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ABSTRACT 

REGULATION OF STARCH BIOSYNTHESIS IN Arabidopsis thaliana 

Qianru Zhao                                                                                          Advisors: 

University of Guelph, 2015                                                 Dr. Michael J. Emes  

 

Starch is an important carbohydrate in higher plants and is widely used in 

food and non-food industries. Starch is synthesized in plastids through the 

actions of starch synthases (SS), starch branching enzymes (SBE), and 

starch debranching enzymes (DBE), each with multiple isoforms. This study 

tested the hypothesis that SSs and SBEs in Arabidopsis thaliana (Arabidopsis) 

chloroplasts, involved in transient starch biosynthesis in leaves, are regulated 

by protein phosphorylation and protein-protein interactions. The sub-organelle 

distribution of starch biosynthetic enzymes was determined and SS2 and 

SBE2.2 were detected in wild type starch granules at the end of a 16/8h 

light/dark photoperiod. However, starch granules of ss2- and ss3- mutants 

also lacked SBE2.2, suggesting an interaction between SS2 and SBE2.2, and 

also with SS3 in the chloroplast stroma. Formation of protein complexes 

between SS1, SS2 and SBE was investigated by studying starch granule 

bound proteins in sbe- mutants and co-immunoprecipitation of interacting 

enzymes. In wild-type Arabidopsis chloroplasts, SS1 co-immunoprecipitated 

with SBE2.1 and SBE2.2, and was previously observed in cereal endosperm, 



 

suggesting that the interaction mechanisms among starch biosynthetic 

enzymes are common across species. Recombinant SBE2.1 and SBE2.2 

were shown to be phosphorylated by chloroplast protein kinases. Two 

phosphoserine residues that are highly conserved within the SBEII class of 

enzyme were identified by site-directed mutagenesis. A phosphorylation-

dependent protein complex could be formed in vitro between recombinant 

Arabidopsis SBE and maize SSI and SSII. However, mutation of the identified 

SBE phosphorylation sites did not lead to disruption of interactions with SSIIa 

or SSI, suggesting that these sites are not directly linked to the formation of 

such protein complexes. When SBE2.2, D653 was mutated to Ser, ATP-

dependent protein-protein interaction between maize SSI, SSIIa and 

Arabidopsis SBE2.2 were lost, suggesting this residue is important in 

regulating interactions with the SSI and SSII classes of starch synthases. The 

results of this study provide new insight into the regulation of transient starch 

biosynthesis in Arabidopsis chloroplasts. 
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1. General Introduction 

1.1  The importance of starch 

Starch has been widely exploited both in food and all kinds of non-food 

industries (Burrell, 2003; Tetlow, 2006; Shigechi et al., 2004). Starch is an 

important dietary source of energy for humans and represents 70-80% of the 

average daily caloric intake (Tetlow, 2004b). Starch-based foods, such as 

bread, potato, rice and pasta are considered as staple foods around the world. 

Plant starch and chemically modified starches are also used in cardboard and 

paper industries, textiles, cosmetics, pharmaceuticals, paint industries and 

also as a thickener, filler, and stiffening agent. Starch can also be broken 

down to simpler carbohydrates like glucose and used as sweeteners and 

fillers. In recent years, starch has also been used as a source of glucose for 

conversion to ethanol by fermentation. This latter example provides new 

insight on the world energy industry. About 66 million tonnes of starch was 

produced worldwide world in 2008, and total demand for about 85 million 

tonnes of starch is expected by 2015 (International Starch Institute). Storage 

starches produced from cereal such as wheat, maize, and rice make up to 90% 

of the total world starch market (Burrell; 2003). In 2009, the total demand for 

starch in the European Union was about 8.5 million tonnes, about 40% of that 

demand was for non-food industrial use and 60% of the starch demand was 
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used by the food industry (Natural Polymers Renewable Chemicals Factsheet, 

Adrian Higson et al., 2009).  

 

In plants, starch is synthesized in specialized subcellular organelles called 

plastids, such as amyloplasts and chloroplasts. Transient starch accumulated 

in photosynthetic tissues turns over more rapidly to provide energy when 

current carbon accumulation or translocation rates are low and it is essential 

for plant growth. Storage starch acts as a long-term carbon store, and 

accumulates in tubers, roots or seeds. Storage starch is required for plant 

development during seed germination and provides nutrients for the plant to 

survive in severe conditions and as a means of asexual reproduction.   

 

1.2 Composition and structure of Starch 

1.2.1 Amylose and amylopectin 

Starch can be chemically classified into two types of glucan polymers; 

amylose and amylopectin. In higher plants, starch consists of approximately 

30% amylose and 70% amylopectin (Deatherage et al., 1955) (Figure 1-1). 

The ratio of amylose to amylopectin molecules, the length of glucan chains 

and the degree of branching, govern the structure of starch, and therefore its 

functionality and economic value. 
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Figure 1-1. Components of starch, amylose and amylopectin. (Taken from Detherage et 

al., 1955) 

 

Amylose is a straight chain polymer in which glucose molecules are connected 

by α-(1-4)-linkages, with few branches formed by α-(1-6)-linkages. The 

proportion of amylose in starch may vary among species. In previous studies, 

51 species of plants have been analyzed and a range of 11%-37% of amylose 

content has been detected (Detherage et al., 1955). Compared to amylopectin, 

amylose molecules are much smaller, generally made of 200 to 2000 glucose 
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units, and form a helical complex which allows iodine to bind resulting in a 

characteristic blue colour (Hsein-Chih et al., 1978). Amylose is insoluble in 

water even when heated, but can be solublized in strong base such as 2 M 

NaOH or dissolved in dimethyl sulfoxide (DMSO). The synthesis of amylose is 

catalyzed by granule-bound starch synthase (GBSS), which is encoded for by 

the Waxy locus. In cereals, waxy- mutants lacking GBSSI contain little or no 

amylose, but are still able to form starch granules (Shure et al., 1983; Morrison 

et al., 1984). A malto-oligasccharide chain is required as a primer to initiate 

amylose synthesis (Denyer et al., 1996).  

 

Amylopectin is a highly branched glucose polymer produced by the formation 

of α-(1-6)-linkages between adjoining straight glucan chains (Figure 1-2). The 

linear glucose chains of amylopectin are branched approximately every 10 to 

20 glucose units. Based on the classical model of clustered amylopectin 

structure (Hizukuri et al., 1986), the branches on amylopectin are referred to 

as A, B, and C chains from exterior to interior chains of the cluster (described 

in the next paragraph) (Manners et al., 1989) (Figure 1-2). The A chains are 

exterior linear chains attached to B chains or directly to C chains. The B 

chains are attached to C chains and carry A chains. C chains carry B chains 

and contain the sole reducing end.  B chains can be divided as B1, B2, B3 

chains.  B1 chains are shorter, outer linear chains being involved in the units 
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of clusters, B2 and B3 chains are longer chains that cross over clusters, 

forming a “bridge” (Figure 1-2).  

 

 

 

 

 

 

 

 

 

Figure 1-2. Definition of types of amylopectin chains and chain segments in the 

branched structure of amylopectin. A and B1 chains are shorter and within one cluster, 

B2 and B3 chains are longer and carry more clusters. C chains are longer and connect 

clusters. (Picture reproduced from Saunders et al., 2011). 

 

1.2.2 Structure of starch granule 

The structure of the starch granule has been studied by a number of methods. 

For example, chromatography has been used for fractionation of digested 

starch, scanning electron microscopy (SEM) has been used for imaging, 

iodine affinity assay has been used to study helical conformation and 
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fluorophore-assisted carbohydrate electrophoresis (FACE) has been used for 

chain length analysis, and many others. Thus studies on the super-molecular 

structure of amylose, amylopectin and the starch granule gave rise to the 

widely accepted “cluster” model for the structure of starch granules (Hizukuri, 

1985). It demonstrates that both storage starch and transient starch share a 

common structure (Zeeman et al., 2002). The amorphous lamellae represent 

the area between the clusters presented by internal B2 chains. The 

amorphous lamellae in starch granules are thought to contain amylopectin in a 

less ordered (branched) state interspersed with amylose. The crystalline 

lamellae and the amorphous lamellae alternating stack to form the so call 

“growth rings” which can be detected by SEM using freeze cracked and, 

partially hydrolysed starch granules (Figure 1-3) (Jenkins and Donald, 1995; 

Yuryev et al., 2004).  
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Figure 1-3. Schematic diagram of starch granule structure: crystalline and amorphous 

lamellae. (a). Amorphous and semi crystalline lamella in starch granule; (b and c). 

enlargement of a semi-crystalline structure showing the arrangement of alternating 

crystalline and amorphous lamellae. 6-7.5 nm for crystalline lamellae and about 3 nm for 

amorphous lamellae, 9-10.5 nm for clusters, 120 nm-400 nm for growthrings. (Taken 

from Tetlow, 2006). 
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1.3 Starch biosynthesis 

1.3.1 The pathway of starch biosynthesis 

The ability to synthesize starch granules in plants is considered to have 

evolved from the ancestral ability to make glycogen, a more branched soluble 

globular glucose polymer found in animals, bacteria, and fungi (Ball and Morel, 

2003, Deschamps et al., 2008). In higher plants, starch is synthesized in 

plastids. The enzymatic reactions leading from ADP-Glucose to the production 

of starch are similar for transient starch synthesis in chloroplasts and storage 

starch synthesis in amyloplasts (Nelson and Pan, 1995). However, the flow of 

carbon into plastids and the regulation of the starch biosynthetic enzymes are 

different between the two types of plastids. Arabidopsis typically partitions 30-

50% of its photoassimilates into leaf starch. Starch synthesized in leaf 

chloroplasts during the daytime is degraded to maltose during the night, to 

support respiration and other non-photosynthetic metabolism. During 

photosynthesis, distribution of triose phosphate (generated by the Calvin-cycle) 

is a strictly-regulated process and, export of triose phosphate from the 

chloroplast to the cytosol is coupled with a one-for-one exchange of Pi. 

Exported triose phosphate is channelled into sucrose synthesis in the 

cytoplasm, and it is then exported to the rest of the plant (Figure 1-4 A). In 

chloroplasts, triose phosphate is converted to fructose-6-phosphate to support 
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the synthesis of starch. Fructose-6-phosphate is converted to glucose-1-

phosphate (Glc1P) by the sequential reactions of phosphoglucoisomerase 

(PGI) and phosphoglucomutase (PGM). Glc1P is converted to ADP-glucose, 

which is the substrate and precursor for starch biosynthesis, by ADP-glucose 

pyrophosphorylase (AGPase). Studies on Arabidopsis mutants in which the 

activities of PGI, PGM or AGPase are reduced or abolished showed a 

decrease in the content of starch accumulated in plant leaves (Caspar et al., 

1985; Lin et al., 1988; Tsai et al., 2009).  

 

In amyloplasts, starch is produced for long-term carbon storage and is usually 

associated with organs such as storage roots and tubers. Cereal amyloplasts 

are nonphotosynthetic plastids in the endosperm, the primary function of 

which is to produce starch for long-term storage (Liu and Shannon, 1981). The 

pathway of starch synthesis in non-photosynthetic storage tissue involves the 

conversion of sucrose into ADP-glucose, and the subsequent conversion of 

ADP-glucose to starch. Sucrose synthase (SuSy) catalyzes the conversion of 

sucrose into fructose and UDP-glucose which is considered the first step of 

the conversion from sucrose to starch in non-photosynthetic tissue. The UDP-

glucose may be converted to hexosephosphates for import into amyloplasts, 

or to ADP-glucose in the cytosol. AGPase, the first enzyme in the starch 

biosynthetic pathway in cereal endosperm, is mainly located in cytosol, in 
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contrast to leaf tissue in which AGPase in localised in chloroplasts. Thus in 

cereals, ADP-glucose is transported from the cytosol into amyloplasts (Figure 

1-4 B). The ADP-glucose transporter protein (adenylate-translocator termed 

BT1) is located on the amyloplast inner envelope (Cao et al., 1995; Sullivan 

and Kaneko, 1995). In a maize brittle 1 mutant lacking BT1, reduced rates of 

ADP-glucose uptake into amyloplasts was demonstrated, suggesting BT1 as 

the transporter of ADP-Glc from the cytosol to the amyloplast (Shannon et al., 

1996,1998). Photo-affinity labelling of amyloplast membranes with the 

substrate analogue 8-azido-[α-32P] ADP-Glc indicated that the polypeptide 

involved in substrate binding is an integral membrane protein of 38 kDa 

(Bowsher et al., 2007). In other non-photosynthetic tissue such as tubers, 

transport of hexose-phosphate and ATP into amyloplasts is required to supply 

the substrates for plastidial AGPase. The hexose-phosphate is transported by 

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

nucleotide tranporter (AATP) which is also located on the inner envelope and 

catalyzes a counter-exchange with ADP (Kammerer et al., 1998; Neuhaus et 

al., 1997) (Figure 1-4 B). Reconstitution of envelope proteins from wheat 

endosperm amyloplast into proteoliposomes suggested the presence of a 

protein which was able to catalyze the counter exchange of both Glc6P and 

Glc1P with orthophosphate (Tetlow et al., 1996). Studies of storage starch 

biosynthesis in the purified amyloplast showed that Glc1P is a better precursor 
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for starch synthesis than Glc6P (Tetlow et al., 1994). Thus the major carbon 

flux through the amyloplast envelope is opposite to that observed in 

photosynthetic chloroplasts. In amyloplasts, carbohydrate is transported from 

the cytosol to the plastid, where starch is synthesized and accumulated, 

whereas in chloroplasts, carbon is transported from the plastid to cytosol. 

 

 

 

 

 

 

 

Figure 1-4. Flow of carbon into starch in chloroplasts (A, Liu, 2010), and amyloplasts (B, 

Emes et al., 2003). Transporters on the amyloplast membrane are: (1): AGPase 

adnylate-translocator protein (brittle-1, BT1), (2) Plastidic ATP/ADP transporter protein 

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

 

1.3.2 Starch biosynthetic enzymes 

Starch biosynthesis involves the coordination of the activities of many 

biosynthetic enzymes (Figure 1-5). In higher plants, ADP-glucose 

pyrophosphorylase (AGPase) catalyzes the conversion of glucose-1-
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phosphate (Glc1P) to ADP-glucose, which is the precursor and substrate for 

starch synthesis (Recondo and Leloir, 1961). This step requires energy in the 

form of ATP, liberating ADP and inorganic pyrophosphate (PPi). Starch 

synthases (SSs) then catalyze the transfer of the glucosyl moiety via formation 

of an α-(1-4)-linkage to existing growing glucose chains. Granule bound starch 

synthase catalyzes the biosynthesis of linear amylose, whereas soluble starch 

synthases catalyze the elongation of linear glucose chains in amylopectin. 

Starch branching enzymes (SBE) catalyze the generation of α-(1-6)-bonds by 

cleaving α-(1-4)-bonds, and transferring the released reducing ends to the C6 

position of a glucosyl residue of the same or another glucan chain to form 

amylopectin (Jespersen et al., 1993). Branching of amylopectin proceeds 

alongside with glucose chain elongation. Starch debranching enzymes (DBE) 

are proposed to have a function of trimming the structure in terms of removing 

incorrect branch points introduced by SBE (Bustos, 2004). Starch 

phosphorylase (SP) may have roles in this pathway, but their exact function is 

still unknown (Yu et al., 2001a).  
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Figure 1-5. Outline of starch biosynthesis. 

 

In higher plants, starch biosynthetic enzymes work cooperatively to form 

starch granules, which are produced as highly regulated and organized 

structures. Each class of enzyme has multiple isoforms, which vary between 

species in terms of function, expression and localization in higher plants. For 

example, some biosynthetic enzymes located in the soluble stroma of the 

plastid are also found in the insoluble starch granules (Ball and Morell, 2003; 

Tetlow et al., 2004a and Grimaud et al., 2008). A detailed description of each 

of the enzymes is given below. 
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1.3.2.1 ADP-Glucose pyrophosphorylase 

ADP-Glucose pyrophosphorylase (AGPase, E.C. 2.7.7.27) is the enzyme 

responsible for catalyzing the formation of ADP-glucose from glucose-1-

phosphate (G-1-P). ADP-glucose is the soluble precursor and substrate for 

starch synthases (Preiss, 1991; Myers et al., 2000 and Tetlow, 2006). This 

reaction is often considered as the rate-limiting step in both transient and 

storage starch biosynthesis (Tetlow et al., 2003b). 

Glucose-1-phosphate + ATP  ADP-glucose + PPi 

AGPase is found in all starch synthesizing tissues and is a heterotetrameric 

protein comprised of two large subunits (AGP-L) encoded by the Shrunken2 

(Sh2) gene and two small subunits (AGP-S) encoded by the Brittle2 (Bt2) 

gene (Bae et al., 1990; Bhave et al., 1990).  Mutations at the Sh2 and Bt2 

locus of maize were identified, and the corresponding genes were shown to 

encode the subunits for endosperm AGPase. In A. thaliana (Villand et al., 

1993), potato (La Cognata et al., 1995), barley (Villand et al., 1992) and wheat 

(Olive et al., 1989), multiple genes encoding the AGPase subunits are 

differentially expressed in different plant organs, which results in variable 

AGPase subunit composition in different parts of the same plant.  

 

The sublocalization of AGPase appears to be plastidal in dicot photosynthetic 

and non-photosynthetic tissues, and in monocot photosynthetic tissues. 
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AGPase is located in plastids such as in pea embryos and roots (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). However, in some monocots cereals, AGPase is considered mostly 

located in the cytosol and a minor form is found within amyloplasts. In wheat, 

maize, rice and barley endosperm, 85% to 95% of the total AGPase activity is 

estimated to be located in the cytosol (Denyer et al., 1996; Thorbjornsen et al., 

1996; Beckles et al., 2001).  

 

Most plant AGPase activity is subject to allosteric regulation, being activated 

by 3-phosphoglyceric acid (3PGA) and inhibited by inorganic phosphate (Pi) in 

leaf chloroplasts (Neuhaus and Stitt, 1990), in amyloplasts of cereal 

endosperm (Tetlow et al., 2003b), and in storage tubers (Tiessen et al., 2003). 

The degree of sensitivity of AGPase to these allosteric effectors is dependent 

on tissue, plastid type, subcellular localization of the enzyme, and the ratios of 

the allosteric effectors in different species (Gamez-casati and Iglesias, 2002; 

Tetlow et al., 2003; Ballicora et al., 1995), and also results from different 

combinations of its large and small subunits (Tetlow et al., 2011). Multiple 

genes encoding the AGP-L or AGP-S subunits were identified in rice 

(Nakamura and Kawaguchi, 1992), barley (Villand et al., 1992) and potato (La 

Cognata et al., 1995), and their expressions are varied in plant organs. The 



17 

 

differential expression of subunits in different tissues may produce AGPases 

with varying degrees of sensitivity to allosteric effectors. The ratio of 3PGA 

and Pi is believed to play an important role in the control of starch synthesis in 

photosynthetic tissues. In leaf chloroplasts the sensitivity of the enzyme to 

3PGA and Pi level is higher than that in amyloplasts of cereal endosperm 

(Villand et al., 1993). AGPase activity is activated by micro molar amounts of 

3PGA and is inhibited by Pi (Ghosh and Preiss, 1966). However, the 

measurable activity (the majority of which is cytosolic, see above) of AGPase 

from wheat and barley endosperm amyloplasts shows much less sensitivity to 

these two allosteric effectors (Gamez-Casati and Iglesias 2002; Tetlow et al., 

2003b; Kleczkowski et al., 1993). The plastidal AGPase from wheat 

endosperm is relatively insensitive to 3PGA and Pi compared with other 

species (Tetlow et al., 2003b)  

 

Post-translational modification of AGPase also plays an important role in 

regulating enzyme activity in several species (Fu et al., 1998; Tiessen et al., 

2003) and is influenced by sugar concentration and light (Hendriks et al., 

2003). This type of post-translational control involves redox modulation and 

occurs through the inter conversion of monomeric and dimeric forms of the two 

catalytic subunits (small subunits) of the enzyme (Hendriks et al., 2003). In a 

study on recombinant potato tuber AGPase, a cysteine at position Cys82 on 
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the small subunits was identified to be the site which forms intermolecular 

disulfide bonds, which results in an inactive dimer of the enzyme (Fu et al., 

1998). This Cys82 is highly conserved among plastidial AGPase small subunits 

but is not found in the cytosolic form of monocots. Monomerization of AGPase 

is correlated with light and higher sucrose levels and causes activation of the 

enzyme, while dimerization occurs under dark conditions and leads to 

deactivation (Hendriks et al., 2003).   

 

1.3.2.2 Starch synthases 

Starch synthase (SS, E.C. 2.4.1.21) catalyzes the transfer of the glucosyl 

moiety of ADP-glucose to a pre-existing α-(1-4)-linked glucan primer 

generating amylose and amylopectin. Multiple isoforms of SSs exist in plants 

and can be divided into two groups; GBSS (granule bound starch synthase) 

which is responsible for amylose biosynthesis (Nelson and Rines, 1962) and 

soluble SSs which are required for amylopectin biosynthesis. Multiple soluble 

SS isoforms (SSI, SSII, SSIII and SSIV) are categorized by their sequences, 

which are highly conserved in higher plants throughout dicots and monocots 

(Ball and Morell, 2003) (Figure 1-6 A).  

