grown at Guelph field) 

starch granules were analysed as a reference to the ae mutants and their wild-

type background. The molar distribution plot in which normalised chain length 

distributions of the WT0 subtracted from the ae mutants and wild-type is 

presented in Figure 7.6.3.2. The wild-type background of the ae mutants 

behaves similar chain length distribution with the WT0, whereas the results 

clearly showed a significant reduction in the proportion of chains with degree of 

polymerisation (DP) 9 to 15, and a significant increase in the proportion of chains 

with DP 16 to 35, in both the ae mutants compared to WT0. No clear difference 

was observed between ae--1.1 and ae--1.2. 

 

Figure 7.3.6.2. Chain length profile comparison of starches from ae mutants 

and their wild-type background with respect to that of a common field grown 

wild-type (WT0). The percentage of total mass of individual oligosaccharides 

from WT0 starch is subtracted from the corresponding values of starches from 

ae lines and wild-type background. 
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To study inner chain length distribution of ae mutants, starches from different 

genotypes were subjected to β-amylolysis, followed by isoamylase debranching, 

and chain length distribution analysis. No significant difference was observed in 

the wild-type background compared to the WT0 (Guelph field grown corn). When 

compared to the two wild-types, the ae mutants have a much smaller proportion 

of chains of DP 5-10 and 11-15, and a higher proportion of chains of DP >20. 

The ae--1.2 starch recorded a lower proportion of chains of DP 16-20 compared 

to ae--1.1 and wild-types (Table 7.3.6.4 and Figure 7.3.6.3). 

      Table 7.3.6.4.  Internal chain length distribution of maize starches 

DP WT0*(%) Wild-type*(%) ae
-
-1.1*  (%) ae

-
-1.2*  (%) 

DP 5-10 52.8±1.7 54.0±0.2 49.1±2.0 49.5±0.1 

DP 11-15 17.6±0.2 17.5±0.1 15.3±0.4 15.2±0.1 

DP 16-20 6.6±0.01 6.3±0.03 6.7±0.5 5.9±0.04 

DP 21-25 3.8±0.3 3.6±0.2 5.0±0.2 4.9±0.1 

DP 26-30 3.4±0.1 3.2±0.1 5.5±0.1 5.5±0.1 

DP 31-35 2.8±0.1 2.5±0.1 4.7±0.2 4.7±0.1 

DP 36-40 1.8±0.1 1.6±0.1 3.0±0.3 3.1±0.1 

DP >40 1.4±0.3 1.1±0.1 2.5±0.8 2.8±0.1 

    * Value denotes mean of two replicates ± standard deviation 
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Figure 7.3.6.3. Internal chain length distribution of starch from maize starches. 

The values depicted in the graph for each chain length group are mean of two 

replicates, taken from data in Table 7.3.6.4. 

 Gelatinization of maize starches 

The gelatinisation temperature represents the temperature at which starches lose 

internal order (e.g. double helices) on heating in water. When dry starches were 

heated in the presence of excess water; starch gelatinization occurred. The 

gelatinisation temperatures of pure starches from the ae mutants and wild-type 

background were investigated using different scanning calorimetry (DSC) as 

shown in Figure 7.3.6.4. The transition temperature “peak” represents the phase 

transition of starch from ordered granular structure to a random coil state during 

starch gelatinization. Table 7.3.6.5 shows the gelatinization properties of different 

starches. The peak temperatures of gelatinization were 73.3, 80.6, and 78.7 °C 

and the enthalpies were 15.3, 14.7, and 13.3 J/g for wild-type, ae--1.1, and ae--

1.2 respectively. The ae--1.1 starches had a significantly higher gelatinisation 

temperature than the ae--1.2 starches (P value, 0.0012), and both of the ae 

mutants had significantly higher gelatinisation temperatures than the wild-type (P 

value of ae--1.2 versus wild-type < 0.0001). No statistically significant difference 

was observed for onset temperature when comparing ae--1.1 starches with wild-

type (P value, 0.0705), but both were significantly lower than the ae--1.2 starch 

(P value of ae--1.2 versus wild-type < 0.0001).  
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Figure 7.3.6.4. Starch thermal properties measured by DSC.  
 

 

                        Table 7.3.6.5.  Starch thermal properties measured by DSC 

Sample Initial Heating (gelatinization) 

 Onset* Peak* Completion* H (J/g) * 

wild-type 68.1  0.1 73.3  0.1 85.9  0.5 15.3  1.5 

ae
-
-1.1 67.9  0.1 80.6  0.4 101.7  0.1 14.7  0.1 

ae
-
-1.2 69.9  0.0 78.7  0.0 102.7  1.9 13.3  0.2 

                          * Value denotes mean of three replicates ± standard deviation   

                   Wild-type 

                   ae
-
-1.1 

                ae
-
-1.2 

Wild-type 

ae
-
-1.1 

ae
-
-1.2 
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7.4 Discussion 

This chapter presents a detailed biochemical study of protein-protein interactions 

between enzymes of starch biosynthesis in maize amylose extender (ae-) 

mutants. The ae mutants analysed were ae--1.1 which lacks SBEIIb and ae--1.2 

in which SBEIIb is present but inactive. The phenotype of the starch granules 

from the two ae mutants were also compared with wild-type. By comparing starch 

granule bound proteins (Chapter 6) and protein-protein interactions of starch 

biosynthetic enzymes (this chapter) in wild-type and ae mutant endosperm 

amyloplasts, a new hypothesis was developed that components of protein 

complexes involved in amylopectin biosynthesis are deposited in the growing 

starch granules. Protein phosphorylation of enzymes involved in protein 

complexes observed in both wild-type and the ae--1.1 mutant were also 

characterized. 

 

The ae--1.1 mutant amyloplast stromal proteins were analysed by immunoblots of 

denaturing SDS-PAGE in Chapter 6 (Figure 6.3.1.1). This confirmed the absence 

of SBEIIb protein in the ae--1.1 mutant and showed unaltered protein levels of 

SSI, SSIIa, Iso-1, Iso-2, plastidial SP, and the other forms of SBE when 

compared with the wild type. Despite the apparent lack of difference in protein 

levels, the enzymatic activities of SS, SBE, Plastidial SP, and DBE (PUL) were 

affected. Total SS activity (Figure 7.3.1.1) is apparently increased in the ae--1.1 

mutant amyloplast lysates. This result contrasts with previous studies on ae- 

mutants of maize and rice which reported a decrease in soluble SS activity in 

whole cell extracts (Boyer and Preiss, 1978; Nishi et al., 2001). SS activity is also 

significantly different in the ae--1.1 mutant observed on the SS zymogram (Figure 

7.3.1.2 B), which showed a strong SS activity band coincident with SSI antigen 

on the immunoblot of the same native gel. SSIIa activity appears to be missing in 

the ae--1.1 mutant although activity is also not clear in the wild-type. The SSIIa 

detectable protein level on non-denaturing gels is also apparently lower than 

wild-type. This contrasts with the data from SDS-PAGE which shows that the 
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amount of SSI and SSIIa protein is unaltered in the mutant. Given the 

considerable enhancement of SSI activity in ae--1.1, this might suggest that the 

affinity of the enzyme towards glycogen is reduced, but the activity higher. The 

data therefore suggest that SSI activity is significantly enhanced in the ae--1.1 

mutant. SSIIa protein levels were also shown to be unaltered in the ae--1.1 

mutant when compared with wild-type following SDS-PAGE and immunoblotting 

(Figure 6.3.1.1). The decreased SSIIa protein level detected on the native 

immunoblots may therefore reflect conformational changes or possible 

association with other proteins, which could make the epitope of SSIIa 

unavailable to the peptide-specific antibodies. The apparent loss of SSIIa activity 

could be real or due to the methodology used, since channelling of substrate 

from SSI to SSIIa could be an issue in the gel-based assay if SSIIa is part of a 

larger complex. If that possibility is true, the strong activity band on the ae--1.1 

SS zymogram would also be expected to contain SSIIa activity though the 

protein is not detectable by SSIIa antibodies. At the very least, some significant 

conformational changes in SSI and SSIIa appear to have occurred within the ae--

1.1 mutant which may reflect or be a function of altered interactions with other 

polypeptides. 

 

In addition, total branching enzyme activity is about half in the ae--1.1 mutant 

compared to that of the wild-type (Figure 7.3.1.1). This cannot be explained 

solely by the loss of SBEIIb, since SBEI also exhibited a visible reduction in 

catalytic activity in the ae--1.1 mutant (Figure 7.3.1.2A). In comparison, in earlier 

studies of an ae mutant, normal levels of SBEI and SBEIIa activity were found, 

based on partial purification of SBEI and SBEIIa by ion-exchange 

chromatography (Boyer and Preiss, 1978). One possible reason for the 

difference between studies might be due to the difference in methodologies used. 

In this study, proteins in amyloplast lysates were separated on a native PAGE to 

investigate isoforms of SBE activities, rather than by ion-exchange. This may 

give rise to differences in separation of SBEI from other amyloplast stromal 

proteins and so affect SBEI activity differently. Furthermore, in another study 
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using a different native PAGE system, loss of SBEI activity was observed in an 

ae mutant lacking detectable SBEIIb (Colleoni et al. 2003). Plastidial SP activity 

is also apparently decreased in the ae--1.1 mutants (measured in the glucan-

synthesizing direction, Figure 7.3.1.1) and this reduction is also visible in the gel 

zymogram (Figure 7.3.1.2A) analysis. This is in contrast to previous studies of 

the ae mutant of rice endosperm which showed no change in the catalytic activity 

of SP (Nishi et al., 2001). In addition, alterations in isoamylase-type DBE were 

observed in this study (Figure 7.3.1.2D, middle band of the three), but not as 

clear as a similar, previous study (Colleoni et al. 2003). Pullulanase-type DBE 

activities were also altered in the ae--1.1 mutant with an additional band of 

activity found on native PAGE zymograms in this study. No comparable studies 

are available in the literature, and no conclusions about the significance of these 

changes can be drawn.  

 

Co-immunoprecipitation analysis of the ae--1.1 mutant revealed novel protein-

protein interactions involving SSI, SSIIa, SBEI, SBEIIa and SP, distinct from 

those observed in the wild-type endosperm which involved only SSI, SSIIa and 

SBEIIb. The reciprocal co-immunoprecipitation experiments using SSI, SSIIa, 

and SBEI antibodies (Figure 7.3.3.1), plus reconstitution of the protein complexes 

using immobilized recombinant proteins (SSI, SBEI or SBEIIa) (Figure 7.3.4.2) 

demonstrate the case which, in the absence of SBEIIb, SBEIIa is also able to 

interact with SSI, SSIIa, SBEI and SP. SBEIIb is the dominant branching enzyme 

in maize endosperm, expressed at approximately fifty times the level of SBEIIa 

(Gao et al., 1997). Studies with maize SBEIIa mutants suggest that either SBEIIa 

does not play a critical role in endosperm starch biosynthesis, or that other 

isoforms of branching enzymes can compensate for its loss (Blauth et al., 2001). 

Similarly, studies on maize SBEI mutations also suggest that a deficiency of 

SBEI in the single mutant has no impact on endosperm starch structure (Blauth 

et al., 2001, 2002). Based on data presented here, neither SBEIIa nor SBEI is 

involved in the protein complexes of wild-type maize endosperm. However, both 

SBEIIa and SBEI are observed in novel protein complexes in the ae--1.1 mutant 
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(Figure 7.3.3.1, 7.3.4.1, 7.3.4.2). This suggests that SBEIIa and SBEI can 

compensate for SBEIIb in protein-protein interactions with SS in this mutant. 

Early genetic studies on mutants lacking both SBEIIb and SBEI demonstrated 

that the effect of SBEI on starch biosynthesis is observable only in the absence 

of SBEIIb. Takeda et al. (1993) suggested that SBEI preferentially transfers 

longer glucan chains than SBEIIa and SBEIIb. Chain length distribution analysis 

of ae--1.1 mutant endosperm starches showed a significant increase in the 

proportion of chains of degree of polymerisation (DP) 16 to 35 when compared to 

wild-type, which showed a higher proportion of chains of DP 9-15 (Figure 7.3.6.2). 