Granule-bound starch synthase is also known as the waxy protein (encoded 

by the WAXY locus) in cereals, and is almost exclusively associated with the 
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starch granule. GBSS transfers glucose units from ADP-glucose to non-

reducing ends of α-(1-4)-linked glucose polymers. GBSS was thought to be 

exclusively responsible for the synthesis of amylose (Nelson and Rines, 1962), 

though studies in vitro and in vivo suggest that GBSS is also responsible for 

extension of long glucans within the amylopectin fraction (Delrue et al., 1992; 

Maddelein et al., 1994; Van de Wal et al., 1988). GBSS isoforms include 

GBSSI and GBSSII. GBSSI appears to be mostly expressed in storage tissues, 

whilst GBSSII is more likely to be employed in transient starch synthesis in 

leaves (Fujita and Taira, 1998; Nakamura et al., 1998 and Vrinken and 

Nakamura, 2000). A study in A. thaliana shows that the transcript level of 

GBSS fluctuates with the accumulation and degradation of starch during a 

day-night cycle (Smith et al., 2004). Mutation in the WAXY gene leads to 

impaired GBSSI expression, which results in amylose-free (waxy) starches 

(Vrinken and Nakamura, 2000). This type of amylose-free starch is still able to 

form the semi-crystalline structure of starch granules, implying that amylose is 

not essential for starch granule formation (Denyer et al., 1999).  
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(A) 

 

 

 

 

 

 

(B) 

 

 

 

 

 

 

Figure 1-6. (A) Alignment of domains of SS isoforms. (Liu, 2010). Numbers indicate the 

length of amino acids in each isoform. (B) Schematic representation of the roles of 

soluble SS isoforms in chain-elongation reactions for the synthesis of amylopectin 

clusters, (picture modified from Fujita and Nakamura 2012). DP indicates degree of 

polymerization. 
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The soluble starch synthases SSI, SSII, SSIII, and SSIV are exclusively 

involved in the biosynthesis of amylopectin and their distribution within the 

plastid between the stroma and starch granules varies between species, 

tissue, and developmental stage (Ball and Morell 2003). No SSIV isoforms 

have been found in granules so far. Each SS appears to have a unique role in 

the architecture of the starch granule, although there is overlap in their affinity 

for different chain lengths. Isoforms of SSI are responsible for the synthesis of 

short glucan chains with amylopectin catalyzing a degree of polymerization 

(DP) of approximately 6-7 glucose molecules (Delvallé et al., 2005; Fujita, 

2006), whilst SSII and SSIII are responsible for the further extension of 

amylopectin (Gao et al., 1998; Jane et al., 1999) (Figure 1-6 B). Little is known 

about the contribution of SSIV isoforms to glucan chain length in cereals. 

However, in an Arabidopsis ss4- mutant, one large starch granule was 

detected in each leaf chloroplast instead of the five starch granules, found on 

average in the wild-type, suggesting that SSIV plays a role in the initiation of 

starch granules and control of the granule numbers in the plastids (Crumpton-

Taylor et al., 2012, 2013). 

  

In maize and barley, the SSI genes are predominantly expressed in 

endosperm (Li et al., 2003), while in A. thaliana and potato; the transcripts are 

more abundant in leaves (Kossmann et al., 1999; Delvallé et al., 2005). In 
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potato, SSI mutants show no detectable changes in starch structure, which 

suggests that this isoform has only a minor activity in potato tubers or shares 

functional redundancy with other isoforms (Kossmann et al., 1999). In 

Arabidopsis and rice SS1 mutants, a decreased number of shorter glucan 

chains with DP 5-8 was detected, supporting the proposed role of SS1 in 

synthesizing shorter glucan chains, and also suggesting that  the function of 

SS1 cannot be compensated by other starch synthases (Delvallé et al., 2005; 

Fujita et al., 2006).  

 

Two classes of SSII genes have been found in monocots: SSIIa is mostly 

found in cereal endosperms and SSIIb in photosynthetic tissues (Morell et al., 

2003). Both SSII isoforms are also found in many cereals within starch 

granules (Mu-Foster et al., 1996; Morell et al., 2003; Umemoto and Aoki, 

2005). Starch granule-bound SSII was detected in a phosphorylated form and 

is involved in protein-protein interactions with other starch biosynthetic 

enzymes (SSI and SBEIIb) (Tetlow et al., 2008; Rayirath, 2014). In monocots, 

loss of SSIIa affects starch content, granule morphology, amylopectin chain-

length distribution, and decreases the crystallinity of the starch granule, 

though the total measurable SS activities exhibited only a minor change in the 

mutant amyloplast stroma (Morell et al., 2003). Mutation of SSII in Arabidopsis 

has no affect on growth rate or starch quantity, but causes an increase in 
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amylose content and decrease in amylopectin (Zhang et al., 2008). A maize 

mutant containing two single nucleotide polymorphisms on the maize SSII 

gene have been identified. The resulting SSII protein lost its activity and ability 

to bind starch granules (Liu et al., 2012), though the protein complex between 

SSII, SSI, and SBEIIb was still detected in the mutant amyloplasts (Liu et al., 

2012). Thus, the starch granule bound proteins (SSI and SBEIIb) are 

suggested to be trapped with starch granules because of the interaction with 

SSII. SSII has been proposed to sit in the middle of the protein complex and to 

directly interact with SSI and SBEIIb (Liu et al., 2012). Thus, SSII has an 

important role in protein-protein interactions with other biosynthetic enzymes, 

and traffics those functional protein complexes into starch granules. Protein-

protein interaction and starch granule bound proteins will be discussed in 

section 1.4.1.  

 

SSIII is employed in the synthesis of longer glucan chains of DP 25-35, or 

greater, between clusters (Tomlinson and Demyer, 2003). Antisense 

suppression of potato tuber SSIII results in altered glucan chain-length 

distribution and distortion of granule shape in the structure of amylopectin 

(Abel et al., 1996). But in maize, mutations of SSIII have less significant 

effects, and a phenotype is detectable only in a waxy mutant background (Gao 

et al., 1998). Studies in an SSIII mutant of Arabidopsis show that the absence 
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of SSIII results in the surprising phenotype of an increased rate of starch 

biosynthesis (Zhang et al., 2005). These studies indicate that SSIII may have 

a negative regulatory function in transient starch synthesis in Arabidpsis 

(Zhang et al., 2005). However, a dramatic change of the starch structure in the 

simultaneous down-regulation of both SSII and SSIII potato tubers was 

detected (Edwards et al., 1999; Lloyd et al., 1999a and 1999b).  In an 

Arabidopsis ss2-ss3- double mutant, substantial changes in starch structure, a 

large decrease in glucan chains from DP 12 to 28 and slower plant growth 

were observed, and the changes were far more severe than in either single 

mutant (Zhang et al., 2008). This suggests that SSII and SSIII work 

synergistically rather than independently in amylopectin biosynthesis.  

 

SSIV is expressed in the stroma of plastids (Roldan et al., 2007; Leterrier et al., 

2008). Studies in rice indicate that SSIV is expressed during the later 

development of leaves and endosperm (Dian et al., 2005). Little is known 

about the contribution of SSIV to the glucan chain elongation so far.  However, 

studies of an ss4- mutant of Arabidopsis suggest that the granule numbers of 

each chloroplast (average of five starch granules per chloroplast in the wild-

type) are decreased, with only one large starch granule being formed (Zhang 

et al., 2008). The mutant starch shows little or no change in the 

amylose/amylopectin ratio and chain-length distribution (Zhang et al., 2008). It 
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has been speculated that SSIV may play a role in the priming of new starch 

granules in chloroplasts (Dian et al., 2005; Hirose and Terao, 2004 and 

Roldan et al., 2007). In the Arabidopsis ss3-ss4- double mutant, the abolition 

of starch from the chloroplast suggests that the presence of both SSIII and 

SSIV is required for the biosynthesis of transient starch in the leaves 

(Szydlowski et al., 2009). This again suggests that SS isoforms work 

cooperatively rather than acting independently in the biosynthesis of 

amylopectin. 

 

1.3.2.3 Starch branching enzymes 

Starch branching enzymes (SBE, E.C. 2.4.1.18) generate α-(1-6)-linkages by 

cleavage of α-(1-4)-linkages and transferring the released reducing ends to C6 

hydroxyls to form the branched structure of the amylopectin molecule 

(Figure.1-7). SBE can transfer the cleaved glucan to an acceptor chain that is 

either part of the original chain or to a neighbouring chain that is close by, the 

latter being the predominant SBE reaction in plants (Borovsky et al., 1975, 

1979) (Figure 1.3.2.3). 

 

SBEs fall into two major classes; SBEI (also known as SBE B) and SBEII (also 

known as SBE A). In vitro studies have demonstrated that the two classes of 
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enzymes have particular substrate preferences and make distinct contributions 

to the biosynthesis of amylopectin in higher plants (Tomlinson and Demyer, 

2003). Class I enzymes (SBEI) preferentially transfer longer chains and show 

higher rates of branching using amylose as substrate, whereas, class II 

enzymes (SBEII) transfer shorter chains and show a higher affinity towards 

amylopectin (Takeda et al., 1993; Guan and Presis, 1993; Tomlinson and 

Demyer, 2003). In cereals, SBEII is represented by isoforms SBEIIa and 

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

al., 1998). The expression and the activity of each SBE isoforms varies among 

different species and stages of organ development. For example, in 

developing wheat endosperm, SBEIIa is expressed at much higher levels than 

SBEIIb. In maize, SBEIIb is the predominant protein, with a 50 fold higher 

level of expression than SBEIIa in developing endosperm amyloplasts while 

SBEIIa was only detected in maize leaf chloroplasts (Gao et al., 1997; 

Yandeau-Nelson et al., 2011).  

 

The amylose extender (ae-) mutant of maize possesses kernel starch which 

has fewer short chains and an increased proportion of longer length glucan 

chains caused by loss of SBEIIb (Boyer et al., 1976; Boyer and Presiss, 1981; 

Fisher et al., 1993). Mutations in the gene encoding SBEI have no detectable 

effects on starch in monocot or dicot leaves, or on endosperm starch (Blauth 
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et al., 2002; Satoh et al., 2003). Analysis of maize mutants lacking SBEIIa, 

showed a high-amylose starch phenotype in leaves but only slight changes in 

storage starch in endosperm (Blauth et al., 2001). Interestingly, there is no 

SBEI gene found in the Arabidopsis genome, but two sequences of SBEII 

(SBE2.1 and SBE2.2) have been demonstrated for starch branching enzymes. 

In a double Arabidopsis sbe2.1-sbe2.2- mutant, the absence of both SBE2.1 

and SBE2.1 results in a failure to synthesize starch and accumulation of short, 

linear malto-oligosaccharides in the cytosol (Dumez et al, 2006). 

(A) 

 

Intra-chain branching reaction 

(B) 

 

 

Inter-chain branching reaction 

Figure.1-7. Schematic representation of the two major modes of action of branching 

enzyme on amylose. (A), Intra-chain branching reaction involves the cleavage of an α-

(1-4)-linkage followed by transfer of the non-reducing end-terminal fragment to the C6 

hydroxyl position of a glucosyl residue on the same chain. (B), Inter-chain branching 

reaction involves the cleavage of an α-(1-6)-linkage on the donor chain and transfer of 

the non-reducing end-terminal fragment to the C6 hydroxyl position of a glucosyl residue 

on a neighbouring chain to create the branch point. O, glucosyl residue. 
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SBE isoforms are also found to be partitioned between the plastid stroma and 

starch granules (Mu-Foster et al, 1996). SBEs have been found to interact 

with SS isoforms in the stroma and become trapped in the starch granules. 

The protein complexes are speculated to catalyze the formation of 

amylopectin clusters more efficiently (Liu et al., 2009; Tetlow et al., 2012). 

Protein-protein interactions between SSI, SSII, and SBEIIb were investigated 

in wheat and maize amyloplasts, and the components of this protein complex 

were found in starch granules (Tetlow et al., 2008; Hennen-Bierwagen et al., 

2008, Liu et al., 2009). Regulation of SBEIIb by phosphorylation will be 

discussed in later sections.  

 

1.3.2.4 Starch debranching enzymes 

Plants contain two forms of debranching enzymes (DBEs, E.C. 3.2.1.41 and 

E.C. 3.2.1.68) defined according to their amino acid sequences and substrate 

specificities: isoamylase (ISA) and limit-dextrinase (LDA) (also called 

pullulanase), which both efficiently hydrolyze (debranch) α-(1-6)-linkages in 

amylopectin (Figure 1-8 A) but differ in affinity for substrates (James, 2003). 

Typically, there are three isoforms of ISA, ISA-1, ISA-2, and ISA-3, and one 

form of pullulanase. ISA-1 and ISA-2 appear to be important in amylopectin 

synthesis. These two isoforms are required to catalyze the debranching of 
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some of the incorrect branch points introduced by SBE, and are required to 

generate the semi-crystallization clusters of an insoluble amylopectin structure 

(Figure 1-8 B).   

(A) 

 

 

 

 

(B)  

 

 

 

 

Figure 1-8. (A), Schematic representation of the debranching enzymes activity. (B), 

Diagram illustration of the glucan trimming model of debranching enzymes functions in 

proper organization of the starch granule. Existed amylopectin chains are elongated by 

SSs and the multiple branch points are introduced by SBEs. DBEs remove the extra or 

incorrect branch points that would potentially prevent the crystallization of the cluster 

structure (Mouille et al., 1996).  

 

Maize and rice mutants lacking DBEs are termed sugary1 (su-1) (James et al., 

1995; Pan and Nelson, 1984; Nakamura et al., 1996; Rahman et al., 1998). 
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Su-1 shows very low starch content but high content of water-soluble 

phytoglycogen (Mouille et al., 1996; Ball et at., 1996). Transgenic plants or 

mutants lacking ISA-1 or ISA-2 type DBEs show identical phenotypes. There 

is a reduction in amylopectin content and in its place large amounts of the 

water-soluble polysaccharide, phytoglycogen accumulate. It was suggested 

that ISA-1 and ISA-2 form a functional hetero-protein complex (Hussain et al., 

2003; Delatte et al, 2005; Wattebled et al., 2005). Mutants lacking ISA-3 

shows a starch-excess phenotype with little change in the amylopectin 

structure at both the end of the light and the end of the dark period, suggesting 

ISA-3 might be involved in the degradation of starch but not starch synthesis 

(Bustos et al., 2004; Wattebled et al., 2005 and Zeeman et al., 1998). A 

mutant affected in both ISA-1 and ISA-2 shows a 92% decrease in starch 

content. It is postulated that ISA-1 and ISA-2 of DBEs cleave the loosely-

ordered branch points produced by SBE and play a significant role in forming 

the semi-crystalline cluster of helices, whereas ISA-3 might be involved in the 

degradation pathway (Ball et al., 1996; Myers et al., 2000). Studies in a rice 

sugary mutant which contains reduced activity of isoamylase1 (ISA1), showed 

that no starch granules were detected in the developing amyloplasts. This 

suggests that ISA1 has an important role in starch granule initiation (Kawagoe 

et al., 2005).  However, in a barley mutant lacking activity of ISA1, a greater 

number of starch granules per plastid than wild-type was detected, suggesting 



31 

 

again that ISA1 is involved in the initiation of starch granules and plays a role 

in determining the number of starch granules (Burton et al., 2002). Studies in a 

maize pullulanase-type DBE null mutant indicated that both transient and 

storage starch degradation are impaired. Furthermore, in a background 

deficient in isoamylase-type DBE, the double mutant showed a significant 

accumulation of phytoglycogen in the maize kernel that is not detected in the 

wild-type. This suggests that pullulanase-type DBE partially compensates for 

the defect in isoamylase-type DBE, suggesting that pullulanase-type DBE has 

a bifunctional role both in starch synthesis and degradation (Dinges et al., 

2003).   

 

1.3.2.5 Starch phosphorylase 

Starch phosphorylase (SP, E.C. 2.4.1.1) is a dimeric or tetrameric enzyme, 

which catalyses a reversible transfer of the glucosyl unit from glucose-1-

phophate (Glc1P) to the non-reducing end of α-(1-4)-linked glucan chains 

(Hanes, 1940a, 1940b). The reaction direction is dependent on the relative 

concentrations of Pi and Glc1P (Schupp and Ziegler, 2004). 

 

There are two isoforms of SP, a cytosolic form (Pho2) and a plastidial form 

(Pho1 or L-form), and the roles of both have been investigated in some dicots 
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and cereals. While Pho1 possesses higher preference for low molecular 

weight linear malto-oligosaccharides (MOS) and amylose, the cytosolic Pho2 

has a higher affinity to highly branched polyglucans like glycogen (Satoh et al., 

2008). The expression of Pho1 has been investigated in pea, spinach, potato, 

and maize, but its exact function is unclear (van Berkel et al., 1991; Duwenig 

et al., 1997; Yu et al., 2001a). In maize, the starch phosphorylase synthetic 

activity was enriched four times when compared with the activity in the whole 

endosperm fraction. SP is the second most abundant protein in the amyloplast, 

with SBEIIb being the most abundant. From this, the importance of SP in 

starch biosynthesis can be inferred (Yu et al., 2001a). In pea embryos, the 

activity of plastids SP decreases ten times during seed germination, while the 

activity of cytosolic SP increases. It is suggested that the plastidal isoform 

might have a role in starch degradation in germinating pea embryos and that 

the cytosolic SP might be able to access the starch granule as the amyloplast 

membrane degrades (van Berkel et al., 1991). As mentioned above, the 

protein-protein interaction of Pho1 with other starch biosynthetic enzymes like 

SBE has been detected in some cereal endosperms by biochemical methods 

(Tetlow et al., 2004a; Liu et al., 2011; Subasinghe et al., 2014). Studies with 

Arabidopsis mutants clearly indicate that SP is not necessary for starch 

degradation (Zeeman et al., 2004). SSIV mutants of Arabidopsis showed 

increased activity of SP, but starch structure and the amylose/amylopectin 
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ratio remained unaffected in these mutants (Dian et al., 2005; Hirose and 

Terao, 2004 and Roldan et al., 2007).  

 

1.4  Post-translational modification of starch biosynthetic enzymes 

1.4.1 The role of protein-protein interactions in regulating metabolism in the 

starch biosynthetic pathway 

Protein-protein interactions are ubiquitous and fundamental to virtually every 

aspect of cellular processes. Protein interaction domains direct the association 

of polypeptides with one another and with subcellular structures, small 

molecules or nucleic acids. A potentially significant mechanism which 

regulates starch synthesis is protein-protein interactions, which coordinate the 

multiple reactions of the enzymes involved. The starch biosynthesis pathway, 

involves more than ten enzymes which have been well studied individually. 

These included the large and small subunits of AGPase, five isoforms of SS, 

three isoforms of SBE, four isoforms of debranching enzymes, and starch 

phosphorylase. However, these enzymes do not catalyze the formation of 

starch as an essentially linear series of events beginning with AGPase and 

ending with starch phosphorylase. In reality, the synthesis of the starch 

granule requires the coordinated interaction of the starch biosynthetic 
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enzymes to achieve the conserved hierarchical organized architecture of 

starch granules.  

 

Previous studies on single gene mutants often show pleiotropic effects on 

other starch biosynthetic enzymes, suggesting that some form of protein-

protein interaction exists in the pathway (Morell et al., 2003; Umemoto and 

Aoke 2005). For example, the amylose extender (ae-) mutant of maize lacks 

SBEIIb, but also results in loss of the activity of SBEI and changes the 

properties of an isoamylase-type DBE (Colleoni et al. 2003). In a maize double 

mutant of both isoamylase-type DBE (su1-st) and pullulanase-type DBE 

(zpu1-204) there is also a reduction in SBEIIa activity, but the quantity of 

SBEIIa protein is not changed (Colleoni., 2003). Mutants lacking SBEIIb in rice 

endosperm show greatly decreased activity of soluble SSI (Nishi et al. 2001). 

Moreover, there is direct evidence that several of the enzymes involved in 

amylopectin synthesis interact physically and can form protein complexes 

which are reversible (Tetlow et al., 2004a; Tetlow et al., 2008; Hennen-

Bierwagen et al., 2008; Liu et al., 2009). The physical interaction between 

SBEI, SBEIIb and SP in wheat endosperm was the first protein complex that 

has been identified in the starch synthesis (Tetlow et al., 2004a), and a recent 

study also provided evidence for the interaction between SP, SBEI, and 

SBEIIb in maize endosperm amyloplasts (Subasinghe et al., 2014). Assembly 
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of protein complexes involving SSI, SSII, and either form of SBEIIa or SBEIIb 

has also been identified in wheat endosperm (Tetlow et al., 2008; Liu et al., 

2009). In maize endosperm, a protein complex involving SSI, SSIIa and 

SBEIIb was found in the stroma, and also in the insoluble amylopectin as 

starch granule bound proteins (Liu et al., 2009). The formation of a protein 

complex between SSI, SSIIa and either form of SBEII has been suggested to 

be responsible for the cluster structure formation in amylopectin (Hennen-

Bierwagen et al., 2008; Tetllow et al., 2008). Interestingly, in an ae- mutant 

lacking the SBEIIb from maize amyloplasts, a novel protein complex between 

SSI, SSIIa, SBEI, SBEIIa, and SP was detected, suggesting that SBEI, SBEIIa 

and SP complemented the function of SBEIIb. The same proteins found in the 

complex were also detected in starch granules. The resulting amylopectin 

structure was altered with reduced branch point frequency, and longer glucan 

chains, suggesting that the newly formed functional protein complex 

contributes to the altered phenotype of the amylopectin (Figure 1-9) (Liu et al., 

2009).  
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(A) 

 

 

 

 (B) 

 

 

Figure 1-9. Protein complex formation in maize amyloplasts (A). Wild-type: 

phosphorylated SBEIIb was found in the protein complex, and also detected in the 

starch granule with SSI and SSII. (B) ae- mutant: phosphorylated SBEI and SP were 

found in the protein complex, and also detected in the starch granule. (Taken from Liu et 

al., 2009). 

 

In maize, a very high molecular weight protein complex was found between 

SSI, SSIIa, SBEIIa and SBEIIb associated with SSIII (Hennen-Bierwagen et 

al., 2008). To data, there has been no evidence in the literature that SSIV 

exhibits functional interaction with any other starch biosynthetic enzymes. 

Among the debranching enzymes in starch biosynthesis pathway, ISA-1 and 

ISA-2 are found in a heteromeric complex, in which ISA-1 is the regulatory 

subunit and ISA-2 is the catalytic subunit (Delatte et al., 2005; Hussain et al., 

2003).  
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The function of protein-protein interactions among the enzymes involved in the 

starch synthesis pathway is not fully understood, but it is speculated that 

functional interactions improve the efficiency of forming granules (Emes and 

Tetlow, 2012). After the formation of a glucan primer of an appropriate length, 

the glucan primer is branched and elongated by the trimeric protein complex 

involving SSI, SSIIa and SBEII. The resulting “cluster” is essential for 

amylopectin structure. Eventually it may become highly branched and 

disordered. At that stage, ISA-1 and ISA-2 are required to debranch the 

disordered branches and allow continued glucan extension to form the 

crystalline structure of amylopectin. Following the “trimming” step, the soluble 

SSIII is proposed to interact with the “core” protein complex and catalyze the 

elongation of the intercluster glucan chains. The space of the intercluster 

glucan chains gives rise to the amorphous lamellae. The crystalline lamellae of 

amylopectin then continue to be synthesized by the trimeric protein complex. 

The repeated structure of the crystalline lamellae and the amorphous lamellae 

give rise to the semi-crystalline structure of amylopectin (Emes and Tetlow, 

2012). To date, most of the studies on protein interactions of starch 

biosynthetic enzymes have come from the study of storage starch in cereals. 

Whether transient starch synthesis shares the similar mechanisms and 

involves similar functional protein complexes in photosynthetic tissues is 

unknown.  
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1.4.2 Regulation of starch biosynthetic enzymes by protein phosphorylation 

Protein phosphorylation plays an important role in nearly every aspect of cell 

life. A phosphate group is added to a serine, a threonine or a tyrosine residue 

of a protein by protein kinase. In almost all cases, protein phosphorylation 

regulates the activity of the protein, and in some cases it causes the protein to 

interact with other proteins.  

 

From previous studies of cereal amyloplasts, activities of different isoforms of 

SBEII were found to be reduced by dephosphorylation in wheat and maize 

endosperm (Tetllow et al., 2004; Liu, 2010). Some of the key enzymes in the 

starch biosynthetic pathway which have been shown to form protein 

complexes were also found to be subject to protein phosphorylation (Tetlow et 

al., 2004b). Formation of reversible protein complexes between SSI, SSIIa, 

and either SBEIIa or SBEIIb were shown to be regulated by protein 

phosphorylation in developing wheat and maize endosperm (Tetlow et al., 

2008; Liu et al., 2009). The association of SBEI, SBEIIb and SP was also 

found to be regulated by protein phosphorylation of SBE in maize and wheat 

amyloplasts (Tetlow et al., 2004a; Liu et al., 2009). In the maize ae- mutant, 

phosphorylated SBEI and SP were found in the phosphorylation-dependent, 

protein-complex, formed by interaction with SSI, SSII, and SBEIIa (Figure 1-9) 
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(Liu et al., 2009). Phosphorylated SSII was identified as well in wheat and 

maize amyloplast starch granules. Phosphorylation of SSII may enhance the 

glucan binding affinity of SSII towards amylopectin biosynthesis, as well as 

facilitating physical association with other starch biosynthetic enzymes (Tetlow 

et al., 2004a; Rayirath 2014). Three putative phosphorylation sites on 

Arabidopsis SS2 were identified on Ser63 Ser65 and Thr77 residues, though 

those sites are not conserved in other species (Reiland et al., 2009). 

 

Little information is known to date about kinases involved in starch metabolism, 

or the phosphorylation sites on the phosphoproteins. The study of this is 

important to understand the signal transduction system which regulates 

amylopectin biosynthesis. A recent study showed that maize SBEIIb is 

phosphorylated on three Ser residues (Ser649, Ser286 and Ser297), using 

purified maize amyloplasts as a protein kinase source (Figure.1-10) (Tetlow et 

al., 2004a; Makhmoudova et al., 2014). The S649 site is only found in some 

members of the cereal SBEIIb class, and is substituted by Asp, a phospho-Ser 

mimic, in other plant SBEIIs (Figure 1-11). The 11 amino acids flanking 

sequence containing Ser649 are highly conserved in all classes of SBE, but 

completely absent from SBEI which indicates a distinct class function between 

SBEI and SBEIIb. Interestingly, a recent study showed that the 

phosphorylation on SBEIIb S649 sites regulates the interaction of SBEIIb with 
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SBEI in maize amyloplasts (Liu unpublished). S286 and S297 are located on 

opposite ends of the 8-stranded parallel β-barrel of the substrate binding 

central catalytic domain on SBEIIb and they are conserved among species 

(Figures1-10, 1-11). These two phosphorylation sites could regulate the 

substrate binding affinity of SBEIIb (Makhmoudova et al., 2014). Two distinct 

Ca2+-dependent protein kinase activities have been partially purified from 

maize amyloplasts. One of these was shown to be responsible for Ser649 and 

Ser286 phosphorylation and the other for S649 and Ser297 phosphorylation 

(Makhmoudova et al., 2014).  

 

 

 

 

 

 

 

 

Figure.1-10. Structure of SBEIIb (without transient peptide) with the three identified 

phosphorylation sites (S286, S297 and S649) highlighted. Yellow colour indicates the 

central (β/α)8 domain, blue colour indicates the N-terminal and red colour indicates the 

C-terminal. (Taken from Makhmoudove et al., 2014). 
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(A) 

 

 

 

 

 

(B) 

 

 

 

 

 

 

Figure 1-11. Multialignment of SBEII and SBEI among species and phosphorylation 

sites on maize SBEIIb. S286 and S297 are highly conserved within the branching enzymes 

(A). S649 is only found in the endosperm-specific SBEIIb isoforms of some cereals. 

(Taken from Makhmoudove et al., 2014). 
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1.5  Starch metabolism in leaf chloroplasts 

1.5.1 Starch biosynthesis in leaf chloroplasts 

Starch accumulates in large amounts over a short period in plant leaves. Up to 

half of the carbon assimilated though photosynthesis is stored as transient 

starch (Zeeman et al., 2002). Leaf chloroplast starch turns over more rapidly 

than storage starch synthesized in amyloplasts, and is broken down at night 

into maltose and glucose. These sugars will be metabolized in the stroma for 

non-photosynthetic metabolism such as respiration. Leaf chloroplast starch 

shares a similar molecular structure to storage starch. Three classes of 

enzymes are known to have a major role in the transient starch biosynthetic 

pathway in leaf chloroplasts. Five isoforms of SS, three isoforms of SBE, and 

two isoforms DBE (isoamylase1 and isoamylase2) catalyze the formation of 

transient starch (Ball and Morell, 2003; Myers et al., 2000).  

 

GBSSI is one of the SS isoforms specifically associated with amylose 

synthesis (Delrue et al., 1992). The other four SS isoforms are involved in the 

elongation of amylopectin chains. Mutants deficient in SS isoforms have been 

identified in Arabidopsis. In Arabidopsis ss1- mutants, a decreased number of 

glucose chains with DP 5-8 of amylopectin was detected, which indicated that 

the function of SS1 is mainly the synthesis of small outer chains of an 
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amylopectin cluster (Delvallé et al., 2005). Deficiency in amylopectin chains 

with DP 12-28 was detected in the ss2- mutant (Zhang et al., 2008).  In the 

ss3- mutant, an increased frequency of amylopectin linear chains with a DP > 

60 was observed but little change was detected with in DP 4-50 (Zhang et al., 

2005). It is argued therefore that SSII and SSIII are involved in the synthesis 

of longer glucose chains, DP > 12, as in both of the single mutants, structurally 

modified amylopectin was detected with increases in amylose content (Zhang 

et al., 2005; Zhang et al., 2008). SS4 is involved in the initiation of starch 

granules and controls the number of the granules in plastids. Arabidopsis ss4- 

mutants possess one large starch granule instead of the typical five starch 

granules found in wild-type leaf chloroplasts (Szydlowski et al., 2009).  

 

In plant leaves, expression of SBE isoforms has been investigated between 

species. In maize, SBEIIa is the predominant form involved in chloroplast 

transient starch synthesis (but not SBEI or SEBIIb, which are the predominant 

forms in amyloplasts). In a maize mutant lacking SBEIIa, a significant reduction 

in branching was observed in leaf starch, and the leaves showed a severe, 

senescence-like phenotype (Yandeau-Nelson et al., 2011). In the ae- mutant of 

maize, lacking SBEIIb, no effects were observed on transient starch 

accumulation in the leaf (Vineyard and Bear, 1952; Moore and Creech, 1972; 

Stinard et al., 1993). In Arabidopsis, two isoforms of SBE have been identified; 
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SBE2.1 and SBE2.2, both belonging to the SBEII class (Fisher et al., 1996). 

These two enzymes are highly conserved and little difference is known between 

them. The single sbe- mutants described by Dumez 2006 suggested a lack of 

obvious alteration in plant and starch phenotypes compared to wild-type, 

indicative of functional redundancy. In the sbe2.1-sbe2.2- double mutant, no 

starch accumulation at the end of the day was detected, suggesting at least one 

isoform of SBE2 is required for starch synthesis in Arabidopsis (Dumez et al., 

2006).  

 

DBE also plays a very important role by contributing to the polyglucan 

structure generated by SS and SBE actiities, thereby facilitating amylopectin 

biosynthesis and crystallization (Ball et al., 1996). Loss of ISA-1 or ISA-1 

isoforms caused a dramatic phenotype with production of phytoglycogen 

instead of starch in Arabidopsis leaves (Delatte et al., 2005; Wattebled et al., 

2005). In an Arabidopsis isa2- mutant, the amount of ISA1 is also decreased 

significantly. DBE functions in a heteromeric complex between ISA-1 and ISA-

2 in Arabidopsis leaves. Thus, the absence of either subunit would affect the 

formation of the complex and lead to the production of phytoglycogen instead 

of starch (Wattebled et al., 2005). 
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1.5.2 Degradation of transient starch in leaf chloroplasts 

Transient starch is degraded at night to provide energy for non-photosynthetic 

metabolism, which is essential for normal growth of plants. A reduced growth 

rate has been observed in mutant plants which synthesize less starch during 

the day or have a reduced ability to degrade starch at night (Caspar et al., 

1991; Schulze et al., 1991). Starch degradation in chloroplast differs from that 

in amyloplasts of germinating cereal grains (Smith et al., 2005). Degradation of 

transient starch in leaves has been studied by employing Arabidopsis mutants 

and other in vitro enzyme activity assays. The degradation pathway involves 

multiple steps (Figure 1-12) which will be described shortly. The role of glucan 

phosphorylation during starch degradation (Silver et al., 2014) will also be 

described (Figure 1-13). 
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Figure 1-12. Pathway of starch degradation in leaves. DPE: disproportionating enzyme; 

GWD: glucan water dikinase; PWD: phosphoglucan water dikinase; ISA3: debranching 

enzyme isoamylase 3. (Taken from Orzechowski, 2008).  

 

 

 

 

 

 

Figure 1-13. Schematic diagram of reversible phosphorylation during starch degradation. 

Leaf starch degradation is initiated with the phosphorylation of starch granules. The 

glucan double helix packed within the amylopectin structure becomes disordered when 

phosphorylated by a-glucan water dikinase (GWD) and phosphoglucan water dikinase 

(PWD). (dot) phosphate residue. Partial hydrolysis stage, β-amylase (BAM) and 

isoamylase 3 (ISA3) are able to degrade the glucan chains to release maltose, malto-

oligosaccharides and phospho-oiligosaccharides. In the dephosphorylation stage, starch 

excess 4 (SEX4) and Like SEX4-2 (LSF2) remove phosphate residues from the 

released phospho-oligosaccharides and starch to promote further hydrolysis by BAM 

and ISA3. (Taken from Silver et al., 2014). 
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1.5.2.1 Initiation of starch degradation 

The leaf starch degradation pathway is initiated by the phosphorylation of 

starch granule surfaces by glucan water dikinase (GWD EC 2.7.9.4) and 

phosphoglucan water dikinase (PWD EC 2.7.9.5) (Ritte et al., 2002, 2006; 

Baunsgaard et al., 2005; Kotting et al., 2005). GWD and PWD selectively 

catalyze the formation of C6 and C3 phospho-esters of glucosyl residues, 

respectively by hydrolysis of ATP. The γ-phosphate group of ATP is first 

transferred to water, forming orthophosphate, by GWD or PWD. The exposed 

β-phosphate group on the original ATP is transferred to a conserved histidine 

residue located within the catalytic domain on GWD or PWD, and then to the 

C6 and C3 hydroxyl group of a glucosyl residue in amylopectin respectively 

(Ritte et al., 2002, 2006; Hejazi et al., 2012). Arabidopsis mutants lacking 

either GWD or PWD showed slower growth, and displayed starch-excess 

phenotypes (high levels of starch in leaves at the end of the night) (Yu et al., 

2001b; Ritte et al., 2002, 2006; Hejazi et al., 2012). In potato leaves, the 

starch phosphorylation level at the granule surface is higher during starch 

degradation than during starch biosynthesis (Ritte et al., 2004). The addition of 

phosphate groups to the granule surface induces hydration that disrupts the 

packed semi-crystalline surface of amylopectin clusters and exposes linear 

chains for exoamylolytic attack by β-amylase (BAM EC 3.2.1.2) and 
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isoamylase 3 (ISA3 EC 3.2.1.1) (Figure 1.5.2.2)  (Hejazi et al., 2008; Edner et 

al., 2007; Ritte et al., 2006; Kotting et al., 2005; Engelsen et al., 2003).  

 

1.5.2.2 Partial Hydrolysis of starch glucan  

Hydrolysis of the starch granule is catalyzed mainly by β-amylase (BAM) and 

debranching enzymes (isoamylase 3), via hydrolysis of the α-(1-4)- and α-(1-

6)-glucose bonds respectively. The products are glucose, maltose, malto-

oligosaccharides and phospho-oiligosaccharides (Delatte et al., 2006; Zeeman 

et al., 2007a). In Arabidopsis there are nine genes encoding BAM, and at least 

four of the enzymes encoded for by these nine genes are located in 

chloroplasts (Lao et al., 1999; Scheidig et al., 2002; Kaplan and Guy, 2005). 

Studying the recombinant chloroplast BAMs indicated that three forms, BAM-1, 

BAM-2 and BAM-3 have a typical β-amylase activity and BAM-4 is inactive. 

However, the bam-4- mutant showed a starch excess phenotype and less 

maltose was detected at night when starch degradating (Fulton et al., 2008). 

BAM-1 and BAM-3 are suggested to hydrolyze mainly glucans (Fulton et al., 

2008).  
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1.5.2.3 Dephosphorylation of phospho-oligosaccharides 

Dephosphorylation of phospho-oligosaccharides is also essential for normal 

starch degradation in leaves at night. Phosphorylated malto-oligasaccharides 

released from the starch granule cannot be metabolized further in the absence 

of an appropriate phosphatase (Figure 1.5.2.2). In Arabidopsis, three enzymes 

are found to dephosphorylate glucans: starch-excess4 (SEX4 EC 3.1.2.48), 

LIKE SEX4-1 (LSF1) and LIKE SEX4-2 (LSF2). In Arabidopsis sex-4- mutant, 

relatively high levels of phosphorylated malto-oligosaccharides were detected 

(Gentry et al., 2007). SEX4 and LSF2 phosphatases both possess a 

carbohydrate-binding domain, and can remove the phosphate groups from C3 

and C6 positions on amylopectin (Niittyla et al., 2006; Fordham-Skelton et al., 

2002; Kerk et al., 2006; Kotting et al., 2009). SEX4 releases phosphate from 

both C3 and C6 positions, whereas LSF2 is specific for the C3 position (Hejazi 

et al., 2010; Santelia et al., 2011). Recombinant SEX4 was shown to catalyze 

the dephosphorylation of starch polymers, glycogen, soluble oligosaccharides, 

and leaf starch granules in vitro (Gentry et al., 2007). LSF1 does not seem to 

have catalytic activity but may act as a regulator of starch degradative 

enzymes at the granule surface (Malinova et al., 2014; Silver et al., 2014).  
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1.5.2.4 Metablism of malto-oligosaccharides 

The dephosphorylated malto-oligosaccharides can be further hydrolyzed 

mainly by β-amylase (Figure 1.5.2). The resulting product, maltose, is 

exported from the chloroplasts to the cytosol by the MEX1 transporter in 

Arabidopsis leaves (Niittyla et al., 2004). The other product, glucose, is also 

exported to the cytoplasm (Delatte et al., 2006; Zeeman et al., 2007a, b). In 

pea leaf chloroplasts, maltose can be converted to glucose-1-phosphate and 

glucose by maltose phosphorylase (EC 2.4.1.8) (Kruger et al., 1993). However, 

no such maltose phosphorylase was reported in the Arabidopsis genome 

(Boos and Shuman, 1998). In Arabidopsis, maltose from starch degradation 

was shown to be exported to cytosol rather than metabolized in the 

chloroplasts by studying a mex1- mutant. When lacking the MEX1 transporter, 

the leaf maltose level was at least 40 times greater than in wild-type leaves at 

night. Thus MEX1 is responsible for the export of maltose from chloroplasts to 

cytosol at night during starch degradation (Niittyla et al., 2004). 

 

1.6 Objectives of the project 

Material: 

Arabidopsis thaliana has proven to be a useful tool in plant biology research 

and has many advantages: 
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 small sequenced genome 

 short life-cycle 

 prolific seed production 

 efficiently transformed  

 a large number of mutant lines are already available 

 

Arabidopsis leaf chloroplast starch shares a similar molecular structure and is 

comprised of similar polymers as storage starch, making Arabidopsis an 

excellent model system for studying starch granule biosynthesis (Zeeman et 

al., 2002).  

 

Hypothesis: 

Starch biosynthesis is a complex process which is regulated by the 

coordinated interaction of different enzymes and their isoforms. It is 

hypothesized that these enzymes work together, forming different protein 

complexes in the transient starch biosynthesis pathway of the Arabidopsis leaf, 

and that the activities of some of these enzymes and the formation of these 

protein complexes are regulated by phosphorylation.    
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The objectives are to: 

 Identify the sub-organelle distribution of SSs and SBEs (whether in the 

starch granule or stroma) and assay the enzyme activities of SSI, SSII, SSIII, 

SSIV, SBEIIa and SBEIIb in A. thaliana. Starch granule bound proteins could 

reflect the components of protein complexes formed between amylopectin 

biosynthetic enzymes in the chloroplast stroma.  

 

 Compare the biochemical properties of SBE2.1 and SBE2.2 to gain 

insight into their respective roles in starch synthesis in Arabidopsis leaves. 

 

 Investigate protein-protein interactions among enzymes involved in 

transient starch synthesis in A. thaliana leaf chloroplasts in vitro, and to 

identify the components of protein complexes. 