This is consistent with a relative increase in the importance of SBEI activity in the 

ae--1.1 mutants. The observed longer amylopectin chain length, and decreased 

branching frequency, may be facilitated by differences in protein-protein 

interactions between enzymes of starch biosynthesis. Early genetic and 

biochemical studies (see above) have clearly demonstrated that both SBEI and 

SBEIIa become important to starch biosynthesis when SBEIIb is missing from the 

endosperm. Therefore, the observed novel protein complexes containing SBEI 

and SBEIIa in the ae--1.1 mutant endosperms are consistent with their 

importance. This raised the possibility that the presence of novel protein 

complexes are important factors, rather than simple deficiency of SBEIIb activity, 

which contribute to the amylopectin architecture observed (section 7.3.6). 

Significant aspects of the phenotypes of starch granules observed in the ae 

mutants (section 7.3.6), are related to abnormal amylopectin structures, and not 

just due to an increase in the ratio of amylose: amylopectin.  

 

Starch phosphorylase (SP) was also involved in protein-protein interactions 

between SSI, SSIIa, SBEI, SBEIIa in ae--1.1 mutant endosperm (Figure 7.3.3.1, 

7.3.4.1, 7.3.4.2), but not in the wild-type endosperm. Recent studies suggest that 

plastidial SP might have a role in “trimming” glucan chains at the surface of the 

granule (Tetlow et al., 2004a). Possible role of SP in the novel protein complex in 

ae--1.1 mutant is not yet clear. 
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The involvement of the SBEI in protein complexes in the ae--1.1 mutants was 

also supported by gel permeation chromatography (GPC) experiments (Figure 

7.3.2C). SBEI in the ae--1.1 mutant eluted in fractions whose apparent molecular 

mass corresponded to 650~400kDa and 160~40kDa, suggesting the occurrence 

of both higher-order and monomeric forms of SBEI. In wild-type maize 

endosperm, phosphorylation dependent protein-protein interactions between 

SBEIIb and SBEI have been observed by co-immunoprecipitation experiments 

(Chapter 3, Figure 3.3.3.3), but SBEI only eluted in lower molecular mass 

fractions corresponding to monomeric forms of SBEI. This may mean that 

protein-protein interactions between SBEI and SBEIIb are not as stable or of 

relatively low abundance and not detectable by GPC. SSI and SSIIa may form a 

„core‟ part of complexes, and both eluted in complex and monomeric forms in 

wild-type and the ae--1.1 mutants following Gel Permeation Chromatography. 

The earliest eluting fractions in which SSI and SSIIa are found in ae--1.1 mutants 

suggest that they might be part of larger complexes than those observed in the 

wild-type. 

 

Phosphorylation dependent protein-protein interactions between SS and SBE 

were observed (chapter 3 and the work in this chapter) in maize and wheat 

endosperm, and it was shown that regulation by protein phosphorylation is 

reversible in maize (Figure 7.3.5.1A). Previous studies have shown that 

assembly of a protein complex consisting of SBEI, SBEIIb and SP in wild-type 

wheat endosperm amyloplasts is driven by protein phosphorylation (Tetlow et al., 

2004a). This implies that protein phosphorylation is a general regulatory process 

in the formation of protein complexes in cereal endosperm. For some reason, the 

novel protein-protein interaction between SSI, SSIIa, SBEI, SBEIIa and SP 

observed in the ae--1.1 mutants were not affected by pre-treatment with either 

ATP or APase (Figure 7.3.5.1A). This may be a limitation of the methodology 

used in vitro. However, co-immunoprecipitation of amyloplasts incubated with 



262 

 

[γ32P]-ATP showed that SBEIIb in wild-type, and SBEI and SP in the ae--1.1 

mutants, were phosphorylated (Figure 7.3.5.1B). Phosphorylation of SBEIIa in 

the protein complexes of the mutant was not clear (Figure 7.3.5.1B) but cannot 

be excluded given the relatively low abundance of this protein. For starch 

synthases, however, neither SSI nor SSIIa were visibly labelled by 32P as shown 

on the autoradiograph (Figure 7.3.5.1B). This is consistent with labelling studies 

using recombinant SSI or SSIIa (data not shown). In contrast, SSIIa was found 

phosphorylated in wheat endosperm starch granules (Tetlow et al., 2004a), but 

this was not to be observed in maize starch granules (Grimaud et al., 2008). The 

fact that SSIIa in maize endosperm could not be labelled with 32P does not rule 

out the possibility that it is also phosphorylated, and further investigation is 

required.  

 

Protein-protein interactions between starch synthetic enzymes were studied at 

different stages of endosperm development. Figure 7.3.3.2A indicates that the 

observed protein complexes are present in the amyloplast until relatively late in 

development (up to 35 DAP). However, soluble SSI and SSIIa were detected 

only at very low levels in early developmental stages (9-12 DPA) of both wild-

type and the ae mutants (Figure 6.3.1.3A), and no protein complexes were 

detected. This finding is similar to that observed in developing wheat endosperm 

(Chapter 2, Figure 2.3.1.12) in which protein-protein interactions between SS and 

SBE could not be detected until after 10 DAP. It would be interesting to know 

whether this is a result of different in phosphorylation status, the 

presence/absence of protein kinases/phosphatases or some other mechanism. 

 

Analysis of maize endosperm starch granule-associated proteins showed clear 

alterations in the compliment of granule-associated proteins in the ae--1.1 mutant, 

in addition to the loss of SBEIIb (Chapter 6). Starch granule-associated proteins 

were detected in wild type and in the ae--1.1 mutant granules using both mass 

spectrometry and immunoblot analyses as tools for identification (Figure 6.3.1.2). 