 

 Investigate phosphorylation of starch branching enzymes. Identify the 

phosphorylation sites of SBE, and investigate whether transient starch 

biosynthesis shares the same regulatory mechanism as storage starch 

synthesis in cereals.  
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The results of the research are represented in the following chapters. This 

research aims to provide further understanding of transient starch biosynthesis 

in Arabidopsis leaf chloroplasts, focusing on the regulation of starch branching 

enzymes (SBE). The results in this thesis outline the biochemical 

characterization of SBE in Arabidopsis chloroplasts and explore possible 

phosphorylation-dependent protein-protein interactions between SBE and 

other starch biosynthetic enzymes. These results demonstrate that the 

regulation of transient starch biosynthesis and storage starch biosynthesis 

partially share the same mechanisms. This research employs Arabidopsis as a 

model plant to manipulate transient starch structure, resulting in the discovery 

of novel starch phenotypes which may have beneficial biochemical properties 

for food or industry usage. This study in Arabidopsis will also provide valuable 

insight for understanding starch synthesis and turnover in crops. 
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2. Biochemical studies of protein-protein interactions between starch 

synthetic enzymes in Arabidopsis leaves 

2.1 Introduction 

Amylopectin biosynthesis involves the coordination of several classes of 

biosynthetic enzymes including ADP-glucose pyrophosphorylase (AGPase), 

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

enzymes (DBE) and starch phosphorylase (SP) (Martin and Smith, 1995; 

Myers et al., 2000; James et al., 2003; Nakamura, 2002). Physical interactions 

of these starch biosynthetic enzymes have previously been investigated in 

cereals using biochemical approaches such as co-immunoprecipitation (Co-IP), 

chemical cross-linking and size exclusion chromatography. In wild-type wheat 

endosperm, two forms of protein complexes were detected. One of the protein 

complexes observed was between SSI, SSIIa and either one of SBEIIa or 

SBEIIb (Tetlow et al., 2008) and the other protein complex was between 

SBEIIb, SBEI and SP (Tetlow et al., 2004a). In wild-type maize amyloplasts, 

the physical interaction of SSI, SSIIa and SBEIIb has also been demonstrated 

(Hennen-Bierwagen et al., 2008). Interestingly, SSI, SSII and the species-

dependent predominant form of SBEII are also found as integral proteins in 

the starch granules of cereals such as rice, maize, barley and wheat (Ball and 

Morell, 2003; Grimaud et al., 2008; Tetlow et al., 2004a and Umemoto et al., 
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2004). For example, in maize amyloplasts, starch biosynthetic enzymes SSI, 

SSII, SSIII, SSIV, SBEI, SBEIIa, SBEIIb and SP were detected in the stroma, 

whereas only SSI, SSII, SBEIIb and GBSS were found in the starch as 

granule bound proteins in wild-type maize amyloplasts (Mu-Forster et al., 1996; 

Zhang et al., 2004). In wild-type wheat and barley, SSI, SSIIa, SBEIIa, SBEIIb 

and GBSS were found to be starch granule bound proteins (Regina et al., 

2005; Baga et al., 2000; Peng et al., 2000; Morell et al., 2003). In maize 

amyloplasts, very high molecular weight (about 670 kDa) protein complexes 

were also found between SSIIa, SBEIIa and SBEIIb associated with SSIII 

(Hennen-Bierwagen et al., 2009). Interestingly, pyruvate orthophosphate 

dikinase (PPDK), and large and small subunits of AGPase were also observed 

within the high molecular weight protein complex with SSIII (Hennen-

Bierwagen et al., 2009).   

 

Further studies on heteromeric protein complexes involving starch biosynthetic 

enzymes reinforced the suggestion that the observation of starch granule 

bound proteins is indicative of at least some stromal protein complexes (Liu et 

al., 2009; Liu et al., 2011). For example, in the endosperm of maize ae1.1-, a 

null-mutant that lacks the SBEIIb protein, a new protein complex including SSI, 

SSIIa, SBEI, SBEIIa and SP was detected in the soluble amyloplast stroma. 

Interestingly, these proteins were also located in the starch granules (Liu et al., 
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2009). Studies in wild-type maize amyloplasts showed that SSI and SBEIIb do 

not directly interact with each other but interact via SSII, which appears to 

represent the core of the protein complex (Liu et al, 2012). In maize, the SSIIa 

protein is coded for by the sugary-2 gene. A sugary2- allele containing two 

single nucleotide polymorphisms lead to the production of inactive SSIIa which 

had lost its ability to bind starch. Significantly, this also led to the loss of SSI 

and SBEIIb from the starch granule. A protein complex between SSI, SSIIa 

and SBEIIb was still detected in the amyloplast stroma and both SSI and 

SBEIIb monomers remained active (Liu et al., 2012). Likewise, in barley, rice 

and wheat mutants, mutation of SSIIa also leads to the loss of SSI and SBEIIb 

from starch granules (Morell et al., 2003; Yamamori et al., 2000 and Umemoto 

et al., 2004). It was therefore proposed that SSIIa is a key enzyme that forms 

a protein complex with SSI and SBEIIb during amylopectin biosynthesis, and 

that SSIIa acts as a “carrier” for SSI and SBEIIb facilitating their interaction 

with the insoluble starch granule matrix (Liu et al., 2012). 

 

Protein phosphorylation is a common post-translational process that controls 

many basic cellular processes, and also appears to modify protein-protein 

interactions among enzymes of starch biosynthetic enzymes. Protein 

phosphorylation was investigated by incubation of intact plastids with [γ-32P]-

ATP, and phosphoproteins were identified by mass spectrometry (Tetlow et al., 
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2004; Tetlow et al., 2008; Makhmoudova et al., 2014). In wheat endosperm, it 

was shown that starch granule bound SSII and three forms of SBE (SBEI, 

SBEIIa, and SBEIIb) in plastids could be phosphorylated in vitro (Tetlow et al., 

2004; Tetlow et al., 2008), and that the phosphorylation of SBE protein is on 

Ser residues (Tetlow et al., 2004). In wild-type wheat endosperm, the 

assembly of both protein complexes is regulated by protein phosphorylation 

(Tetlow et al., 2004; Tetlow et al., 2008). In maize amyloplast, phosphorylation-

dependent physical assembly of SSI, SSIIa and SBEIIb was found, and 

SBEIIb was phosphorylated within the complex (Hennen-Bierwagen et al., 

2008; Liu et al., 2009). Recently, three phosphorylation sites on mature maize 

SBEIIb were identified on serine residues: Ser286, Ser297 and Ser649 (Liu et al., 

2009; Makhmoudova et al., 2014). In wheat and maize plastids, 

dephosphorylation caused loss of activity of SBEII, but not SBEI (Tetlow et al., 

2004). The activity of SBEIIa in wheat chloroplasts and SBEIIb in wheat and 

maize amyloplasts showed increased activity when incubated with ATP. 

Conversely, both enzymes’ catalytic activities were reduced by 

dephosphorylation using alkaline phosphatase (Tetlow et al., 2004; Liu 2010).  

 

In this chapter, protein-protein interactions among starch biosynthetic 

enzymes of Arabidopsis thaliana were investigated. The goal was to address 

whether or not phosphorylation-dependent, protein-protein interactions 
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between starch biosynthetic enzymes is universal among monocots and dicots. 

To study protein-protein interactions in Arabidopsis, the sub-organellar 

distribution of starch biosynthetic enzymes in wild-type leaf chloroplasts was 

investigated over a 24 hour (16/8 light dark) cycle using peptide-specific 

antibodies to determine localization in the stroma and starch granules. Taking 

advantage of available Arabidopsis mutants, starch granule bound proteins in 

a series of ss- mutants were investigated. The genetic backgrounds and 

phenotypes of the ss- null mutants described in this chapter are summarized 

in Table 2-1. Localization of amylopectin-synthesizing enzymes in the starch 

granule was determined, and the implications for our understanding of stromal 

protein-protein interactions are discussed. Phosphorylation-dependent, 

protein-protein interactions of starch biosynthetic enzymes in Arabidopsis 

chloroplast stroma were also investigated by co-immunoprecipitation (Co-IP). 

The effect of protein phosphorylation on SBE activity was also investigated. 
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Table 2-1. Summary of Arabidopsis ss- mutants 

Genotype 
Enzymatic 

basis 
Phenotype References 

ss1- SS1 

Higher amylose content (31%), less 
starch content at the end of light period. 
Less amylectin chian with degree of 
polymerization 5-8   

Delvallé et al., 

2005 

ss2- SS2 

Increased amylose/amylopectin ratio, 

increased total amylose, deficiency in 

amylopectin chain with degree of 

polymerization 12 to 28. 

Zhang et al., 

2008 

ss3- SS3 

Starch excess phenotype, higher rate of 

starch synthesis, longer linear chains in 

amylopectin with a degree of 

polymerization greater than 60. 

Zhang et al., 

2005 
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2.2 Material and Methods 

2.2.1 Plant material and growth conditions 

The wild-type Arabidopsis thaliana (Columbia ecotype) lines used in this 

project were grown at the University of Guelph in growth chambers (Conviron 

Model catalogue no. PGC20), in Sun Shine Mix LA4 soil (Sun Gro 

Horticulture). Plants were grown in a (16/8 h) light/dark cycle; 130 µmol photon 

m-2 s-1, 24°C light 18°C darkness, 60% humidity.  

 

Arabidopsis ss1-, ss2- and ss3- T-DNA mutant lines (Wassilewskija, WS 

ecotype) were kindly provided by Prof. C.D’Hulst, (Unité de Glycobiologie 

Structurale et Fonctionnelle, Université Lille) and grown under identical 

conditions to the wild-type. 

 

2.2.2 Preparation of cell-free extracts from Arabidopsis leaves 

Approximately 5 g of Arabidopsis leaves from four week-old plants were 

harvested, immediately frozen in liquid nitrogen and ground using a pre-chilled 

mortar and pestle under liquid nitrogen into a fine powder. The frozen powder 

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

(hydroxymethyl) methyl glycine (Tricine)/KOH, pH 7.8, 1 mM dithiothreitol 
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(DTT), 5 mM MgCl2, and a protease inhibitor cocktail (PI, GBioScience, 

catalogue no. 786-332, used at 10 µl/ml). The leaf lysates were further 

ruptured in RB by standing on ice for 10-20 min followed by centrifugation at 

14 000 g for 10 min at 4°C using a Beckman Coulter Microfuge 22R 

Centrifuge and the F241:5P rotor. The supernatant obtained following the 

centrifugation was used for experiments as a source of soluble leaf protein.  

 

2.2.3 Arabidopsis chloroplast isolation 

Arabidopsis chloroplasts were purified using a method modified from that 

described by Schulz et al (2004). Approximately 30-40 g of four-week old fresh 

Arabidopsis leaves were harvested and homogenized with a KINEMATICA 

Polytron (PT 10-35GT) in 200 ml ice-cold homogenization buffer (50 mM N-[2-

hydroxyethyl] piperazine-N‟-ethanesulphonic acid (HEPES)-KOH pH 7.5, 2 

mM EDTA, 1 mM MnCl2, 1 mM MgCl2, 330 mM Sorbitol, 1 mM DTT, 0.25% w/v 

Bovine Serum Albumin (BSA)). The resulting whole cell lysates were filtered 

through two layers of miracloth (CalBiochem, catalogue no. 475855) into four 

50 ml centrifuge tubes and centrifuged for 8 min at 1 000 g at 4°C using a 

Beckman Coulter Allegra X-22R Centrifuge and the SX4250 rotor. The pellet 

was then carefully resuspended in 8 ml of fresh homogenization buffer and 

layered on to two 15 ml Percoll step-gradients (7 ml 85% (v/w) Percoll in 
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homogenization buffer at the bottom of the tube with 8 ml 40% Percoll in 

homogenization buffer layered on the top) in 50 ml round-bottomed centrifuge 

tubes. Samples were centrifuged at 3 000 g for 15 min at 4°C using a 

Beckman Coulter Allegra X-22R Centrifuge and the SX4250 rotor using slow 

acceleration and deceleration. This centrifugation process separates the intact 

chloroplasts from the broken chloroplasts and cell debris (Figure 2-1). Intact 

chloroplasts were found suspended between the layers of 85% Percoll and 40% 

Percoll solutions while the broken chloroplasts and the cell debris were 

suspended on top of the 40% Percoll solution. The intact chloroplasts were 

aspirated using a Pasteur pipette and transferred to a chilled 50 ml tube to 

which chilled HEPES-Sorbitol buffer (50mM HEPES-KOH pH 7.5, 330 mM 

Sorbitol) was added to bring the volume to 50 ml. Samples were then 

centrifuged at 1 000 g for 8 min at 4°C, using the Beckman Coulter Allegra X-

22R Centrifuge and the SX4250 rotor. The supernatant was carefully aspirated 

leaving behind the pellet containing only intact chloroplasts. The intact 

chloroplasts were then lysed by resuspension in ice-cold RB containing 

protease inhibitor (PI, GBioScience, catalogue no. 786-332, used at 10 µl/ml). 

The soluble chloroplast stroma was obtained by centrifugation of the 

chloroplast lysate at 14 000 g for 10 min at 4°C using a Beckman Coulter 

Microfuge 22R Centrifuge and the F241:5P rotor, to remove membranes and 

insoluble material. The supernatant containing plastid stromal proteins (0.4-2.0 
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mg protein/ml) was flash frozen in liquid nitrogen and stored at -80°C for future 

use. 

 

 

 

 

 

 

Figure 2-1. Separation of intact chloroplasts by Percoll stepped-gradient centrifuge. 

 

2.2.4 Protein concentration determination 

Soluble protein contents of chloroplast extracts, and whole cell lysates of 

Arabidopsis leaves, were determined using the Bio-Rad Quick StartTM 

Bradford reagent (Bio-Rad Laboratories Canada). Five microlitre samples 

containing approximately 0.3-2 mg protein/ml were diluted to 800 µl with 

deionized water. 200 µl dye reagent was added into the sample and incubated 

in disposable plastic cuvettes at room temperature for 5-10 min. 800 µl 

deionized water was used as a blank in lieu of protein. Absorbance was 

measured on a SHIMADZU UV-Visible spectrophotometer UV-1601 at a 

wavelength of 595 nm. Absorbance is linear between 0.2 to 0.9 mg/ml (BSA). 
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The standard curve (Figure 2-2) used was routinely checked and reproducible.  

 

 

 

 

 

 

Figure 2-2. Representative BSA standard curve for determination of protein 

concentration. Absorbance values at 595nm for each known concentration of BSA. Each 

value represents three standard repeats. 

 

2.2.5 Isolation of starch granules 

Four-week old, Arabidopsis leaves were harvested directly into liquid nitrogen 

at the end of the light period. The frozen leaves were ground in a pre-chilled 

mortar in four volumes of isolation medium (100 mM MOPS pH7.2, 5 mM 

EDTA, 2.6 mM Na Metabisulfite, 0.05% (v/v) Triton X-100, 5 mM DTT). The 

homogenate was filtered through two layers of Miracloth (CalBiochem, 

catalogue no. 475855). The filtrate was centrifuged at 20 000 g for 10 min 

using Beckman Coulter Avanti J-25I Centrifuge and the JA-14 rotor. The 

resulting pellet was resuspended in 5 ml of isolation medium, and layered onto 
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20 ml 90% (v/v) Percoll diluted in isolation medium, in a 50 ml corex tube, and 

centrifuged at 5 000 g for 10 min using Beckman Coulter Allegra X-22R 

Centrifuge and the rotor SX4250. The pellet was resuspended in 2 ml of 

isolation medium layered on to 10 ml of 90% (v/v) Percoll solution, diluted in 

isolation medium in a 15 ml tube, followed by centrifugation at 5 000g for 10 

min using Beckman Coulter Allegra X-22R centrifuge, rotor SX4250. The 

resulting pellet was resuspended in 2% (w/v) SDS and centrifuged for 2 min at 

3 000g. The pellet was further washed another four times with 2% SDS. Finally, 

the pellet was washed in acetone (99.5% (v/v)) and centrifuged for 5 min at 14 

000g using a Beckman Coulter Microfuge 22R Centrifuge and F241:5P rotor. 

After washing, samples were air-dried for four hours using an Eppendorf AG 

22331 Hamburg vacufuge, and stored at -80°C.  

 

2.2.6 Antibody purification 

Peptide-specific anti-Arabidopsis SS1, SS2, SS3, SBE2.1 and SBE2.2 were 

raised against commercially obtained synthetic peptides 

(http://www.anaspec.com/services/antibody.asp). The synthetic peptides 

sequences used are shown in Table 2-2. Sulfolink resin slurry (Pierce) was 

employed to purify antibodies from crude antisera. Two milligrams of each 

synthetic peptide was dissolved in 1 ml Coupling Buffer containing: 50 mM 
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Tris-HCl, 5 mM EDTA-Na; pH 8.5, coupled to 2 ml sulfolink resin slurry (Pierce) 

in a Poly-Prep chromatography column (catalog no. 731-1550) for 60 min, and 

then washed with 6 ml Coupling Buffer. The washed columns containing 

sulfolink resin slurry coupled with the peptides were then incubated with 1 ml 

50 mM cysteine (pH 7.5) for 15 min allowing the blocking of non-specific 

binding sites on the slurry. After washing with 16 ml Coupling Buffer, antiserum 

containing polyclonal Arabidopsis antibodies was added to the sulfolink resin 

slurry column, coupled with synthetic peptides, and continually mixed 

overnight. The sulfolink resin slurry-antibody column was subsequently 

washed with three buffers as shown below: 

 10 ml washing buffer containing 50 mM Tris-HCl, pH7.5, 150 mM NaCl, 

1% (w/v) NP-40, 0.5% (w/v) Na-deoxycholate, 0.1% (w/v) SDS;  

 10 ml sarcosyl buffer containing 20 mM Tris-HCl, pH 8.0, 1 M NaCl, 1 

mM Na-EDTA and 0.5% (w/v) NP-40 

 10 ml 10 mM Tris-HCl pH 7.8.  

Antibodies bound to the column were eluted by 0.5 ml 100 mM glycine, pH 2.5, 

directly into a tube containing 0.5 ml 100 mM Tris-HCl pH 7.5 to neutralize the 

elution buffer. 
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Table 2-2. Peptide sequences for Arabidopsis antibody generation 

Antibody Synthetic peptide sequence Protein GenBank accession No. 

anti-SS1 CSSSFSGDSRESDEER No. AT5G24300 

anti-SS2 CSDEPEDALQATIDKSKK No.AT3G01180 

anti-SS3 CQKRTQKKNGEKDSNATS No.AT1G11720 

anti-SBE2.1 CTTASEKLRGHQSDSS No.AT2G36390 

anti-SBE2.2 CSEKVLVPDNLDDDPRGFSQ No.AT5G03650 

 

2.2.7 SDS-PAGE and immunoblotting 

SDS polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate 

proteins by molecular weight. Gel components are shown in Table 2-3. SDS 

PAGE gels were electrophoresed in 1XSDS tris-glycine running buffer (25 mM 

Tris, 192 mM Gly pH 8.3). Precast NuPAGE Novex, 4%-12%, BisTris gradient 

gels (Invitrogen catalog no. NP0343 and NP0001) were also employed to 

improve protein separation and used with MOPS running buffer (pH7.7, 50 

mM MOPS, 50 mM Tris, 1XSDS, and 1 mM EDTA). Protein 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 before loading on to the gels. Gels were run at 100 V to 

allow samples to enter the resolving gel and then electrophoresed at 120 V 

until the dye front eluted at the bottom of the gel. 



69 

 

Following electrophoresis, proteins separated in the gel were transblotted onto 

nitrocellulose membranes (Pall Life Science) using transfer buffer (20% v/v 

methanol in 1X tris-glycine (25 mM Tris, 192 mM Gly) running buffer), followed 

by incubation in blocking solution containing: 1.5% BSA [w/v] in TBS buffer 

(137 mM NaCl, 2.7 mM KCl, and 25 mM Tris/Tris-HCl) for 15 min at room 

temperature with gentle shaking. The purified antibodies (section 2.2.6) were 

used as the primary antibody at a dilution of 1:1000 in blocking solution. 

Membranes were incubated in primary antibody overnight at room temperature. 

Alkaline phosphatase-conjugated goat anti-rabbit IgG (Sigma) was used as a 

secondary antibody. Membranes were incubated in developer solution (5-

bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium liquid substrate 

system, Sigma-Aldrich, catalogue no. B–1911) at room temperature until 

protein bands become visible. 

Table 2-3. Composition of 10% (w/v) SDS-PAGE 

Stock solution 

For two SDS-PAGE gels 

Stacking gel (5% 
acrylamide) 7.5 ml 

Resolving gel (10% 
acrylamide) 15 ml 

Distilled water 5.25 5.7 

Acrylamide (30% (w/v)) 1.25 5.1 

1.5M Tris-HCl pH8.8 - 3.9 

0.5M Tris-HCl pH6.8 0.9 - 

10% (w/v) SDS 0.075 0.15 

10% (w/v) ammonium per 
sulfate 

0.084 0.15 

TEMED 0.006 0.015 
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2.2.8 Co-Immunoprecipitation (Co-IP) 

Co-immunoprecipitation experiments were employed using the methods 

described by Tetlow et al., (2004a), with some modifications. In each reaction, 

approximately 20 µg of purified anti-SS1, SBE2.1 or SBE2.2 antibodies were 

used for the co-immunoprecipitation experiment with 1 ml Arabidopsis 

chloroplast extract (approximately 1 mg protein/ml). The mixture of antibody 

and chloroplasts was incubated at room temperature on a Stuart SB2 rotator 

at 50 rpm for 60 min. 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), was incubated with the 

antibody and chloroplast mixture (with or without 1 mM ATP) for another 60 

min at room temperature with rotating. The Protein-A 

Sepharose/antibody/protein complex was centrifuged at 2 000 g for 2 min at 

4°C in a Sigma 1-15 refrigerated microcentrifuge (Sigma-Aldrich), and the 

supernatant was discarded. The pellet was washed four times (1.3 ml each) 

with 1X PBS buffer by centrifugation at 2 000 g for 2 min at 4°C in a Sigma 1-

15 refrigerated microcentrifuge (Sigma-Aldrich) and then boiled in 2X SDS 

loading buffer for 10 min to disassociate the protein complexes from the beads. 