263 

 

SSI, SSIIa, SBEIIb, and GBSSI are routinely found as granule-associated 

proteins in cereals such as wheat, barley, and rice which also contain SBEIIa as 

a granule-associated protein (Rahman et al., 1995; Regina et al., 2005; Morell et 

al., 2003; Borén et al., 2004; Umemoto and Aoki, 2005). With the obvious 

exception of GBSSI, the evidence from several species now suggests that starch 

biosynthetic enzymes that are found as granule-associated proteins are also 

components of identified soluble protein complexes in the endosperms of wheat 

and maize (Chapter 2 and Chapter 6). Significantly, starch granules of the ae--1.1 

mutants also contained SBEI, SBEIIa and SP (Chapter 6). Given the data 

provided in this chapter (Figure 7.3.3.1, 7.3.4.1 and 7.3.4.2), which demonstrate 

that SBEI, SBEIIa and SP are also components of identified soluble protein 

complexes involving SSI and SSIIa in the endosperms of ae--1.1 mutants, this 

reinforces the point that the deposition of starch biosynthetic enzymes within 

granules is a result of the formation of muti-enzyme complexes. Further 

discussion of this hypothesis will be included in Chapter 8. 

 

The ae--1.2 mutant endosperm, which has the same genetic background as ae--

1.1, was also analysed for enzymatic activities, protein-protein interactions and 

phenotype of starch granules. The basis for loss of functional activity of SBEIIb 

protein in the ae--1.2 mutant is still not clear. Some evidence from SDS-PAGE 

and immunoblotting suggests that this might arise from a truncation of SBEIIb, as 

it appears to be of slightly lower molecular weight than that of the functional 

SBEIIb in wild-type (Figure 7.3.5.2). It is also possible that the conformation of 

the inactive SBEIIb protein might be altered in the mutant. Since it could not be 

recognized by peptide-specific SBEIIb antibodies on native-PAGE immunoblots, 

but could be detected on SDS blots (Figure 7.3.1.3, and 7.3.5.2). By contrast, the 

functionally active SBEIIb protein of wild-type can be clearly recognized on 

native-PAGE and immunoblots (Figure 7.3.1.3). Data from co-

immunoprecipitation experiments using SSIIa antibodies showed that the inactive 

SBEIIb can associate with SSIIa. Interestingly, SBEI is also co-precipitated and 

therefore involved in the protein complexes, but SP is not, suggesting that it is no 
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longer a component of protein complexes (Figure 7.3.5.2). The mechanism for 

involvement of the inactive SBEIIb in the protein complex, and effects on SBEI 

and SP in ae--1.2 mutant is not clear. Interestingly, the association between 

SSIIa and the inactive SBEIIb protein in ae--1.2 mutant is not affected by either 

ATP or APase pre-treatments, which is very different to that of wild-type 

endosperm. Whether the inactive SBEIIb protein can be phosphorylated or not in 

ae--1.2 mutant amyloplasts was not investigated. By contrast, the interactions 

between SBEI and SSIIa are enhanced by pre-incubation of lysates with 1mM 

ATP, and reduced to nearly undetectable levels following dephosphorylation with 

APase in the ae--1.2 mutant amyloplasts (Figure 7.3.5.2), consistent with a 

phosphorylation-dependent mechanism. The reason for the observed 

phosphorylation-dependent protein-protein interactions between SBEI and SSIIa 

in the ae--1.2 mutant, but not in the ae--1.1 mutant, is not clear. It could be due to 

a difference of ATP/APase accessibility to different complexes, which would be 

even more interesting if this results from changes of phosphorylation status of the 

inactive SBEIIb protein though this is speculative at this stage. 

 

In comparing the phenotype of starch granules between ae--1.1 and ae--1.2 

mutants (section 7.3.6), no apparent difference was observed in the frequency of 

α-1,6 branch points and chain length distribution. However, ae--1.2 had a lower 

proportion of amylose compared to the ae--1.1 mutants. Although no SBEIIb 

activity was observed in the ae--1.2 mutant containing SBEIIb protein, the 

possibility remains that it has a low, residual activity, which is sufficient to support 

some amylopectin synthesis and which could account for the amylose: 

amylopectin ratio. Alternatively, although inactive, its association with other active 

components of starch biosynthetic pathway may, in some unknown way, 

enhance the biosynthesis of amylopectin in comparison to the protein complex 

found in ae--1.1. 
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The presence of SP in protein complexes of ae--1.1 mutant amyloplasts and 

absence from complexes in the ae--1.2 mutant, coupled with the observation that 

it is trapped in ae--1.1 mutant starch granules but not in ae--1.2 starch granules, 

supports the proposal that the trapping of starch biosynthetic enzymes within 

granules is through the formation of muti-enzymes complexes.  

 

                     Table 7.4. summary of possible protein complexes in different maize genotypes 

genotype possible protein complexes 

wild-type SSI, SSIIa, SBEIIb 

 SBEI, SBEIIb 

ae
-
-1.1 SSI, SSIIa, SBEI, SBEIIa, SP 

 SSI, SSIIa, SBEI 

 SSI, SSIIa, SBEI, SBEIIa 

 SSI, SSIIa, SBEI, SP 

 SSI, SSIIa, SBEIIa 

 SSI, SSIIa, SBEIIa, SP 

 SBEI, SBEIIa, SP 

ae
-
-1.2 SSI, SSIIa, SBEIIb (inactive) 

 SSI, SSIIa, SBEI 

 SSI, SSIIa, SBEIIa 

 SSI, SSIIa, SBEIIa, SBEI 

 SBEI, SP, SBEIIb 

 

In summary, this chapter has demonstrated that loss of a key component of the 

amylopectin-synthesizing machinery (SBEIIb) results in some compensation by 

the inclusion of SBEI, SBEIIa and SP within protein complexes. It is still not clear 

whether the protein-protein interactions observed result from the formation of 

single large protein complexes or multiple distinct smaller protein complexes, or 

some combination. The possible permutations which are all consistent with the 

data included in this thesis are shown in table 7.4. Altered protein complexes in 

different genotypes likely contribute to the altered phenotype of the amylopectin 

component, and their subsequent entrapment as granule-associated proteins. It 

is argued that complement of starch biosynthetic enzymes found in granules is a 

reflection of soluble, phosphorylation-dependent, protein complexes formed in 

the stroma of the amyloplasts. Further biochemical analysis of other mutants will 
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prove valuable in explaining the various starch phenotypes and the specific roles 

of heteroprotein complexes. The physiological significance of the different 

protein-protein interactions will be discussed in the next chapter. 
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Chapter.8 General discussion 

 

In this thesis, a potentially important mechanism of co-ordinating multi-enzyme 

actions involved in starch biosynthesis has been investigated, involving 

phosphorylation dependent protein-protein interactions. Physical associations 

between enzymes have been demonstrated by in vitro reconstitution of the multi-

enzyme complexes, which are reflected in the association of starch biosynthetic 

enzymes within starch granules. 

 

8.1 Formation of multi-enzyme complexes is a general regulatory process 

in the core pathway of starch biosynthesis in cereal endosperm 

The core pathway of starch biosynthesis involves a number of enzyme activities. 

Starch synthases (SSs) add the glucose moiety from ADP-glucose to a pre-

existing glucan chain, thus elongating glucan chains. Branching enzymes (SBEs) 

create branches within amylopectin, and debranching enzymes (DBEs) are 

involved in trimming the growing glucans (as described in section 1.4.2). This 

outline of starch biosynthesis is often presented as an essentially linear series of 

actions of the enzymes. However, the reality is likely more complex. Evidence for 

coordination of starch biosynthetic enzymes has arisen from studies of mutants. 

Mutations affecting specific starch biosynthetic enzymes are known to have 

pleiotropic effects on other enzymes in the same metabolic pathway (Boyer and 

Preiss, 1979; Colleoni et al., 2003; James et al., 1995; Dinges et al., 2001, 2003; 

Nishi et al., 2001; Ball et al., 1996; Ball and Morell, 2003). Results from such 

studies are consistent with the idea of physical protein-protein interactions 

between enzymes of starch biosynthesis.  

 

In an earlier biochemical study of wheat endosperm (Tetlow et al., 2004a), it was 

shown that SBEI, SBEIIb and SP are capable of forming phosphorylation-

dependent multi-enzyme complexes. This work was developed further through 
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the study of protein-protein interactions between SSs and SBEs (Chapter 2). 

Further studies on protein-protein interactions between starch biosynthetic 

enzymes were focused on maize endosperm, in part because of the availability 

of cDNAs and peptide-specific antibodies, and since many mutants within the 

starch biosynthetic pathway are available as tools for study. Similar to wheat, 

protein-protein interactions between SSs and SBEs were also found in maize, 

suggesting that physical protein-protein interaction between starch biosynthetic 

enzymes is a common feature in cereal endosperm. Comparing wheat and maize, 

the association of SSI and SSIIa is readily observed in both species. The 

observation that SSI and SSIIa are capable of interacting with SBEIIa and SBEIIb 

in wheat endosperm provides for a number of possible heterocomplexes, eg. 

SSI/SSIIa/SBEIIa and SSI/SSIIa/SBEIIb. No heteromeric protein-protein 

interactions were observed between SBEIIa and SBEIIb in either wheat or maize 

endosperm. In comparison, in wild-type maize endosperm, heterocomplexes 

appear to involve only SSI/SSIIa/SBEIIb, since no detectable SBEIIa was 

observed interacting with SSI or SSIIa in maize wild-type. This difference in 

composition of multi-enzyme complexes between wheat and maize endosperm is 

consistent with the fact that the level of SBEIIa protein is two- to three-fold higher 

than SBEIIb in wheat endosperm (Regina et al., 2005), but SBEIIb is expressed 

at about 50 times the level of SBEIIa in maize endosperm (Gao et al., 1997). The 

lack of detectable protein-protein interactions between SSI/SSIIa and SBEIIa in 

maize endosperm might therefore be due to its low abundance. In wheat 

endosperm, deficiency in both SBEIIa and SBEIIb is required to produce a high 

amylose phenotype of starch granules (Regina et al., 2006), whereas in maize 

endosperm, high amylose starch results from a single gene mutation (amylose 

extender, ae) lacking SBEIIb activity (Ferguson et al., 1966; Boyer and Preiss 

1978; Hedman and Boyer, 1982). This suggests that SBEIIa and SBEIIb may 

have complementary roles, and the determining factor for each species is the 

combined expression of SBEII isoforms rather than distinct functions. 

 



269 

 

The protein-protein interactions observed in this study may reflect abundant and 

stable physical interactions, since low abundant and unstable protein-protein 

interactions might be undetectable or lost in the process of the biochemical 

methods used. Considering the importance and co-ordination of different 

isoforms of SSs, SBEs, DBEs, and SP in the core pathway of starch biosynthesis, 

the observed protein complex of SSI/SSIIa/SBEIIb does not rule out the 

existence of other protein-protein interactions. In maize endosperm, the multi-

enzyme complex of SSI/SSIIa/SBEIIb would be expected to be about 250kDa 

based on monomeric size and elutes between 300-400 kDa during gel 

permeation chromatography (GPC) analysis (Chapter 2 and 7). Since the latter is 

a relatively crude separation technique and assumes that all proteins are globular 

(when calibrating molecular weight), this seems a reasonable approximation. In 

other studies the association of SSI, SSIII and SBEIIa was also observed 

(Hennen-Bierwagen et al., 2008). It was suggested that this might amalgamate 

with SSI/SSIIa/SBEIIb to form a large protein complex of 

SBEIIb/SSIIa/SSI/SIII/SBEIIa ca. 600kDa under certain conditions. As to DBEs, 

no obvious protein-protein interactions were observed between SSI, SSIIa or 

SBEIIb with DBEs in the present study, in contrast to the hypothesis that 

interacting pairs exist containing SBEIIa/ZPU (pullulanase-type DBE) and 

SBEIIb/ISAI (isoamylase-type DBE) (James et al., 2008). Protein-protein 

interactions between SSIII, ISAI and ISAII were also hypothesized by James et al. 

(2008) based on pleiotropic effects on enzyme activities in mutants. Presumably, 

a network of multi-enzyme complexes of varying abundance and stability, and 

which turn over dynamically, could be involved in regulating starch biosynthesis. 

 

Analysis of the maize amylose extender (ae) mutant revealed novel protein-

protein interactions in the absence of the SBEIIb protein and activity. In maize 

endosperm, SBEIIb is the dominant branching enzyme (Gao et al., 1997). 