The proteins were then separated by SDS-PAGE, followed by immunoblot 

analysis.  
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2.2.9 SBE Zymogram Assay 

SBE zymogram gel components are shown in Table 2-4, for 5% non-

denaturing 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 electrophoresed in 1X running buffer (tris-

glycine) at 4°C for 3 hours at 90 V. After electrophoresis, gels were washed 

twice, for 5 min each time, in SBE zymogram washing buffer (100 mM Na 

citrate and 20 mM MES, pH6.6). The washed gels were then incubated in the 

incubation buffer (20 mM MES-NaOH, pH 6.6, 100 mM Na citrate, 45 mM 

Glc1P, 2.5 mM AMP, 1 mM DTT, and 1 mM Na2-EDTA) for defined periods at 

30°C, with shaking at 50 rpm. After washing the native gel with distilled water, 

Lugol’s solution containing 0.2% (w/v) iodine and 2% (w/v) potassium iodide 

was used to stain the gel, and the activity was visualized immediately. 

Table 2-4. Composition of SBE zymogram gel 

Stock solution 

For one SBE Zymogram gel 

Stacking gel (5% acrylamide) 
3.75 (ml) 

Resolving gel (5% acrylamide) 
7.5 (ml) 

Distilled water 2.625 4.29 

Acrylamide (30%) 0.625 1.25 

1.5M Tris-HCl pH8.8 - 1.875 

0.5M Tris-HCl pH6.8 0.45 - 

maltoheptaose 0.038 15 mg 

10% (w/v) ammonium per 
sulfate 

0.042 0.30 

Phosphorylase (17 mg/ml) - 18.75 

TEMED 0.003 0.015 
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2.2.10 Transformation of alkaline phosphatase plasmid to Arctic expression 

competent cells 

Approximately 50 µg of E. coli alkaline phosphatase plasmid (E. coli alkaline 

phosphatase cDNA inserted into a pET29a vector courtesy of F. Liu), was 

transformed into 100 µl of ArcticExpressTM (DE3) E. coli cells and incubated on 

ice for 30 min. The cells were then heated on a 42°C water bath for 20 

seconds, and immediately transferred to ice for two min. 600 µl of LB medium 

(10 mg/ml tryptone, 5 mg/ml yeast extract, 10 mg/ml NaCl) was then added to 

the cells and cells rotated at 37°C for an hour, with shaking at 220 rpm. Cells 

were then plated onto 10 ml solid LB-Agar A plate (10 mg/ml tryptone, 5 mg/ml 

yeast extract, 10 mg/ml NaCl and 15 mg/ml agar) containing 50 µg per ml of 

kanamycin and 100 µg per ml of gentamicin, before incubation overnight at 

37°C.  

 

2.2.11 Expression of alkaline phosphatase  

Two colonies from the plate were picked and grown with shaking at 220 rpm at 

37°C overnight in 5 ml LB broths containing kanamycin and gentamicin as 

previously discussed. The overnight inocula were then transfored into a 100 ml 

LB broth without antibiotics and grown at 30°C for 3 hours. When the OD 600 

nm of the culture reached a value of 0.5, expression of the recombinant 
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protein was induced by introducing IPTG (isopropyl-beta-D-

thiogalactopyranoside, Fisher BioReagents, catalogue no. BP162010) to a 

final concentration of 1 mM. Culture incubation continued at 10°C for 24 hours. 

The Escherichia coli cells were harvested by centrifugation at 10 000g for 20 

min at 4°C in a Falcon 6/300 Refrigerated Centrifuge. Cell pellets were 

washed by gentle resuspension with 1X PBS buffer and re-centrifuged at 

3000g for 10 min at 4°C. Sedimented cells were frozen rapidly and stored at -

80°C. 

 

2.2.12 Purification of S-tagged recombinant protein 

The Escherichia coil cell pellets were allowed to thaw on ice and lysed at room 

temperature in BugBuster Protein Extraction Reagent (Novagen, catalogue no. 

TB245) in a ratio of 5 ml/g of wet cell paste, with addition of 50 µl protease 

inhibitor cocktail (Sigma, catalogue no. P8465), 5 µl Benzonase Nuclease 

(Novangen, catalogue no. 70750-3), and 5 KU rLysozyme solutions (Novagen, 

catalogue no. 71110-3). The mixtures were then incubated on a Stuart SB2 

rotating mixer for 30 min at room temperature and then boiled at 80°C for 10 

min. Alkaline phosphatase is a relatively stable protein at 80°C. The resulting 

protein lysate was centrifuged at 16 000g for 10 min at 4°C in a Sigma 1-15K 

Microfuge (Sigma-Aldrich) to separate the solublized proteins which were in 
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the supernatant. The supernatant was transferred to a fresh tube, frozen in 

liquid nitrogen and stored at -80°C until use. 

 

The soluble cell lysates were allowed to thaw on ice and centrifuged at 

16000g for 20 min at 4°C in a Sigma 1-15K Microfuge (Sigma-Aldrich). The 

supernatants were applied to S-protein agarose at a ratio of 100 µg of S-

tagged recombinant protein to 100 µl slurry of S-protein agarose beads. The 

protein-agarose mixture was incubated at 4°C on an orbital shaker overnight. 

The overnight mixture was centrifuged at 1 000 g for 2 min at 4°C in a Sigma 

1-15K Microfuge (Sigma-Aldrich), and the supernatant collected as unbound 

recombinant protein. The separated beads were suspended in 1.5 ml 5X S-tag 

washing buffer containing 1 M NaCl and centrifuged at 1 000g for 1 min at 4°C 

in a Sigma 1-15K Microfuge (Sigma-Aldrich). This was repeated 15 times, and 

the resulting supernatants collected. Beads containing recombinant proteins 

were kept at 4°C or used immediately. 

 

2.2.13 Alkaline phosphatase assay 

Alkaline phosphatase activity was detected by using 0.68 mM p-nitrophenyl 

phosphate as substrate in a final volume of 165 µl, in reaction buffer 

containing: 4.5 mM glycine, 0.045 mM MgCl2. The reaction was incubated at 
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room temperature (23 to 25°C) for 10 to 20 min and then stopped by adding 

1.5 ml of 0.1 M NaOH. A negative control reaction was included by adding 0.1 

M NaOH to the reaction mixture before introducing alkaline phosphatase. 

Absorbance was determined at 410 nm with H2O as a reference. Activity of 

alkaline phosphatase was calculated using the formula:  

 

 

 

 

2.2.14  Dephosphorylation of chloroplast stromal proteins in vitro 

Chloroplast stromal protein, in rupturing buffer (section 2.2.3), containing 5 

mM Mg2+ was incubated with S-protein agarose-precipitated, alkaline 

phosphatase (APase) (section 2.2.11). 100 µl of chloroplast stromal protein 

(~1 mg protein/ml) was incubated with 150 µl S-protein agarose-APase slurry 

for 50-60 min at room temperature on an orbital Stuart SB2 rotator. 

Approximately, 1 unit of APase was added to 100 µg of chloroplast protein 

lysates. After incubation, the mixture was centrifuged at 2 000 g for 2 min at 

4°C in a Sigma 1-15K Microfuge (Sigma-Aldrich) The supernatant containing 

chloroplast stromal protein was collected and applied to native PAGE, and 

SBE activity was visualized on zymograms (section2.2.9).  
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2.2.15 Phosphorylation of chloroplast stromal protein in vitro 

Chloroplast stromal proteins in rupturing buffer (section 2.2.3) containing 5 mM 

Mg2+ were incubated with adenosine 5’-triphosphate (ATP, Sigma A7699) at a 

final concentration of 1 mM at room temperature (approximately 20 to 25°C) 

for 40 min on an orbital Stuart SB2 rotator. The resulting proteins were applied 

to Co-IP experiment (section 2.2.8) or native PAGE for zymogram activity 

(section 2.2.9) 
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2.3 Results 

2.3.1 Diurnal analysis of soluble starch biosynthetic enzymes 

2.3.1.1 Immunological characterization of wild-type Arabidopsis soluble 

proteins in whole-cell extracts 

There are four isoforms of soluble starch synthase and two isoforms of SBE 

present in the stroma of Arabidopsis chloroplasts (Fisher et al., 1996; Ball and 

Morell, 2003). Three forms of SS and two forms of SBE were detected over a 

diurnal cycle using available peptide-specific antibodies. Soluble Arabidopsis 

leaf cell-free extracts were made at five time points after 4, 8, 12 and 16 hours 

(the light period) and 20 hour (dark period) during a 16/8 day/night cycle. 

Chloroplast lysates purified after four hours darkness were used as a control 

to indicate protein size. Analysis of the immunoblots probed with peptide-

specific anti-Arabidopsis SS1, SS2, SS3, SBE2.1 and SBE2.2 antibodies 

indicates that immunoreactive polypeptides of approximately 72 kDa, 87 kDa, 

118 kDa, 97 kDa and 92 kDa, corresponding to Arabidopsis SS1, SS2, SS3, 

SBE2.1 and SBE2.2 respectively, were detected (Figure 2-3, indicates with red 

arrows). SS1, SBE2.1 and SBE2.2 in the soluble fraction were all detectable 

and appear to be relatively constant over the diurnal cycle. However, SS2 in 

the cell-free lysate was relatively difficult to detect in the light period but more 

apparent after four hours. SS3 was detectable in the light and dark period, 
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although at the end of the light period at 16 hours the protein appeared less 

abundant. A stronger SS3 immunoreactive protein band, molecular weight 74 

kDa was detected; in the chloroplast sample and possibly represents 

degraded SS3. This SS3-immunoreactive protein band was more pronounced 

in chloroplast lysates than in whole cell extracts. Immunoreactive polypeptides 

at 50 kDa, detected on the blots, are very possibly due to non-specific cross-

reaction of the antibody with RuBisCO (Ribulose-1,5-bisphosphate 

carboxylase/oxygenase), which is the most abundant protein in chloroplasts.  
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Figure 2-3. Immunological characterization of soluble cell-free extracts of Arabidopsis 

leaves over a 24 hour (16/8 light/dark) cycle. Arabidopsis extracts were prepared from 4 

week-old leaves. Aliquots (25 µg) of soluble proteins were loaded onto each gel lane 

and electrophoresed on 10% acrylamide gels containing SDS, electroblotted onto 

nitrocellulose membranes, and enzymes visualized with peptide-specific antibodies as 

shown. Solublized chloroplast lysates purified at 4 hours in dark period were used as a 

control to indicate protein size. Red arrows indicate cross-reactions of each of the 

antibodies with the corresponding target protein. Black arrow indicates a possible cross-

reaction of anti-SS3 antibody with a degraded peptide of SS3.  The migration of each 

protein on SDS-PAGE corresponds to its predicted molecular weight. M indicates 

molecular weight markers with their molecular weight shown on the left of the blot. 

Chloroplast indicates 15 µg of the Arabidopsis (Columbia ecotype) chloroplast stromal 

protein purified after 4 hours of the dark period. 
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2.3.1.2 Immunological characterization of wild-type Arabidopsis chloroplast 

stromal proteins 

Four week-old Arabidopsis leaf chloroplasts were purified at six time points: 4, 

8, 12 and 16 hours (light period) and 20, 24 hours (dark period) were used to 

detect the presence of SS and SBE isoforms. Analysis of the immunoblots 

probed with peptide-specific anti-Arabidopsis SS1, SS2, SS3, SBE2.1 and 

SBE2.2 antibodies indicates that immunoreactive polypeptides of 

approximately 72 kDa, 87 kDa, 118 kDa, 97 kDa and 92 kDa, corresponding to 

Arabidopsis SS1, SS2, SS3, SBE2.1 and SBE2.2, respectively, were detected 

(Figure 2-4). SS1, SS2, SBE2.1 and SBE2.2 were all detectable over the 

diurnal cycle at relatively constant protein amounts. Using chloroplast stromal 

extracts, stromal SS2 was more readily detected, compared to cell-free lysates 

(Figure 2-4) and was detectable at all time points over the diurnal cycle. SS3 

(118 kDa) was detectable in the light period at 4, 8 and 12 hours, but not at the 

end of the light period, at 16 hours. During dark period, SS3 became 

detectable again, at the end of the dark period (24 h). The lower 

immunoreactive band, approximately (74 kDa, black arrow) was detected 

again by SS3 antibody.  
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Figure 2-4. Immunological characterization of chloroplast lysates from WT Arabidopsis 

leaves over a 24 hour (16/8 light/dark) cycle. Arabidopsis chloroplast lysates (~1.2 

mg/ml) were prepared from 4 week-old Arabidopsis leaves. Aliquots (25 µg) of soluble 

(stromal) proteins were loaded onto each gel lane and electrophoresed on 10% 

acrylamide gels, electroblotted onto nitrocellulose membranes, and visualized with 

peptide-specific antibodies as shown. Red arrows indicate cross-reactions of each of the 

antibodies with the corresponding target protein. Black arrow indicates the cross-

reaction of antibody with a possible degraded peptide of SS3. The migration of each 

protein on SDS-PAGE corresponds to its predicted molecular weight. M indicates 

molecular weight markers with their molecular weight shown on the left of the blot. 
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2.3.2 Starch granule bound proteins  

Proteins associated with starch after thorough washing by SDS are defined as 

starch granule bound (SGB) proteins. The presence of SGB proteins in WT 

Arabidopsis leaf starch was detected using starch purified at the end of the 

light period. Analysis of SGB protein by silver staining of gels indicated the 

presence of several proteins within wild-type Arabidopsis starch granules 

(Figure 2-5 A). Identical gels were transbloted to nitrocellulose and probed 

with peptide-specific, anti-Arabidopsis SS1, SS2, SS3, SBE2.1 and SBE2.2 

antibodies and anti-maize GBSS (the epitope of anti-maize GBSS shows 

significant alignment with Arabidopsis GBSS sequence, and it could cross-

react with Arabidopsis GBSS). Cell-free extracts of Arabidopsis leaves 

following 8 hours darkness were used as controls to determine the presence 

of the same proteins in the soluble fraction. 

 

A protein band was detected on the silver-staining gel with a molecular weight 

about 54 kDa, and was the most abundant protein in wild-type amyloplast 

starch granules. Using a peptide-specific anti-maize GBSS antibody this was 

confirmed to be GBSS which was only detected in starch granules but not in 

the soluble leaf lysate. Two protein bands of molecular weight approximately 

48 kDa and 40 kDa, were detected from the soluble whole cell extracts on the 
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immunoblot probed with GBSS antibody (the epitope of anti-maize GBSS did 

not show significant alignment with any other Arabidopsis protein) (Figure 2-5). 

These bands possibly represent degraded GBSS released into the stroma 

from starch granules during nocturnal degradation, or else are proteins with 

very similar epitopes to GBSS. The silver-stained gel indicated the presence of 

several other bands, less abundant than GBSS corresponding to sizes of 26 

kDa, 28 kDa, 40 kDa, 42 kDa, 45 kDa, 65 kDa, 87 kDa and 92 kDa, 

respectively. Immunoblot analysis of the wild-type Arabidopsis SGB proteins 

indicated that SBE2.2 and SS2 were present (Figure 2-5), corresponding to 

the bands on silver-stained gel of 87kDa and 92kDa. SS1, SS3 and SBE2.1 

could only be detected in soluble leaf lysates at approximately 72 kDa, 112 

kDa, and 97 kDa respectively and not in the starch granules. Several 

immunoreactive bands were detected by the SS3 antibody in the whole cell 

lysate lanes as indicated previously. The immunoreactive polypeptides at 52 

kDa are possibly due to non-specific cross-reaction of the antibody with 

RuBisCO (Ribulose-1,5-bisphosphate carboxylase/oxygenase), which is the 

most abundant protein in chloroplasts and often interferes with western blots 

(Cellar et al., 2008). The band detected at approximately 44 kDa is possibly 

also due to degradation of SS3 or a non-specific immunoreactive polypeptide. 
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(A) Silver stained gel 

 

 

 

 

 

 

 

 

(B) Immunodetection of starch synthesizing enzymes 
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Figure 2-5. Starch granule bound proteins in wild-type chloroplasts of Arabidopsis. 

Starch granules were isolated from 4 week-old Arabidopsis leaves at the end of the light 

period (16 h). Starch was isolated and washed with 2% SDS to remove proteins loosely 

bound to the granule surface. 2 mg dry starch was boiled in 40 µl SDS loading dye and 

the supernatant from the boiled sample loaded to each gel lane. (A) Silver staining of 

chloroplast granule-bound proteins separated by 4%-12% acrylamide gradient SDS gel. 

(B) Immunological characterization of starch granule bound proteins. Proteins were 

separated by non-gradient SDS-PAGE and proteins transbloted to nitrocellulose 

membrane. Immunoblots were probed with peptide-specific anti-Arabidopsis SS1, SS2, 

SS3, SBE2.1 and SBE2.2 antibodies. Red arrows indicate cross-reactions with the 

various antibodies used. Black arrows indicate unexpected cross-reaction with the 

antibodies. “M” indicates molecular weight markers. WCL, whole cell lysates of 

Arabidopsis leaves (1.5 mg protein ml-1) collected after 4 hours of the dark period, 45 µg 

of soluble proteins were loaded onto each gel lane. 
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2.3.3 Partitioning of granule associated enzymes of starch biosynthesis in 

wild-type and ss- mutants of Arabidopsis. 

As discussed previously (section 2.1), the presence of some SGB proteins 

could reflect components of protein complexes formed in the amyloplast 

stroma (Liu et al., 2009; Liu et al., 2012). For instance, in cereal amyloplasts, 

SSI, SSII and SBEIIb form a protein complex, the components of which were 

also found in starch granules. In mutants lacking SSII, SSI and SBEIIb are 

also lost from starch granules (Morell et al., 2003). Thus, studying SGB 

proteins in Arabidopsis ss- mutants may provide a better understanding of 

protein-protein interactions which occur in chloroplast stroma. SGB proteins 

were investigated in Arabidopsis ss1-, ss2-, and ss3- leaves (section 2.2.2) 

and compared to wild-type. Initially, SGB proteins from each mutant line were 

subjected to SDS-PAGE and detected by silver staining. The equivalent gels 

were transbloted and probed with the available Arabidopsis peptide-specific 

anti-SS1, SS2, SS3, SBE2.1 and SBE2.2 antibodies and maize peptide-

specific anti-GBSS (Figure 2-6) antibody. Analysis of the silver stained gel and 

the immunoblot probed with GBSS antibody showed that GBSS was present 

in each mutant line, but was markedly decreased in the ss3- mutant compared 

to the wild-type. The protein bands at 87 kDa - SS2 and 92 kDa – SBE2.2 

were absent in ss2- and ss3- mutants, but present in the ss1- mutant. 

Immunoblots probed with SS2 antibody showed that SS2 was missing from 
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granules of ss2- and ss3- mutants, but was present in ss1- mutant, consistent 

with the silver stained gels. SBE2.2 was present in WT and ss1- granules，but 

absent from ss2- and ss3- mutants. SS1, SS3 and SBE2.1 were not detected 

in any starch granules. These results are summarized in Table 2-5. 

 

Table 2-5. Identification of SGB proteins in ss- mutants 

Genotype Enzyme deleted SGB proteins 

wt - GBSS, SS2 and SBE2.2 

ss1- SS1 GBSS, SS2 and SBE2.2 

ss2- SS2 GBSS 

ss3- SS3 GBSS 
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Figure 2-6. Analysis of starch granule bound proteins from wild-type (WS, Wassilewskija 

ecotype), ss1-, ss2- and ss3- plants. Starch granules were isolated from Arabidopsis 

leaves at the end of a 16 hour light period and washed extensively to remove proteins 

loosely bound to the granule surface. 10 mg of purified starch was boiled in 200 µl SDS-

loading buffer and 20 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. (B) Starch granule proteins separated by 

SDS-PAGE were also subjected to immunoblot analysis using peptide-specific, anti-

Arabidopsis antibodies. Red arrows indicate cross-reactions with the various antibodies 

used. M, indicates molecular mass markers with their molecular masses shown on the 

left of the blot. Whole cell lysates (WCL) (1.5 mg/ml) were prepared from wild-type 

Arabidopsis leaves, 45 µg of soluble proteins were loaded onto each gel lane. 
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2.3.4 Soluble SS1 co-immunoprecipitates with different isoforms of SBE 

Chloroplast lysate of Arabidopsis leaves were used as a source of material for 

co-immunoprecipitation experiments to investigate protein-protein interactions 

between SS and SBE isoforms. Peptide-specific anti-Arabidopsis SS1, 

SBE2.1 and SBE2.2 antibodies were used in co-immunoprecipitation 

experiments as described (Section 2.2.8). SS2 appears to be predominantly 

located in the starch granule in the light period, and stromal SS2 was difficult 

to detect on western blots, thus SS2 antibody was not used in co-

immunoprecipitation. The ATP-treated chloroplast samples used in each 

immunoblot confirm the presence of each enzyme in the chloroplast lysate 

(except SS2) (Figure 2-7). Controls lacking antibody confirmed that the 

protein-A sepharose beads were washed thoroughly and there was no non-

specific binding of proteins in each experiment of the expected protein size. 