Mutants lacking SBEIIb activity produce starches with longer glucan chains within 

amylopectin clusters (section 6.1). The function of SBEIIb appears to be 

predominant to that of SBEI in the formation of branches. In the absence of 
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SBEIIb, further deficiency of SBEI leads to increased branching, suggesting in 

vivo inhibition of SBEIIa by SBEI (Yao et al., 2004). Interestingly, in the ae 

mutant lacking SBEIIb protein (ae--1.1), SBEI, SBEIIa and SP are clearly 

observed forming multi-enzyme complexes with SSI and SSIIa. What is less 

certain is whether SBEI and SBEIIa co-exist in the same complex with SSI and 

SSIIa, or are part of discrete complexes, which may also include SP. Specificity 

of the observed protein-protein interactions was emphasized by the fact that 

preincubation of plastid lysates with glucan-degrading enzymes 

(amyloglucosidase and α-amylase) did not prevent coimmunoprecipitation of SS 

and SBE isoforms. This indicates that their association is due to specific protein-

protein interactions and not a result of SSs and SBEs binding to the longer 

glucan chain in the ae mutant. Feasibly, given the possible permutations of 

interactions observed, a discrete protein complex of SBEIIa/SBEI/SP, analogous 

to the SBEIIb/SBEI/SP complex observed in wheat endosperm (Tetlow et al., 

2004a) might also be present in maize but was not detected. Determination of 

the stoichiometric relationships between different components of the observed 

protein complexes remains an important goal for future studies. 

 

Physiological functions of protein complexes containing enzymes of starch 

biosynthesis are supported by combined genetic and biochemical studies, 

indicating regulatory interactions between key enzymes in this pathway. For 

example, increased SS activities and decreased SP activities were observed in 

the maize ae mutant lacking SBEIIb activity (Chapter 7), suggesting that in vivo 

association of SSs with SBEIIb might confer a negative regulatory effect on SS 

activities in wild-type endosperms. At a biochemical level, there is an enhanced 

probability for intermediates to be transferred from one active site to the other by 

sequential enzymes within stable, physical interactions of related enzymes within 

different metabolic pathways; this is a central feature of cellular metabolism as 

described (section 1.5). In starch biosynthesis, functional association of key 

enzymes involved in this pathway within multi-enzyme complexes would 

presumably enhance the efficiency of amylopectin construction, in that the 
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products of SSs are the substrates of SBEs, and the products of SBEs are in turn 

the substrates of SSs. Specific and non-overlapping abnormal amylopectin 

structures were inferred by observing different mutations caused by the loss of 

SSI, SSIIa or SBEIIb (Yuan et al., 1993; Shi and Seib, 1995; Klucinec and 

Thompson, 2002; Zhang et al., 2004; Delvalle et al., 2005), suggesting a higher 

level of organization indicative of multi-enzyme coordination. The machineries of 

multi-enzyme complexes may provide environments that favour, three-

dimensional structures for the ordered construction of the glucan polymers 

necessary for crystallization of amylopectin, with certain branching points and 

chain length distributions. What is less clear is how the DBE‟s interact in such a 

scheme, although higher order complexes, involving SSIII have been proposed 

(Hennen-Bierwagen et al., 2009). Conceivably, multi-enzyme complexes may act 

as a form of “carbohydrate chaperonin” (Tetlow et al., 2004a). Experiments which 

analyse the physiological significance of the observed multi-enzyme complexes 

are needed. Purification of intact protein complexes or in vitro reconstitution of 

the protein complexes could allow development of biophysical and biochemical 

assays to examine potential functions of protein complexes. Eventually, use of 

transgenic plants with modifications which prevent specific protein-protein 

interactions in vivo would be a powerful tool to study the physiological functions 

of protein complexes. 

 

8.2 Formation of multi-enzyme complexes containing starch biosynthetic 

enzymes is regulated by protein phosphorylation and endosperm 

development in cereals 

A key observation arising from these studies is that the physical interactions 

between starch synthases (SSs) and branching enzymes (SBEs) in wild type 

maize endosperm amyloplasts are regulated by protein phosphorylation (Chapter 

3 and 7). This is consistent with the assembly of similar protein complexes in 

wheat endosperm amyloplasts (Chapter 3, Tetlow et al., 2004a, 2008), indicating 

that protein phosphorylation has a general role in the formation of multi-enzyme 

complexes in cereal amyloplasts. In a related study, it was recently shown that a 
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large protein complex of approximately 670 kDa in maize endosperm involving 

SSIII, SSIIa, SBEIIa and SBEIIb is assembled in a phosphorylation-dependent 

manner (Hennen-Bierwagen et al., 2008). The 670kDa protein complex could 

represent a different multi-enzyme complex or reflect an association of the 

complexes, found here, with SSIII. Phosphorylation of SSIII might be necessary 

to catalyse the formation of the 670kDa protein complex. This is supported by the 

observations that SSIII within the starch granule is phosphorylated (Grimaud et 

al., 2008), though it is present in relatively low abundance in granules compared 

to other enzymes. It is known that plant SSIII isoforms contain a large N-terminal 

extension (residues 1-769 in maize) beyond its central conserved region. This 

extension of SSIII could relate to a role as a scaffold protein that links together 

multiple components of protein complexes (Cao et al., 1999). Moreover, the 

central conserved region (from dicots to monocots, residues 770-1226 in maize) 

of SSIII, is referred to as the homology domain (SSIIIHD) entirely separate from 

the glucan synthase catalytic domain (Li et al., 2000). SSIIIHD has been reported 

as a glucan binding domain (Palopoli et al., 2006; Senoura et al., 2007), and 

highly predicted as a coiled-coil domain by bioinformatics analysis. Coiled-coil 

domains typically function to mediate protein-protein interactions (Burkhard et al., 

2001;  Mei et al., 2006; Strauss et al., 2008), consistent with a study which 

showed interactions between SSIIIHD, SBEIIa and SSI (Hennen-Bierwagen et al., 

2008). 

 

Details of the biochemical mechanisms which regulate the association of multi-

enzyme complexes are still not clear, but some preliminary insight has been 

gained. A process is hypothesized here on the basis of biochemical studies and 

bioinformatic predictions. The putative interaction domain of SBEIIb (C663R664) 

and its ability to bind to SSIIa has been verified in chapter 5 (Figure 5.3.4). 

Moreover, on the basis of bioinformatic analysis, Ser649 of maize SBEIIb protein 

is the predicted residue most likely to be phosphorylated (Figure 8.1A). Modelling 

the three dimensional structure of maize SBEIIb, predicts that Ser649 is apparently 

on the surface. Its availability to protein kinase(s) is also reinforced by the 
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observation that this Ser649 residue is within the epitope sequence recognized by 

peptide-specific anti-maize SBEIIb antibodies. Presumably, the interaction 

domain of residues C663R664 is buried inside the three dimensional structure of 

SBEIIb protein, as “Cysteine” is known to be very hydrophobic and “Arginine” is 

partially hydrophobic, which might make it unavailable for interaction with SSIIa. 

Since this interaction domain (C663R664) is only about 15 amino acids away from 

the putative phosphorylation site (Figure 8.1A), phosphorylation and 

dephosphorylation of the residue Ser649 might alter the conformation of the 

SBEIIb protein. Thus, phosphorylation of Ser649 could “open” the interaction 

domain (C663R664) of SBEIIb, exposing it to its interacting partner (SSIIa in this 

case), whereas dephosphorylation of the Ser649 could reverse the process 

(Figure 8.1B). 

(A) 

 

 

(B) 

 

Figure 8.1. Phosphorylation-regulated protein-protein interactions between 

SBEIIb and SSIIa in maize endosperm. (A), sequence of binding domain 

(C663R664) of SBEIIb; epitope of peptide-specific anti-maize SBEIIb antibodies; 

and putative phosphorylation site of SBEIIb (Ser649); (B), phosphorylation 

regulated protein-protein interactions between SBEIIb and SSIIa. The binding 

domain of SBEIIb (C663R664) is not available to SSIIa when dephosphorylated 

(Ser649, black dot) by protein phosphatase. Phosphorylation of residue Ser649 (red 

dot) results changes of conformation of SBEIIb and exposure of the binding 

domain of SBEIIb to SSIIa. 
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For the phosphorylation-dependent protein-protein interactions observed 

between SBEIIb and SBEI, there is no experimental data showing which domains 

are involved, since site-directed mutagenesis of SBEIIb protein at residues 

C663R664 disrupted its interaction with SSIIa, without changing interactions with 

SBEI (Chapter 5).  

 

Significantly, in the analysis of ae--1.2 mutant endosperm, the inactive SBEIIb is 

readily observed on immunoblots following SDS-PAGE, but it is undetectable on 

immunoblots following native –PAGE (Chapter 6 and 7). This suggests that 

epitopes of the mutated, inactive SBEIIb are not available to the peptide-specific 

antibodies and may be evidence of a conformational difference with wild-type 

SBEIIb. Since the putative phosphorylation site (Ser649) is within the epitope 

sequence (Figure 8.1A), it is possible that the Ser649 (which is now not available 

to the antibody) is also not available to a protein kinase(s). This is consistent with 

the observation that preincubation of the ae--1.2 endosperm amyloplast lysates 

with either ATP or alkaline phosphatase does not affect the interaction between 

SSIIa and the inactive SBEIIb. The ae--1.2 mutant could therefore be a useful 

tool for further studies further. 

 

The above hypothesis does not rule out the possibility that other residues are 

phosphorylated in maize SBEIIb. Further experimental studies are needed to test 

this hypothesis. For example, site-directed mutagenesis of putative 

phosphorylation sites within the SBEIIb protein could be used to develop these 

models. 

 

Analysis of protein-protein interactions in maize endosperm at different 

development stages found that multi-enzyme complexes are present in the 

amyloplast until relatively late in development (up to 35 DAP) (chapter 2 and 7). 
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Comparatively, when rates of starch synthesis are very low, at early stages of 

maize endosperm development (9-12 DAP) (Tsai et al., 1970), no protein 

complexes were detected in either genotype (Chapter 2 and 7). Similar effects of 

different developmental stages on formation multi-enzymes complexes were 

observed in wheat endosperm (Chapter 2; Tetlow et al., 2008), in which protein 

complexes comprising of SS and SBE isoforms could not be detected up to 10 

DAP. This may suggest that the regulatory mechanisms of protein 

phosphorylation/dephosphorylation are developmentally regulated and requires 

further investigation. 

 

8.3 Entrapment of starch biosynthetic enzymes in starch granules 

Starch granule-associated proteins are those proteins strongly bound to, or 

locked within starch granules (following extensive detergent and solvent 

treatment) as described in chapter 6. GBSS, SSI, SSIIa and SBEIIb are routinely 

found as starch granule associated proteins in wild-type maize starch granules, 

and SBEIIa is also found as a starch granule-associated protein in wheat, barley 

and rice (Morell et al., 2003; Regina et al., 2005; Umemoto and Aoki, 2005). It is 

notable that all of the starch granule-associated proteins known to be involved in 

amylopectin synthesis are also components of identified soluble multi-enzyme 

complexes in the endosperm (Chapter 2, 5, 6, 7). In addition to these routinely 

detected starch granule-associated proteins, the maize ae- mutant showed SBEI, 

SBEIIa, SP and SSIII were associated with starch granules (Chapter 6), which 

are also components of identified novel multi-enzyme complexes in the 

endosperm of the maize ae mutant (Chapter 7). The amylopectin-synthesizing 

enzymes found as granule-associated proteins in the starch granules of cereal 

endosperms are involved in the synthesizing of short- to intermediate-length 

glucan chains, forming normal clusters and resulting in semi-crystalline lamellae 