The large immunoreactive bands observed at approximately 50 kDa were due 

to autorecognition of the IgG heavy chain and/or Protein A released from the 

Protein A agarose beads (Graille et al., 2009). Western blots showed that 

antibodies to SS1, SBE2.1 and SBE2.2 were able to recognize and precipitate 

their respective target proteins. The antibody to SS1 co-immunoprecipitated 

SBE2.1 and SBE2.2 in both ATP and non-treated chloroplast lysates (Figure 

2-7 A). However, the reciprocal co-immunoprecipitation was not observed 

between SBE2.1 and SS1. SBE2.1 did not Co-IP SS1, SS3 or SBE2.2 (Figure 
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2-7 B) and co-immunoprecipitation was not observed between SBE2.2 with 

SS1, SS2 or SBE2.1 in either ATP or non-treated chloroplast lysates (Figure 

2-7 C). The immunoreactive bands detected at approximately 97 kDa on 

SBE2.1 Co-IP blots probed by SS1, SS2, SS3, and SBE2.2 antibodies are 

likely non-specific cross reaction with precipitated SBE2.1.  
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Figure 2-7. Co-immunoprecipitation of starch biosynthetic proteins from Arabidopsis leaf 

chloroplasts. 1 ml of ATP treated or non-treated chloroplast lysate (1 mg/ml of protein) 

extracted from four week-old Arabidopsis leaves after 8 hours in light (16/8 light/ dark 

cycle) were incubated with peptide-specific anti-Arabidopsis SS1, SBE2.1 and SBE2.2 

antibodies respectively at room temperature for 60 min, and then immunoprecipitated 

with Protein-A-Sepharose beads. Protein-A-Sepharose-antibody-antigen complexes 

were washed four times and boiled in 200 µl SDS-loading buffer, and 30 µl of each Co-

IP was loaded onto a 10% SDS gel. After electrophoresis, proteins were transbloted to 

nitrocellulose and probed with Arabidopsis peptide-specific anti-SS1, SS2, SS3, SBE2.1 

and SBE2.2 antibodies. Red arrows indicate cross reaction of the antibody and its 

antigen. M indicates standard molecular weight with their molecular weights shown on 

the left of the immunoblots. ATP indicates preincubation of chloroplast with 1mM ATP. 

No-IgG, indicates Co-IP without adding antibodies. 30 µg proteins from chloroplast 

lysate were loaded onto the chloroplast lane. The large band observed around 50 kDa in 

the Co-IP lanes are due to autorecognition of the IgG heavy chain. 
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2.3.5 Optimization of dephosphorylation conditions 

Alkaline phosphatase (APase) is commonly used for non-specific 

dephosphorylation of molecules such as proteins or nucleotides. In this study, 

recombinant E. coli APase with an N-terminal fusion S-tag was produced by 

over expression in E. coli (Figure 2.3.5.1 A). APase is a relatively stable 

protein, which can withstand temperatures up to 80°C for 15 min. Thus APase 

was purified by heating the E. coli cell lysate at 80oC for 10 min (Figure 2-8 A), 

and the solublized APase was immobilized to S-protein Agarose beads. 

Approximately 100 µl S-protein Agarose beads could immobilize 100 µg of 

protein. Non-specifically bound protein was removed by washing with S-tag 

buffer (Figure 2-8 B). APase activity was assayed by hydrolysis of p-

nitrophenyl phosphate. The product, p-nitrophenol is yellow in color in alkaline 

solutions, and measured at 410 nm (Figure 2-9 A). Recombinant APase 

activity was calculated to be approximately 6 U/mg (section 2.2.13). When 

using this enzyme, it was important to check there was no residual APase in 

the dephosphorylated chloroplast sample which might affect the SBE assay as 

APase could stimulate phosphorylase “a” activity. Hence the S-protein agarose 

bound-APase was washed with S-tag washing buffer (containing 750 mM 

NaCl) for different periods of time in order to wash out loosely bound APase. 

Residual APase activity in the chloroplasts after dephosphorylation was then 

assayed (Figure 2-9 B). The results indicate negligible activity of residual 
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APase in the sample after 15 washes (Figure 2-9 B).  
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Figure 2-8. Expression and purification of S-tagged recombinant Alkaline phosphatase 

(APase) in Escherichia coli strains. (A) Expression of S-tagged recombinant APase in 

the Escherichia coli cells was induced with 1 mM IPTG at OD600nm=0.6 and cells grown 

at 10°C for 24 hours. Cells were harvested by centrifugation at 10 000 g for 10 min at 

4°C and lysed by using Novagen BugBuster Reagent. Cell lysate was centrifuged at 14 

000g for 20 min at 4°C. Lane 1 (supernatant before 80°C boil): The supernatant 

obtained was boiled in 5X SDS loading buffer and 1 µg of soluble protein was loaded 

onto SDS-PAGE. Lane 2 (supernatant after 80°C boil): The supernatant was boiled at 

80°C for 10 min and then centrifuged at 14 000g for 20 min at 4°C. The supernatant 

obtained was boiled in 5X SDS loading buffer and 5 µg of soluble protein was loaded 

onto SDS-PGAE. Lane 3 (pellet before 80°C boil): Pellet obtained from the cell lysate 

was boiled in 2X SDS loading and 2 µl of protein was loaded onto SDS-PAGE. Lane 4, 

the pellet obtained after 80°C purify was boiled in 2XSDS loading buffer and 2 µl of 

protein loaded onto SDS-PAGE. (B) Affinity purification of S-tagged recombinant APase 

expressed in Arctic cells. Cell lysates were boiled at 80°C for 10 min, and centrifuged at 

14 000 g for 20 min. The supernatant was incubated with S-protein agarose overnight at 

4°C. Unbound proteins were collected, and the S-protein agarose beads were washed 

with 1.3 ml S-tag washing buffer (10 mM Tris pH 7.5, 750 mM NaCl and 0.1% Trition X-

100), 14 times. The unbound protein lysate and each wash were collected and boiled in 

5X SDS loading dye at 95°C for 10 min and centrifuged at 10 000g for 10 min, 30 µl of 

supernatant was then loaded to SDS-PAGE (W1-W14). The protein was eluted by 

boiling the S-protein agarose beads in 2XSDS loading dye. The upper gel is stained with 

Coomassie blue and the lower gel by silver staining. 
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Figure 2-9. Optimization of APase activity. (A) Purified recombinant APase activity. 75 µl 

of 15.2 mM p-Nitrophenyl phosphate was incubated with 15 µl of APase (50% beads 

slurry) at room temperature (approx. 20 to 25°C). The reactions were stopped by adding 

1.5 ml of 0.1 M NaOH. Optical density was measured at A410nm. H2O was used as a 

blank. Error bars represent standard error of three replicates. (B) Residual activity of 

APase in chloroplasts after dephosphorylation treatment. The S-tagged recombinant 

APase was purified using with S-protein Agarose. Beads were washed with 1.5 ml 5X S-

tag washing buffer containing 100 mM Tris-HCl, 750 mM NaCl and 1% Triton as 

indicated (W1-W8). Residual activity of APase in chloroplasts was detected using p-

nitrophenyl phosphate as substrate. Error bars represent standard error of three 

replicates. 
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2.3.6 Effect of dephosphorylation on SBE activity 

Wild-type Arabidopsis soluble whole cell extracts, made after an 8 hour light 

period, were subjected to native gel electrophoresis and SBE activity was 

visualized on zymograms (section 2.2.9). Two bands of SBE activity were 

detected (Figure 2-10 A). The same gels were subjected to western blotting 

and probed with peptide specific anti-SBE2.1 and anti-SBE2.2 antibodies 

(Figure 2-10 B). The single band detected on the SBE2.1 western blot was 

coincident with the upper band of activity on the SBE zymogram. However, the 

anti-SBE2.2 antibody recognized two protein bands corresponding to both 

activity bands.  

 

The effect of protein phosphorylation on SBE activity was investigated on 

zymograms (Figure 2-10 A). Wild-type Arabidopsis leaf chloroplast stroma 

lysates were purified after 8 hours light period, and treated with 1 mM ATP or 

alkaline phosphatase-agarose (APase) prior to detection of SBE activity on 

zymogram gels. Zymograms incubated for 20 min with substrate (Glc1P) 

indicated decreased SBE activity in dephosphorylated (APase treated) 

chloroplast stromal samples for both activity bands. Overnight incubation with 

substrate resulted in suggested an increase in SBE activity in the ATP-treated, 

chloroplast stroma samples for both activity bands. The identical zymogram 
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gels were transblotted and probed with antibodies (Figure 2-10 B) to confirm 

the same protein loading in each sample.   

(A)                                 

 

 

 

 

(B)                                       

 

 

 

 

 

Figure 2-10. Effects of dephosphorylation on SBE enzyme activity. 

Zymogram analysis of SBE activity from chloroplasts of four-week old Arabidopsis after 

pretreatment of the samples with 1 mM ATP or APase for 60 min. Approximately 20 µg 

of chloroplast stromal protein per lane were separated on non-denaturing 

polyacrylamide gels. Gels were incubated with SBE substrate either overnight (right) or 

for 20 min (left) at 25°C. SBE activities were visualized by staining with I2/KI. 

Immunoblots from SBE zymogram gels of Arabidopsis chloroplast stromal proteins 

(same protein loading as in (A)) developed with Arabidopsis peptide specific anti-

SBE2.1 and anti-SBE2.2 antibodies. 
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2.4 Discussion 

In this chapter the distribution of starch biosynthetic enzymes was investigated 

in Arabidopsis leaf chloroplasts. The presence of SS and SBE in the wild-type 

Arabidopsis soluble protein whole leaf extracts and chloroplast stroma was 

detected over a diurnal cycle by western blotting. Analysis of the immunoblots 

showed SS1, SBE2.1 and SBE2.2 were detectable and appeared to be 

relatively constant over a day/night cycle in both whole cell leaf extracts and 

chloroplast stroma lysates. However, in soluble whole leaf extracts, soluble 

SS2 protein was barely detectable in the day time, but could be observed 

more readily in the soluble fraction at night. SS2 was detected in the starch 

granules during the light period, and combined with the previous observation, 

suggests that SS2 is released from starch granules as a result of starch 

degradation during darkness. Interestingly, in the chloroplast stroma samples, 

SS2 could be detected during light and dark periods, probably reflecting the 

higher concentration of chloroplast protein. A recent study in which 

Arabidopsis SS2 was expressed with a GFP-tag in Nicotiana benthamiana 

leaves also indicated that SS2 could be found soluble in the chloroplast 

stroma and also within the starch granules (Gamez-Arjona et al., 2014). 

Transcript levels of starch biosynthetic enzymes have been analysed 

previously by Affymetrix microarrays over a diurnal cycle (Smith et al., 2004). 

Transcripts for GBSS and SS2 showed substantial increases during the 
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transition from darkness to light (Smith et al., 2004). Previous studies showed 

that the granule matrix is essential for the activity and stability for GBSS 

(Denyer et al., 1999; Edwards et al., 1999; Tatge et al., 1999), which is almost 

exclusively found in the starch granules in the light period and lost during the 

dark period as starch is degraded. Thus, SS2 might also require the granule 

matrix for its activity and stability as well because it is also found 

predominantly in the starch granules with GBSS, and showed relatively high 

protein abundance compared to other amylopectin biosynthetic enzymes 

based on silver stained gel (Figure 2-5). The activities of starch synthases in 

Arabidopsis soluble leaf extracts have been previously detected by SS 

zymograms (Zhang et al., 2008; Szydlowski et al., 2011). Activity bands 

corresponding to SS1 and SS3 were detected but not activity bands 

corresponding to SS2 (Zhang et al., 2008; Szydlowski et al., 2011). However, 

in the Arabidopsis ss2- mutant, alteration of starch structure and increases in 

the amylose/amylopectin ratio were detected (Zhang et al., 2008), suggesting 

that activity of SS2 affects the formation of starch granules even though the 

activity was not detectable by in vitro assay using soluble leaf extracts. This 

again could be explained if the activity of SS2 requires the granule matrix or if 

the activity of soluble SS2 is too low to be detected in the zymogram assay. 

Aside from GBSS and SS2, the transcript levels of the other starch synthases 

and branching enzymes did not change significantly over a 16/8 hour day and 
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night cycle. The transcript level of SS3 did not change significantly over a 

diurnal cycle (Smith et al., 2004) but in the work presented in this thesis the 

protein level of SS3 decreased during the transition from light to darkness 

(Figure 2-3 and Figure 2-4). Transcript levels of SS1, SBE2.1 and SBE2.2 did 

not show significant changes over a diurnal cycle (Smith et al., 2004), 

consistent with the lack of change in protein levels detected in soluble leaf 

extracts and chloroplast stroma. In the dark period, when starch is broken 

down, starch synthetic enzymes appear to be maintained at the same protein 

content as in the light. Since their activity would be counter-productive to the 

process of starch degradation, this leads to the possibility that post-

translational modification plays an important role in regulating these activities 

over a diurnal cycle in Arabidopsis leaves. In cereal storage starch 

biosynthesis, post-translational regulation of starch biosynthetic enzymes has 

been reported to include redox modulation, protein phosphorylation, and 

protein-protein interactions (Tetlow et al., 2004a; Tetlow et al., 2004b; Tetlow et 

al., 2010; Hennen-Bierwagen et al., 2008). It is possible that transient starch 

biosynthesis in Arabidopsis shares some of the same regulatory pathways as 

starch synthesis in cereals. 

 

Analysis of wild-type Arabidopsis SGB protein immunoblots showed SS2, 

SBE2.2 and GBSS are present in granules at the end of light period (Figure 
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2-5). Compared to SBE2.2, SS2 was a more predominant band in the silver-

stained gel of starch granule bound proteins (Figure 2-5), suggesting a higher 

protein level in the starch granule. Determination of the stoichiometric 

relationships between SS2 and SBE2.2 observed in the starch granules 

remains an important goal for future studies. In Arabidopsis, GBSS is 

responsible for amylose synthesis and is the most abundant protein of the 

wild-type plant granules. GBSS is also known as the waxy protein (encoded 

by the waxy locus) in cereals, and almost exclusively associated with the 

starch granule. Its role and relative abundance is common amongst other 

species, such as maize, barley, pea, and potato (Edwards et al., 1996; Mu-

Forster et al., 1996; Morell et al., 2003; Smith et al., 1990). GBSSI appears to 

be mostly expressed in storage tissues, whilst GBSSII is more likely to be 

employed in transient starch synthesis in leaves (Fujita and Taira, 1998; 

Nakamura et al., 1998 and Vrinken and Nakamura, 2000). A study in 

Arabidopsis showed that the transcript level of GBSS fluctuates with the 

accumulation and degradation of starch during a day-night cycle (Smith et al., 

2004). In this work, GBSS was found to be the most abundant protein and 

exclusively in starch granules. 

 

The presence of SS2 and SBE2.2 in Arabidopsis starch granules at the end of 

light period, is consistent with observations made in other species. For 
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example, SSI, SSIIa, SBEII and GBSS are present in insoluble starch 

granules in wheat (Rahman et al., 1995; Denyer et al., 1995), maize (Mu-

Forster et al., 1996), barley (Morell et al., 2003; Borén et al., 2004) and rice 

(Umemoto et al., 2004). SSII, GBSS and SBEI are found in the granules of 

mature potato tubers (Stensballe et al., 2008), and SSII, GBSSI, SBEII and 

SBEI are found in the granules of developing pea embryos (Smith et al., 1990; 

Edwards et al., 1996). It therefore appears that SSII and SBE isoforms are 

found ubiquitously in starch granules, whereas SSI is only found in endosperm 

starch granules of monocots such as maize, barely, wheat and rice. This might 

suggest a functional distinction in the role of SS1 in dicots and monocots. 

Different isoforms of SBE are found in the starch granules of different species. 

For example, SBEIIb is found in maize (Mu-Forster et al., 1996) and rice 

(Umemoto et al., 2004) starch granules, whereas SBEI is found in potato 

starch granules (Stensballe et al., 2008). In Arabidopsis, there are two 

isoforms of SBE: SBE2.1 and SBE2.2, both of which are putatively involved in 

the pathway of amylopectin synthesis and show functional redundancy 

(Dumez et al., 2006). Interestingly, only SBE2.2 was detected in the starch 

granules, which suggests a difference between SBE2.1 and SBE2.2 in sub-

organelle localization. 

 

In the Arabidopsis ss1- mutant, SS2, SBE2.2 and GBSS were detected in 
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starch granules, and showed no obvious difference in abundance compared to 

the wild-type granules. Previous studies on Arabidopsis ss1- showed that 

deficiency of SS1 leads to alteration only on the amylopectin small outer 

chains, in clusters with DP less than 8, suggesting that SS1 is involved in the 

later phase of amylopectin synthesis, through elongation of the small outer 

chains during amylopectin cluster synthesis (Delvallé et al., 2005). 

Biochemical studies of recombinant maize SS1, which is highly conserved 

across species, suggest it is only able to elongate glucose chains with DP less 

than 10 (Guan and Preiss, 1993; Takeda et al., 1993). From both the in vivo 

study on the amylopectin structure and in vitro study on the recombinant SS1 

protein, it has been suggested that Arabidopsis SS1 activity does not overlap 

greatly with other SS activities (Delvallé et al, 2005). Thus, in the present 

studies, theabsence of SS1 in Arabidopsis did not have pleiotropic effects on 

the sub-organelle distribution of either SS2 or SBE2.2. 

 

Unlike the ss1- mutant, in the ss2- mutant, differences in composition of the 

SGB proteins were detected compared to wild-type. Analysis of silver stained 

gels showed GBSS was present in ss2- starch granules, in a similar proportion 

to the wild-type. As would be expected, SS2 was absent in the ss2- starch 

granule, but interestingly SBE2.2 was also not detectable in starch granules of 

the mutant, suggesting pleiotropic effects. This pleiotropic effect of SS2 
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mutation on other starch biosynthetic enzymes has also been reported in 

cereal species. In the barley sex1 mutant, deficiency of SSII leads to the loss 

of SSI, SBEIIa and SBEIIb from starch granules of barley amyloplasts (Morell 

et al., 2006). Physical protein-protein interactions among SSI, SSII and SBEIIb 

were investigated in wild-type maize and in a sugary-2 mutant (Liu et al., 2008; 

Liu et al., 2012). In the particular allele of the maize sugary2- mutant 

investigated, two single nucleotide polymorphisms were detected. One of the 

mutations was a highly conserved residue, Gly522, which, when mutated to Arg, 

affects the binding of SSIIa to amylopectin, without affecting the formation of a 

protein complex between SSIIa, SSI and SBEIIb (Liu et al., 2012). SSIIa was 

proposed to be at the core of the protein complex and to directly interact with 

SSI and SBEIIb. The loss of SSII glucan affinity leads to the absence of SSI 

and SBEIIb from granules (Liu et al., 2012). In Arabidopsis, the loss of SBE2.2 

from starch granules in the ss2- mutant is therefore hypothesized to be due to 

the loss of protein-protein interactions between SBE2.2 and SS2, which 

otherwise occurs in the stroma of wild-type Arabidopsis. If this hyporhtesis is 

true it also suggests that the formation of protein complexes among soluble 

starch biosynthetic enzymes is not confined to monocots, and is found in 

chloroplasts, as well as amyloplasts.  

 

Interestingly, in the ss3- mutant, SS2 and SBE2.2 also appear to be lost from 
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starch granules. This was not observed in storage starch in cereals (Grimaud 

et al., 2008; Asai et al., 2014). A small amount of SSIII is in starch granule 

bound in maize (Grimand et al., 2008). In the dul- mutant lacking SSIII, an 

additional form of SBEIIb (migrates differently, with higher molecular weight 

than wild-type starch granule bound SBEIIb, might be phosphorylated) is 

found in the starch granules with SSI, SSII, SBEIIa, SBEIIb (forms found in 

wild-type starch granules) and GBSS (Grimaud et al., 2008). In studies of an 

ss3- japonica rice (SSIIa-inactive) mutant, SSI, SBEIIb and GBSS were 

detected in the starch granules, as they are in wild-type japonica rice (Asai et 

al., 2014). However, in the japonica rice sbeiib- mutant, SSIIIa was detected in 

the starch granule with SSI, SBEI, and GBSS (Asai et al., 2014). These results 

suggest that in rice endosperm, deficiency of SBEIIb has a pleiotropic effect 

on SSIII location, but the absence of SSIII did not effect binding of SSI, SBEI 

and GBSS in starch granules (Asai et al., 2014; Abe et al., 2014). Studies on 

amylopectin chain length distribution in the Arabidopsis ss3- mutant showed 

an alteration only in polyglucan chains with DP > 60 (Zhang et al., 2005), 

suggesting SS3 is involved in the elongation of longer glucose chains 

connecting the 9 nm clusters in the formation of amylopectin (Zhang et al., 

2005). However, the exact function of SS3 is still unknown. There is overlap in 

function between SS2 and SS3 in Arabidopsis, which has been investigated in 

a ss2-ss3- double mutant (Zhang et al., 2008). In the ss2-ss3- double mutant, 
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there is a decrease in amylopectin glucan chains of DP 12-25, which is distinct 

from either ss2- or ss3- single mutants (Zhang et al., 2008; Zhang et al., 2005). 