(Ball and Morell, 2003). The suggested model of entrapment of starch 

biosynthetic enzymes within granules (as starch granule-associated proteins) 

was proposed by French (1984) and Hizukuri (1986) as the gradual, periodic 

synthesis of amylopectin clusters were joined via amorphous lamellae. In higher 
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plants, only a specific group of amylopectin-synthesizing enzymes are 

consistently observed within starch granules (SSI, SSIIa and isoforms of SBEII), 

whereas other enzymes classes, of importance in amylopectin-biosynthesis, are 

either absent (SSIV, SBEI, SP, isoamylase-type and pullulanase-type DBEs) or 

are found associated within the granules at very low levels (SSIII). In amylopectin 

biosynthesis, SSIII and SBEI, respectively, are responsible for elongating and 

branching relatively long glucan chains (Gao et al., 1998; Blauth et al., 2002). It 

has been proposed that these enzymes function in glucan chain formation 

between clusters in the amorphous region of the granule (Nakamura, 2002; 

James et al., 2003). The function or co-ordination of SSI, SSIIa and SBEII 

isoforms working as one or more multi-enzyme complexes in semi-crystalline 

cluster formation, and SSIII and SBEI (might working with other SSs and SBEs) 

involved in the synthesis of the cluster-connecting glucan chains in the 

amorphous zones fits well with the “two-step branching and improper branching 

clearing” model proposed by Nakamura (2002). In this model, both the cluster 

and amorphous regions of the granule process glucan extension and branching 

activities. DBEs play critical roles during the whole process in trimming the 

cluster shape at the periphery of the growing granule, since they act on sparsely 

localized branch points more rapidly than those in the densely packed semi-

crystalline lamellae (Mouille et al., 1996; Ball et al., 1996; Nakamura et al., 1997). 

As a result, enzymes that are involved in the synthesis of the amorphous region, 

and the trimming process, perhaps remain as soluble proteins in the amyloplast 

stroma, or are removed during the washing of starch granules. Analysis of the ae- 

mutant strengthens the notion that stromal protein complexes are involved in α-

polyglucan cluster formation, since enzymes involved in the novel protein 

complex of ae- mutant also become granule associated. 

 

The novel protein-protein interactions observed in ae- maize amyloplasts may 

also help to explain the unique starch phenotype of this mutant. In ae- 

amyloplasts SSI and SSIIa are associated with SBEI, SBEIIa and SP. It is known 

that SBEI has a high affinity for longer glucan chains (Guan and Preiss, 1993; 
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Takeda et al., 1993) compared to SBEIIb. Therefore, the replacement of SBEIIb 

by SBEI in the ae- mutant protein complexes would likely lead to branch points 

with relatively longer glucan chains than within the clusters of the wild-type. The 

role of SP in the mutant complexes is still not clear. Since the protein level of 

maize Plastidial SP is second only to SBEIIb, it might infer its importance in 

starch biosynthesis (Yu et al., 2001). Dauvillée et al. (2006) proposed a trimming 

role for SP in amylopectin biosynthesis following studies with an SP-deficient 

mutant of Chlamydomonas reinhardtii. Assuming a catalytic role of SP within the 

protein complex, it might be speculated that SP is involved in trimming the longer 

glucan chains that are branched by SBEI activity in order to maintain a constant 

cluster size. The trimming activity of SP in the multi-enzyme complexes in ae- 

amyloplasts could explain the fact that peak chain lengths in wild type and ae- 

starches are equivalent (Nishi et al., 2001; Klucinec and Thompson, 2002). 

 

In summary, this study has clearly demonstrated the existence of protein-protein 

interactions between enzymes in the core pathway of starch biosynthesis in 

maize endosperm, and this is regulated at a posttranslational level by protein 

phosphorylation of several of the components. Together with related studies in 

wheat amyloplasts (Chapter 2; Tetlow et al., 2004a and 2008), formation of 

phosphorylation-dependent multi-enzyme complexes is proposed as a common 

regulatory mechanism for the core pathway of starch biosynthesis in cereal 

endosperms. This study also demonstrated that the amylopectin biosynthetic 

enzymes routinely found in granules are a reflection of soluble, phosphorylation-

dependent multi-enzyme complexes formed in the stroma of the amyloplast. It is 

hypothesized that these multi-enzyme complexes are functional units involved in 

amylopectin cluster formation and become entrapped within the semi-crystalline 

lamellae during amylopectin biosynthesis (see Figure 8.2). Analysis of the maize 

ae- mutant showed that loss of the dominant branching enzyme isoform of the 

amylopectin-synthesizing machinery (SBEIIb) results in some compensation by 

other enzymes in the pathway (SBEI, SBEIIa and SP) within the glucan cluster-

forming multi-enzyme complexes. It is argued that this contributes to the altered 
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phenotype of the amylopectin component and their entrapment as granule-

associated proteins. Further biochemical analysis of other mutants in the core 

pathway of starch biosynthesis will prove valuable in explaining the various 

starch phenotypes and the specific roles of altered heteroprotein complexes. 

Studies to identify the protein kinase(s) and phosphatase(s) involved, and 

phosphorylation and interaction domains of components of the multi-enzyme 

complexes, will be essential to develop these hypotheses further. In vivo studies 

of mutants in which specific sites are modified will be essential to enhance our 

understanding of the physiological significance of protein-protein interactions 

between enzymes of starch biosynthesis in planta. Such knowledge will be 

essential for future efforts to produce defined starch structures with specific 

functionality. 

 

 
Figure 8.2. Altered protein-protein interactions in maize give rise to 

modified amylopectin structure. In wild type maize endosperm (A) the major 

form of SBEII (SBEIIb) forms a phosphorylation-dependent protein complex 

with SSI and SSIIa. Dephosphorylation with APase causes dissociation of this 

protein complex assembly. In the ae
-
 mutant (B) the SSI/SSIIa core recruits 

SBEI, SBEIIa and SP in place of SBEIIb. The figure shows these proteins as a 

single protein complex, but the data are also consistent with the existence of 

smaller complexes made up of different combinations of these proteins. For each 

of the genotypes, the components of the protein complexes found in the plastid 

stroma are also found in the respective starch granules. It is proposed that these 

protein-protein interactions are involved in assembly of the clusters of short- to 

intermediate-sized glucan chains which form the semi-crystalline lamellae of 

starch granules within which the proteins become entrapped. (Liu et al., 2009) 
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