This suggests that in the absence of both SS2 and SS3, other starch 

synthases will not compensate for their functions. However, in the presence of 

either SS2 or SS3, the chain length distribution of amylopectin is not altered 

dramatically (Zhang et al., 2005). SS3 protein has a unique N-terminal 

extension domain compared to other SS isoforms (Figure 1-6), the function of 

which is still unclear. Monocots like barley, wheat, and maize have a longer N-

terminal extension than dicots shown in Figure 2-11. Within the extension 

domain, two coiled-coil domains are highly predicted among all species, 

between three conserved carbohydrate binding domains, and typically their 

functions are to mediate protein-protein interactions (Figure 2-11; Lupas et al., 

1997; Sehnke et al., 2001). Maize SSIII has been shown to physically interact 

with SSI, SSIIa, SBEIIa and SBEIIb in amyloplasts, possibly through a 

phosphorylation-dependent mechanism, involving 14-3-3 proteins (Alexander 

and Morris, 2006; Hennen-Bierwagen et al., 2009). It was proposed that SSIII 

elongates and to produce long cluster-connecting glucan chains, and could 

also help assist with formation of other protein complexes (Hennen-Bierwagen 

et al., 2009). In this model, amylopectin clusters (short to intermediate sized 

branched glucans) are assembled by the trimeric protein complex consisting of 

SSI, SSII and SBEIIb which becomes embedded in the starch granules. SSIII 
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serves as a scaffold for the protein complex and allow the production of long 

cluster-connecting glucan chains (Hennen-Beirwagen et al., 2008; Hennen-

Beirwagen et al., 2009). The absence of SS2 and SBE2.2 in the Arabidopsis 

ss3- mutant may support this model, as SS3 could be involved in facilitating 

formation of the SS2/SBE2.2 complex, and lead to it becoming trapped in the 

starch granules, by direct interaction involving as possibly 14-3-3 protein and 

protein phosphorylation. 
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Figure 2-11. Domain organization of Arabidopsis SS3 aligned with other species. The glycosyl transferase domain (purple colour) and starch synthase 

catalytic domain (yellow colour) are highly conserved among species. Two predicted coiled-coil domains (blue) are located between three conserved 

carbohydrate binding domains (green colour) in Arabidopsis, maize, wheat, and rice. Only one predicted coiled-coil domain is between the starch 

synthase carbohydrate binding domains in barley and potato. An N-terminal unique domain is common, but not conserved among species. Numbers 

indicate number of amino acid in each residue protein. TP, transfer peptide. Alignment by UniProt. 
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Co-immunoprecipitation experiments were therefore employed to study 

protein-protein interactions between Arabidopsis leaf starch biosynthetic 

enzymes. SBE2.1 and SBE2.2 were co-immunoprecipitated with antibodies 

to SS1, but SS2 and SS3 were not (Figure 2-7 A). This interaction was only 

observed once when using chloroplast lysates with relatively high protein 

concentration. This suggests that SS1 may interact with SBE2.1 and/or 

SBE2.2 in Arabidopsis leaves. When using SBE antibodies in co-

immunoprecipitation experiments, SS1, SS2 or SS3 were not shown to 

interact with SBE2.1 or SBE2.2 (Figure 2-7 B and C). Protein-protein 

interactions between Arabidopsis SS1 and SBEs have also recently been 

studied by Brust et al. (2014). Arabidopsis chloroplast SS1 co-migrates with 

a SBE isoform in glucan-free, non-denaturing PAGE, also suggesting 

functional interactions between SS1 and SBEs (Brust et al., 2014). Most of 

the protein-protein interactions amongst starch biosynthetic enzymes are 

regulated by protein phosphorylation, which enhance the formation of protein 

complexes (Tetlow et al., 2004a; Tetlow et al., 2008; Hennen-Bierwagen et 

al., 2008; Liu et al., 2009). However, pre-incubation of chloroplast lysates 

with 1 mM ATP did not enhance the interaction of SS1 with SBE2.1 or 

SBE2.2. Pre-incubation of chloroplast lysates with APase was also included 

as a control. Unfortunately, no interactions were detected in either ATP or 

APase control (data not shown). As such, it cannot be concluded whether 
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protein phosphorylation plays a role in forming protein complexes between 

SS and SBE in Arabidopsis.  

 

Co-immunoprecipitation was previously used to study interactions between 

starch biosynthetic enzymes in maize and wheat amyloplasts (Tetlow et al., 

2004a, Tetlow et al., 2008; Hennen-Bierwagen et al., 2008; Liu et al., 2009). 

In wild-type maize amyloplasts, soluble SSI, SSII and SBEIIb interacted as 

shown by reciprocal co-immunoprecipitation experiments (Hennen-

Bierwagen et al., 2008; Liu, 2010). Additionally, in wheat endosperm, 

interactions between SBEI, SBEIIb and SP were detected by Co-IP (Tetlow 

et al., 2004a). In comparison, similar protein-protein interactions in 

Arabidopsis chloroplasts could not be detected. The study of Arabidopsis 

starch granule bound proteins suggests that SS2 interacts with SBE2.2 in the 

chloroplast stroma, though this could not be detected by co-

immunoprecipitation. SS2 appears to be predominantly located in the starch 

granule in the light period, and stromal SS2 was difficult to detect on western 

blots, suggesting a low abundance of the stromal form of SS2. Thus, an 

alternative strategy using recombinant proteins with N-terminal fusion S-tag 

for pull down experiment was used to study protein-protein interactions and 

will be described and discussed in the chapters 4 and 5.  
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The proposed protein-protein interactions discussed above, between SS and 

SBE, based on analysis of study starch granule bound proteins and Co-IP 

are summarized in Figure 2-12 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-12 Summary of protein-protein interactions formed between amylopectin-

synthesizing enzymes in Arabidopsis leaf and following loss of SS in mutants. In wild-

type Arabidopsis and ss1- mutant, SS2 and SBE2.2 form a protein complex, which is 

also found in granules. In ss2- mutant, SBE2.2 is not located in granules. In ss3- 

mutant, neither SS2 nor SBE2.2 are in granules.  
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The involvement of protein phosphorylation on the effects of SBEs activity in 

the process of transient starch biosynthesis in Arabidopsis leaves was also 

investigated. Increased activity of SBEII in the ATP treated chloroplasts and 

the decreased activity of SBEII in the APase treated chloroplasts was 

detected in zymograms. These results indicate that protein phosphorylation 

may cause the activation or deactivation of SBEII isoforms during the 

amylopectin synthesis. Studies of SBE isoforms in wheat and maize 

amyloplasts and in wheat chloroplasts indicates that all of the enzymes could 

be phosphorylated by using amyloplast or chloroplast lysates as protein 

kinase sources. However, only the activities of SBEII isoformss not SBEI 

appear to be regulated by protein phosphorylation (Liu et al., 2009; Tetlow et 

al., 2008). Phosphorylation of SBEII isoforms were detected at one or more 

serine residues (Tetlow et al., 2004). At least three serine phosphorylation 

sites on maize SBEIIb serine residues (Ser286, Ser297 and Ser649) have been 

demonstrated (Makhmoudova et al., 2014). But we don’t know this for 

Arabidopsis. 

 

On the SBE zymogram, two activity bands were observed (Figure 2-10). The 

upper activity band corresponded to the immunoreactive band detected on 

the SBE2.1 western blot. However, both activity bands corresponded to the 

two bands on the SBE2.2 western blot (Figure 2-10). Due to the availability of 
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genome sequences and Arabidopsis T-DNA insertion mutant lines, mutants 

lacking either SBE isoforms will be employed in the next chapter to clarify the 

correspondence between SBE isoforms and activity. The work in the 

following chapter focuses on the characterization of SBE isoforms using sbe- 

mutant lines. The phosphorylation of SBE isoforms and protein-protein 

interaction between SBE and other starch biosynthetic enzymes will be 

further studied by using recombinant SBE proteins in chapters 4 and 5. 
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3. Characterization of Arabidopsis starch branching enzyme mutants 

3.1 Introduction 

In the higher plant starch biosynthetic pathway, there are two classes of 

starch branching enzymes (SBE) SBEI and SBEII and their activities play an 

important role in determining starch structure and functionality. Biochemical 

studies showed that SBEI has a higher affinity towards long linear glucose 

chains (DP 10-13, up tp 30), while SBEII is more active towards shorter 

glucose chains (DP 6-14) (Guan and Preiss, 1993; Takeda et al., 1993; Guan 

et al., 1994; Rydberg et al., 2001). Both forms are expressed in endosperm 

amyloplasts during storage starch synthesis and in most leaf chloroplasts 

during transient starch synthesis. In general, SBEIIb is expressed specifically 

in the endosperm, whereas SBEIIa is expressed both in endosperm and 

chloroplasts (Mizuno et al., 1993). In wheat endosperm, the expression level 

of SBEIIb is much lower than SBEIIa isoforms (Regina et al., 2005). In 

maize, SBEIIb is the predominant form and the most abundant protein in 

endosperm amyloplasts and SBEIIa is the predominant form found in 

chloroplasts (Mu et al., 2001; Blauth et al., 2001; Yandeau-Nelson et al., 

2011).  

 

Sbei-, sbeiia- and sbeiib- mutants of maize (Stinard et al., 1993; Blauth et al., 
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2001, 2002; Yao et al., 2004) and rice (Nishi et al., 2001; Nakamura, 2002; 

Satoh et al., 2003) were isolated and provided a means to study the roles of 

different SBE isoforms in amylopectin biosynthesis. In maize and rice sbei- 

mutants, effects on starch structure accumulated in the endosperm are limited. 

However, in sbeiib- mutants (ae-) a modified amylopectin with a marked 

decrease in the number of short chains and an increase in the number of long 

glucan chains has been detected, coupled with a 50% reduction in total SBE 

activities (Liu et al., 2009). The effect of SBEI on amylopectin biosynthesis was 

investigated in a background ae- mutant. Surprisingly, increased branch 

numbers per cluster were detected in sbei-ae- maize compared to the single 

ae- mutant (Yao et al., 2004).  In a rice ae- mutant, the lack of SBEIIb had no 

impact on SBEI activity, which is significantly higher than total SBEII activity 

(Yamanouchi and Nakamura, 1992). This argues that the function of SBEIIb 

cannot be complemented by SBEIIa and SBEI in rice endosperm. However, in 

a maize sbeiia- mutant, structurally modified starch is detected in leaf 

chloroplasts (transient starch) but not in the endosperm (storage starch) 

(Blauth et al., 2001). This suggests that maize SBEIIa plays a role in leaf starch 

synthesis in chloroplasts but not in storage starch synthesis in amyloplasts, or 

else the activity of SBEIIa is very easily compensated for by other isoforms of 

SBE in the endosperm. In the maize sbeiia- mutant, starch synthesized in leaf 

chloroplasts can not be properly degraded at night, indicating that SBEIIa is 
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required in controlling the fine structure of amylopectin for transient starch 

degradation in the dark (Yandeau-Nelson et al., 2011).   

 

Starch granule bound proteins in maize and rice ae- mutants are well 

described, and pleiotropic effects on starch granule bound protein in these 

mutants have been detected. As described in the previous chapter, SSI, SSII, 

SBEIIb, SBEIIa and GBSSI are commonly found as integral proteins in the 

starch granules of cereals such as wheat, barley, and rice (Rahman et al., 

1995; Morell et al., 2003, Borén et al., 2004; Regina et al., 2005, Umemoto 

and Aoke, 2005). Other than GBSS, starch granule bound proteins are 

postulated to arise from protein complexes formed between SSI, SSII, and 

SBEIIb/SBEIIa in the endosperm of wheat and maize (Hennen-Bierwagen et 

al., 2008; Teltlow et al., 2008). In a maize ae- null mutant (lacking SBEIIb), 

SBEI, SBEIIa, and SP were found to interact with SSI and SSII, forming a 

new protein complex (or complexes) and were subsequently found in the 

starch granules (Liu et al., 2009). In a rice ae- mutant, SBEI was also found 

in starch granules, along with GBSS and SSI, suggesting again that SBEI 

compensates for SBEIIb in protein complexes which become trapped in 

starch (Abe et al., 2004). Thus, it is postulated that in cereal amyloplasts 

lacking SBEIIb, SBEI compensates for SBEIIb and interacts with other starch 

biosynthetic enzymes, eventually becoming trapped within starch granules. 
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 In Arabidopsis, two SBE isoforms, SBE2.1 and SBE2.2, belonging to the 

SBEII class are present, and the corresponding genes, SBE3 (SBE2.1) and 

SBE2 (SBE2.2) are very closely related (Fisher et al., 1996). Arabidopsis 

appears to have a putative SBEI class of gene (SBE1), but the 

corresponding protein does not belong to a SBEI type (Dumez et al., 2006, 

Wang et al., 2010).  

 

A previous study on Arabidopsis sbe2.1-sbe2.2- double mutants 

(Wassilewskija, WS ecotype) indicates that SBE2.1 and SBE2.2 are required 

for the biosynthesis of normal transient starch in leaves. Surprisingly, the 

activity of SBE2.1 in wild-type and sbe2.2- mutant could not be detected in 

the WS ecotype (Dumez et al., 2006). Starch synthesis was abolished when 

both SBEII isoforms were “knocked out” and a high level of maltose 

accumulated in the leaf cytosol (Dumez et al., 2006). Little impact on the 

starch content was detected in either single sbe- mutant compared to wild-

type (Dumez et al., 2006). Only a small but significant modification in the 

chain length distribution profile of amylopectin was indicated in both of the 

single sbe- mutants. The proportion of DP 5-8 chains was reduced, whilst the 

proportion of DP 9-15 chains were increased (Dumez et al., 2006).  
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The properties and respective roles of SBE2.1 and SBE2.2 in leaf starch 

amylopectin biosynthesis are therefore unclear. The objective of the work 

reported in this chapter was to investigate the biochemical properties of 

SBE2.1 and SBE2.2 by characterizing the sbe- single mutants. Homozygous 

lines of single sbe2.1- and sbe2.2- mutants (Columbia, Col ecotype) were 

identified, and the sbe2.1-sbe2.2- double mutant was also generated by 

crossing sbe2.1- and sbe2.2- for future complementation studies. The 

phenotypes of the single mutants were investigated and compared to wild-

type Arabidopsis by measuring SBE activities, starch granule bound proteins, 

and SBE substrate (amylose and amylopectin) binding affinities. Differences 

between the isoforms are discussed.  
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3.2 Material and Methods 

3.2.1 Isolation of genomic DNA from Arabidopsis leaf tissue 

Two leaves of two week-old Arabidopsis were harvested into a 1.5 ml tube, 

and 400 µl of TPS buffer (20 mM Tris-HCl pH 8.0, 0.2 mM EDTA, 10 mM 

KCl) was added. A small grinder was used to grind the leaves in the tubes 

and the paste was incubated at 75°C for 15 min. The resulting paste was 

centrifuged at 10 000g for 10 min using a Beckman Coulter Microfuge 22R 

Centrifuge and F241:5P rotor. About 350 µl of the supernatant was 

transferred to a 1.5 ml tube and the same amount (350 µl) of pre-cooled 

isopropyl alcohol (>95% v/v) was added. After mixing, the sample was 

incubated at -20°C for 15 min. The sample was then centrifuged at 10 000g 

for 5 min using a Beckman Coulter Microfuge 22R Centrifuge and F241:5P 

rotor. The supernatant was discarded and the pellet remaining in the tube 

was dried with the tube lid open, in a fume hood, for 2 hours. After the pellet 

was completely dry (no smell of alcohol from the tube), 40 µl of RNase 

ddH2O was added to dissolve the extracted DNA (the pellet). 2 µl of the 

resuspended DNA was used for PCR. 
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3.2.2 Identification of T-DNA insertion in SBE genes of Arabidopsis mutants 

Wild-type (Col) and mutant lines sbe2.1- (Col), sbe2.2- (Col) of Arabidopsis 

thaliana were purchased from the SALK institution. SBE2.2 mutant line 

number is SALK_107255.17.70, SBE2.1 mutant line number is 

SALK_048089.42.55. Standard procedures were applied for plant 

germination and growth. 

 

Homozygous single mutant lines were detected by standard PCR 

amplification of the relevant wild-type and mutant alleles from genomic DNA, 

using specific primers (Table 3-1 and Table 3-2). PCR primers used for 

mutant allele identification hybridize to the T-DNA left border (BP, 5’-

ATTTTGCCGATTTCGGAAC-3’), and to the right genomic sequences of 

SBE2.1 (SBE2.1RP 5’-TGTCCAGGCCATCCAGTGTG-3’), and SBE2.2 

(SBE2.2RP 5’-ATTTCACCTGGAGCTTGC-3’) genes. PCR primer pairs, 

used for wild-type allele amplification, hybridize on both sides of the T-DNA 

insertion position. SBE2.1 was amplified using SBE2.1RP and SBE2.1LP 

(left genomic primer) (5’-CGTCCAAAGAAACCCACATCG-3’), and SBE2.2 

was amplified using SBE2.2RP and SBE2.2LP (5’-

TTCTTGACTGTATGTGTGTGC-3’).  
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Table 3-1. Components of PCR reaction mixture for SBE2.1 and SBE2.2 T-DNA 

mutant line identification 

10X TopTaq PCR Buffer 2 µl 

10X Caraload 2 µl 

5X Q-Solution 4 µl 

dNTP mix (10 mM) 0.4 µl 

Primer A (RP or LP) 0.4 µl 

Primer B (BP) 0.4 µl 

TopTaq DNA Polymerase 5 unites/ul 0.25 µl 

Template DNA 2 µl 

H2O 8.55 µl  

Total  20 µl 

 

Table 3-2. Cycling protocol of the PCR reaction for SBE2.1 and SBE2.2 T-DNA mutant 

line identification 

Initial denaturation 3 min 94°C 

3-step cycling 

36 cycles 

Denaturation 30 s 94°C 

Annealing 30 s 59°C 

Extension 1 min 72°C 

Final extension 10 min 72°C 

 

3.2.3 Generation of sbe2.1-sbe2.2- double mutants of Arabidopsis 

Double knockout heterozygotes were generated by crosses between single 

mutant sbe2.1- and sbe2.2- lines. Double heterozygous lines were selected 
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by PCR amplification of the relevant wild-type and mutant alleles from 

genomic DNA, using specific primers (see section 3.2.2). The selected lines 

were allowed to self-pollinate. Seeds from the mature plants were harvested, 

and grown under conditions described in section 2.2.1. Double mutant plants 

were identified using PCR amplification to determine the genotype. Self-

pollination of the obtained plants provided a stock of homozygous double-

mutant seed and used to generate plants for subsequent analyses. 

 

3.2.4 Iodine staining of Arabidopsis leaves 

A two-week old Arabidopsis leaf from each single plant was cut and boiled 

immediately in boiling water for 1 min. The softened leaf was then transferred 

into a test tube containing boiling ethanol for about 5 min, to remove 

chlorophyll. The leaf was then removed from the boiling tube, rinsed in cold 

water, and stained in Lugol’s solution containing 0.2% (w/v) Iodine and 2% 

(w/v) Potassium Iodide. 

 

3.2.5 SBE activity assay using [U-14C] Glc1P  

Starch branching enzyme (SBE) activities of soluble Arabidopsis leaves 

extracts were assayed indirectly by stimulation of incorporation of 14C from 
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[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 standard reaction mixture contained 100 mM 

sodium citrate, pH 7.0, 1 mM Na-EDTA, 1 mM DTT, 2.5 mM AMP, and 0.2 

unit rabbit muscle phosphorylase “a” (catalog no. P-123. Sigma-Aldrich), 20 

µl 50 mM [U-14C] Glc1P (3.7–7.4 kBq per assay; Amersham Biosciences) 

and 60 µl protein (60 µg total protein) extract in a total volume of 200 µl. The 

reaction was incubated for 90 min at 25°C. After 10 min, the reaction 

becomes linear till the end of 90 min incubation. In the first 10 min, 

phosphorylase “a” is speculated to form the linear glucose chains for SBE as 

substrate. After terminating the reaction by heating at 95ºC for 5 min, 25 µl 

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 1 ml of 75% (v/v) methanol-1% (w/v) KCl and centrifuged at 

13 500 g for 5 min using a Beckman Coulter Microfuge 22R Centrifuge and 

F241:5P rotor. The pellet was resuspended in 0.3 ml H2O by high-speed 

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

min. Glucan was again precipitated with 1 ml of MeOH/KCl and centrifuged 

at 13 500 g for 5 min using a Beckman Coulter Microfuge 22R Centrifuge 

and F241:5P rotor. The resulting pellet was resuspended again with 0.5 ml of 

H2O and agitated for a further 5 min. The suspension was added into a 
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translucent plastic vial containing 4.5 ml of scintillation solution (Ecoscint, LS-

271, DiaMed) and 14C radioactivity determined on a Beckman LS6500 liquid 

scintillation counter. 

 

3.2.6 Starch content of Arabidopsis leaves 

Starch content in Arabidopsis leaves were measured by using the Megazyme 

Total Starch Assay procedure (amyloglucosidase/a-amylase method) kit (K-

TSTA Megazyme). Four week-old leaves from  three Arabidopsis plants 

(grown under condition described in section 2.2.1) were collected at several 

time points over a light/dark 16/8 hours cycle (4, 8, 12,16 hours after light, 4, 

8 hours dark). Frozen leaf samples were ground into a fine powder using a 

porcelain mortar and pestle. Approximately 200 mg of ground tissue was 

weighed out into a pre-chilled 2 ml tube with screw cap using a sccopula 

chilled with liquid nitrogen, with weight accurately recorded. Frozen leaf 

powder was subsequently homogenized again in a “bead beater” (MM30 

Retsch) for 30s at a frequency of 30s-1. 1ml of 80% (v/v) ethanol with 3 mM 

HEPES pH 7.5 was added and the sample lightly vortexed. Sealed samples 

were placed on a shaker heated to 50°C, shaking at 800 rpm for 15 min 

(Eppendorf Thermomixer). Sample was centrifuged at 14 000 g for 15 min 

using a Beckman Coulter Microfuge 22R Centrifuge and F241:5P rotor. The 
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supernatant was decanted into a 15 ml falcon tube. Ethanol washing was 

repeated 4 times. The pellet in each tube was freeze-dried (LABCONCO-

7934020) for an hour. 400 µl of distilled water was added to the freeze-dried 

pellet with light vortexing to homogenize the pellet. The resulting mixture was 

heated at 99°C with, shaking at 800 rpm for 20 min (Eppendorf 

Thermomixer) for starch gelatinization. 400 µl of a-amylase (3,000 U/ml) in 

MOPS buffer (50 mM, pH 7.0) containing calcium chloride (5 mM) was added 

to each tube, followed by further shaking at 99°C for 10 min (Eppendorf 

Thermomixer). Samples were transferred to ice and 400 µl of sodium acetate 

buffer (200 mM, pH 4.5) containing 26.6 µl of amyloglucosidase (3,300 U/ml) 

added. Tubes were shaken at 50°C for 30 min (Eppendorf Thermomixer), 

and then centrifuged at 14 000 g for 5 min using a Beckman Coulter 

Microfuge 22R Centrifuge and F241:5P rotor. 50 µl of the supernatant was 

mixed with 450 µl of water and 500 µl of GOPOD solution (12 U/ml Glucose 

oxidase plus 6.5 U/ml of peroxidase and 80 µg/ml 4-aminoantipyrine in 1 mM 

potassium phosphate buffer pH 7.4 containing 0.22 mM P-hydroxybenzoic 

acid and 0.004% (w/v) sodium azide). 500 µl water was mixed with 500 µl 

GOPOD as a zero reference for calibration. The mixtures were shaken at 

50°C for 30 min (Eppendorf Thermomixer). 200 µl of each assay was placed 

into individuals wells of a 96-well plate and absorbance determined with a 

plate-reader (Thermo Scientific Multiskan Go catalogue no. N-10588) at 510 
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nm.   

 

3.2.7 Growth rate of Arabidopsis 

Arabidopsis plants were grown under conditions described in chapter 2.2.1.  

At 7, 12, 17 and 23 days after plants germination, above-ground organs 

including leaves, stems and flowers were harvested by cutting between stem 

and roots (just above soil). Three plants from each line were harvested each 

time and immediately weighed. 

 

3.2.8  Affinity gel electrophoresis  

Different concentrations of commercially purified potato amylose (Sigma-

A0512) and amylopectin (Sigma-A8518) were added to the native gel 

polymerization mixture as shown (Table 3-3). Amylose was gelatinized in 2 M 

NaOH and then neutralized by 1 M HCl and made up to 0.15% (w/v) by 

addition of 1.5 M Tris-HCL pH8.8. 1.5% (w/v) Amylopectin was gelatinized in 

water by boiling at 95°C for 5 min. Soluble whole cell lysates (refer to 

method, section 2.2.2) from wild-type and mutants Arabidopsis leaves were 

loaded, and electrophoresis was carried out at 60 V (constant) at room 

temperature (approximately 25°C) in running buffer (20 mM Tris, 192 mM Gly 
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pH 8.3) containing 1 mM DTT. The migration distances of the proteins were 

measured after immunoblotting and probing for enzymes with peptide-

specific antibodies. 

Table 3-3. Composition of Glucan affinity gel 

Affinity gel 0% 0.1% 0.2% 0.3% 0.4% 0.5% 

Distilled Water (µl) 5 685 5 008 4 341.7 3 675 3 008.6 2 342 

Amylose (0.15%) (µl) or 

Amylopectin (0.15%) (µl) 
0 666.7 1333.3 1999.8 3666.4 3333 

1.5M Tris HCl pH8.8 (µl) 2 500 2 500 2 500 2 500 2 500 2 500 

Acrylamide (30%) (µl)  1 670 1 670 1 670 1 670 1 670 1 670 

10% (w/v) ammonium per 
sulfate (µl) 

100 100 100 100 100 100 

TEMED (µl) 15l 15 15 15 15l 15 

  

3.2.9 Agarose gel electrophoresis 

0.8%~1% (w/v) agarose gel was employed for DNA separation. Agarose 

powder was added to TAE buffer (40 mM Tris-acetate, 1 mM EDTA; pH 8.0) 

and boiled three times in a microwave oven to completely dissolve. The 

boiled solution was allowed to cool to room temperature and ethidium 

bromide was added to a final concentration of 0.2 µg/ml. The resulting 

solution was poured into an agarose gel electrophoresis until it became solid 

gel, and TAE buffer was overlaid on the gel to prevent drying. DNA or RNA 

samples were mixed with 6X DNA loading buffer (Thermo Scientific catalog 
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no. R0611) and loaded onto the gel. Electrophoresis was carried out at 100 V 

for 30-60 min. DNA or RNA separated in agarose gels were visualized on a 

gel documtation system (ChemiDoc™ XRS BioRad #170-8265) under UV 

light. 
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3.3 Results 

3.3.1 Identification of T-DNA insertion mutations in genes SBE2.1 and 

SBE2.2 

Arabidopsis SBE2.1 (or BE3, locus AT2G36390) and SBE2.2 (or BE2, locus 

AT5G03650) genes have 5856 and 5738 base pairs (bp) respectively. 

SBE2.1 is located on chromosome 2 and contains 18 exons and 17 introns. 

SBE2.2 is located on chromosome 5 and contains 22 exons and 21 introns 

(Figure 3-1 A). T-DNA insertion Arabidopsis sbe2.1- and sbe2.2- mutant lines 

were purchased from SALK (Salk Institute Genomic Analysis Laboratory, 

website:  http://signal.salk.edu/cgi-bin/tdnaexpress). SALK_048089.42.55 

and SALK_107255.17.70 mutant lines were chosen (representing putative 

sbe2.1- and sbe2.2- mutants in the Columbia ecotype). The T-DNA insertion 

positions on the SBE2.1 and SBE2.2 genes are showed in (Figure 3-1 A). 

The corresponding homozygous mutants were identified for further analysis 

by PCR (polymerase chain reaction) amplification and immunodetection 

(Figure 3-1 B ).  

 

PCR amplification of genomic DNA was employed to identify homozygous 

mutant lines for each allele (Figure 3-1 B).  PCR products obtained by use of 

the left genomic primer (LP) (SBE2.1LP: 5’-CGTCCAAAGAAACCCACACG-
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3’, SBE2.2LP: 5’-TTCTTGACTGTATGTGTGTGC-3’) and the right genomic 

primer, (RP) (SBE2.1RP: 5’-TGTCCAGGCCATCCAGTGTG-3’, SBE2.2RP: 

5’-ATTTCACCTGGAGCTTGC-3’) showed that the correct products of 993 bp 

(for SBE2.1) and 807 bp (for SBE2.2) were only detected when using wild-

type Arabidopsis genomic DNA. PCR of the mutant lines did not give rise to 

the same products presumably because the T-DNA inserted in the 

Arabidopsis genomic DNA prevented PCR amplification. PCR products 

obtained using T-DNA border primer (BP) (5’-ATTTTGCCGATTTCGGAAC-

3’) and RP primers showed that only the mutant lines produced PCR 

products of the expected size (696 bp for SBE2.1 and 743 bp for SBE2.2), 

and these were not observed when using the wild-type Arabidopsis genomic 

DNA, confirming the homozygous T-DNA insertions in sbe2.1- and sbe2.2- 

mutant lines.   

 

Leaves from four week-old sbe2.1- and sbe2.2- homozygous Arabidopsis 

mutant and wild-type lines which had been selected, based on the PCR 

results, were collected and whole cell extracts were made for SDS-PAGE 

and western blotting (Figure 3-1 C). Equal amounts of proteins from sbe2.1- 

mutants, sbe2.2- mutants and wild-type leaf cell lysates were separated on a 

10% SDS-PAGE gel, the proteins transferred to nitrocellulose, and blots 

subjected to immunodetection. The immunoblot of wild-type Arabidopsis 
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soluble protein lysates probed with anti-SBE2.1 antibody showed an 

immunoreactive polypeptide around 97 kDa, which was not detected in the 

sbe2.1- mutant. Immunoblot of wild-type Arabidopsis soluble protein lysates 

probed with anti-SBE2.2 antibody showed an immunoreactive polypeptide of 

92 kDa, which was absent in the sbe2.2- mutant. 

(A)  
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Figure 3-1. Identification of T-DNA insertion and loss of SBE protein in Arabidopsis 

mutant lines. (A) Genomic DNA schematics are presented for SBE2.1 AT2G36390.1 

and SBE2.2 AT5G03650.1 Arabidopsis showing the T-DNA insertion site. Blue boxes 

represent exons. Black boxes represent promoter region. Arrows represent the primers 

used in PCR-based genotyping. (Pictures modified from Tair). (B) Detection of SBE 

genomic DNA in wild-type and mutant lines. PCR was performed with gene-specific 

primers. Genomic DNA was prepared from leaves of wild-type and homozygous 

mutants. PCR products were loaded with 6X DNA loading buffer onto 1 % (w/v) 

agarose  gel containing ethidine bromide. Gels were electrophoresed at 90 V for 30 

min and visualized under UV light. (C) Detection of SBE2.1 and SBE2.2 protein on 

western blots. M indicates molecular weight markers with molecular weight shown on 

the left of the blot. Whole cell lysates of sbe2.1-, sbe2.2- and WT Arabidopsis leaves (1 

mg protein/ml) were prepared of after 9 hours light period. 30 µg of soluble proteins 

were loaded onto each gel lane. 
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3.3.2 Generation of sbe2.1-sbe2.2- homozygous double mutants 

A schematic diagram indicating how sbe2.1-sbe2.2- homozygous double 

mutants were generated is shown in Figure 3-2 A. Homozygous single T-

DNA insertion mutant sbe2.1- and mutant sbe2.2- were crossed as parental 

plants to generate the double heterozygote F1 line generation. Homozygous 

sbe2.2- mutants were used as the female parent, and homozygous sbe2.1- 

mutants were used as the male parent. Double heterozygous lines (F1) were 

selected by PCR amplification of the relevant wild-type and sbe2.1- mutant 

alleles from genomic DNA, using specific primers, SBE2.1LP, SBE2.1RP, 

and BP. PCR products obtained by using primer pairs BP and SBE2.1RP 

showed the four F1 plants screened contained the SBE2.1 T-DNA insert. 

Likewise, PCR products obtained using primer pairs SBE2.1LP and 

SBE2.1RP showed the five plants of F1 generation also contained the wild-

type sequence Figure 3-2 B), confirming their heterozygosity. Since the 

homozygous sbe2.2- single mutant was used as the female parent, there 

was no need to confirm the heterozygosity of the sbe2.2- mutation in the F1 

generation. 

 

The plants from F1 lines were allowed to self-pollinate, and the seeds were 

planted. 100 plants from the F2 generation were used to identify the 
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homozygous sbe2.1-sbe2.2- double mutant. Two week-old Arabidopsis 

leaves from F2 lines were collected at the end of the day time and starch 

detected by staining the leaves in Lugol’s solution (Figure 3-2 C). Compared 

to wild-type Arabidopsis leaves, four F2 mutant leaves showed less iodine 

staining, indicative of decreased starch content in the mutants. These four 

mutants (number 1, 2, 3, and 4) were therefore chosen for further phenotypic 

characterization. PCR amplifications of the relevant wild-type and mutant 

alleles from genomic DNA were performed on the double mutant (Figure 3-2 

D). PCR amplification using primers SBE2.1LP and SBE2.1RP, SBE2.2LP 

and SBE2.2RP indicate that only wild-type Arabidopsis genomic DNA 

possessed the correct amplified sequence. In the four mutant lines, PCR 

amplification using BR and SBE2.1RP, BR and SBE2.2RP showed that they 

contained both the SBE2.1 and SBE2.2 T-DNA insertions in genomic DNA, 

indicating that the four mutant lines were homozygous for SBE2.1 and 

SBE2.2 T-DNA insertion. The isoform protein levels of the double mutant 

lines were investigated by SDS-PAGE and peptide-specific antibody 

immunoblots. Four week-old Arabidopsis leaves from each mutant line and 

wild-type leaves were collected and 30 µg proteins from the soluble whole 

leaf extracts were loaded on 10% acrylamide gels. After separation by 

electrophoresis the proteins were transbloted to nitrocellulose and probed 

with Arabidopsis anti-SBE2.1 and anti-SBE2.2 antibodies (Figure 3-2.F). 
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Analysis of the immunoblots showed SBE2.1 and SBE2.2 were present in 

wild-type Arabidopsis whole cell extracts but absent in the four selected 

mutants.  

 

 (A) 
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(C)  
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Figure 3-2. Generation of Arabidopsis sbe2.1-sbe2.2- double mutant. (A) Schematic of 

Arabidopsis sbe2.1-sbe2.2- double mutant generation procedure. A=dominant wild-

type SBE2.1 allele, a=recessive T-DNA SBE2.1 allele; B=dominant wild-type SBE2.2 

allele, b=recessive T-DNA SBE2.2 allele. (B) PCR was performed with gene-specific 

primers. Genomic DNA was prepared from leaves of wild-type (wt) and F1 mutants. (C) 

Lugol’s solution staining of Arabidopsis wild-type (wt) and sbe2.1-sbe2.2- double 

mutant (F2) leaves. (D) PCR analysis of wild-type Arabidopsis (wt), and double mutant 

sbe2.1-sbe2.2- F2 generation lines. Red arrow indicates the expected sequences, 

amplified by PCR. (E) Detection of SBE2.1 and SBE2.2 protein in Arabidopsis F2 lines, 

M indicates molecular weight markers with molecular weight shown on the left of the 

blots. Whole cell lysates (1 mg protein /ml) were prepared from each Arabidopsis line 

after 4 hours light period. 30 µg soluble protein was loaded onto each gel lane. Red 

arrow indicates the SBE2.1 or SBE2.2 protein bands respectively. 
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3.3.3 Starch content in Arabidopsis wild-type, and sbe- mutants    

Leaf transient starch content was measured in Arabidopsis wild-type, sbe2.1, 

sbe2.2- and sbe2.1-sbe2.2- double mutants at several time points over a 16 

hour day/ 8 hour night cycle (Figure 3-3). Arabidopsis leaves from three 

individual plants were collected and the starch quantified from each individual 

plant. This quantitative analysis revealed that wild-type Arabidopsis 

accumulated the highest starch content, at the end of the day, compared to 

sbe2.1- and sbe2.2- plants (Figure 3-3). Starch content in sbe2.1- and 

sbe2.2- appeared similar to wild-type over the first 12 hours of the light 

period. Starch content in each line dropped to about half after 4 hour 

darkness. Starch was degraded to the same level (about 1.5 mg starch/g 

Fresh weight leaf) at the end of the dark period. No starch accumulated in 

the sbe2.1-sbe2.2- double mutant over a 24 hour cycle. 
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Figure 3-3. Starch accumulation in Arabidopsis leaves over a diurnal cycle. Leaves 

were harvested every 4 hour from wild-type and the mutant plants grown under a 16 

hour light (white bar)/ 8 hour dark (black bar). Starch quantification is in units of mg/g 

fresh weight of tissue. Each data point is the average of three independent plants. 

Bars indicate standard deviation. 
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3.3.4 Comparison of Growth Rates of the Wild-type, sbe2.1-, sbe2.2- and 

sbe2.1-sbe2.2- double mutant  

The growth rates of wild-type and sbe mutant plants were measured by 

weighing the above-ground organs of the plants at 7, 12, 17 and 22 days 

after seed germination (Figure 3-4 A and B). The double mutant displayed a 

much-reduced size compared to the other lines and exhibited a general 

wilting of the inflorescence. After 23 days seed germination, the fresh weight 

of the above-ground organs of the sbe2.1-sbe2.2- double mutant was only 

one-sixth of the wild-type (Figure 3-4 B) under the 16 hour day/ 8 hour night 

growth conditions. After 23 days seed germination, the fresh weights of the 

above-ground organs of sbe2.1- or sbe2.2- mutant were less than wild-type 

by 16.6% and 33.3% respectively.   

(A)  
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(B) 

 

 

 

 

 

 

 

Figure 3-4. Growth rates of wild-type, sbe2.1-, sbe2.2- and sbe2.1-sbe2.2- double 

mutants. (A) Photographs of wild-type and mutant lines were taken at set time 

intervals after seed germination. Pictures are shown at the same scale, allowing direct 

comparison of wild-type and mutant plants. (B) Above-ground organs were harvested 

at 7, 12, 17, 23 days after germination and immediately weighed. Three individual 

plants were measured from each wild-type or mutant line and standard error of the 

mean calculated. 
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3.3.5 Sub-organelle distribution of starch biosynthetic enzymes in mutants 

3.3.5.1 Immunological characterization of Arabidopsis sbe2.1-, sbe2.2- 

single and sbe2.1-sbe2.2- double mutant soluble cell-free proteins.  

Starch synthases and starch branching enzymes were detected by SDS-

PAGE and immunoblotting. Soluble, cell-free, protein extracts were made 

from 4 week-old Arabidopsis leaves (8 hours light period) from each 

homozygous mutant (sbe2.1-, sbe2.2- single and sbe2.1-sbe2.2- double 

mutants) and wild-type. 30 mg of total protein from each line were separated 

by 10% SDS-PAGE and transbloted to nitrocellulose membranes. The blots 

were probed with the available peptide-specific, Arabidopsis anti-SS1, SS2, 

SS3, SBE2.1 and SBE2.2 antibodies described earlier (Figure 3-5). 

Immunoblots of soluble protein lysate probed with anti-SBE2.1 showed an 

immuno-reactive polypeptide of approximately 97 kDa in wild-type and 

sbe2.2- mutants only, as where SBE2.2 (92 kDa) was detected only in wild-

type and the sbe2.1- mutant, consistent with previous data (sections 3.3.1 

and 3.3.2). SS1 and SS3 were both present in the sbe2.1-, sbe2.2- and 

sbe2.1-sbe2.2- mutants at levels comparable with those detected in wild-

type. However, solublized SS2 content appeared lower in the sbe2.1-, 

sbe2.2- and sbe2.1-sbe2.2- mutants. A relatively strong immunoreactive 

band (approximately 74 kDa) was detected in the sbe2.2- sample by SS3 
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antibody, which was not present in the wild-type sample, possibly resulting 

from a relatively high content of peptide degraded from SS3. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5. Soluble starch synthesizing enzymes in starch branching enzyme mutants. 

Soluble protein extracts were prepared from 4 week-old Arabidopsis leaves, harevest 

into the 4 hours night. 30 µg soluble protein was loaded onto each gel lane, separated 

by 10% SDS-PAGE, transblotted to nitrocellulose membranes, and probed with 

peptide-specific anti-Arabidopsis antibodies as shown. Black arrows indicate cross-

reactions of each of the antibodies SS1 (72k Da), SS2 (87 kDa), SS3 (118 kDa), 

SBE2.1 (97 kDa) and SBE2.2 (91 kDa). M indicates molecular weight with molecular 

weight shown on the left of the blot. Wt, wild-type.  
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3.3.5.2 Starch granule bound protein in Arabidopsis SBE mutants 

Starch granule bound proteins were detected in Arabidopsis sbe2.1- and 

sbe2.2- single mutants only, as no starch has accumulated in the sbe2.1-

sbe2.2- double mutant. Granule bound proteins from 10 mg starch were used 

for SSI, SBE2.1 immunoblotting (to obtain more protein and be able to 

visualize on western blot), but proteins released from 2 mg starch were used 

for GBSS, SS2, SS3, SBE2.2 and SP. The starch granule bound proteins of 

sbe2.1- and sbe2.2- were separated by SDS-PAGE, followed by silver 

staining (Figure 3-6 A) and immunodetection of other starch synthesizing 

enzymes (Figure 3-6 B). Silver-stained, SDS polyacrylamide gels of granule 

bound proteins showed an additional protein band of 97 kDa in the sbe2.2- 

mutant, which was identified as SBE2.1 by immunoblotting. Starch granule 

associated proteins from sbe2.1- leaf chloroplasts were the same as wild-

type, as shown by silver staining of the gel. Immunoblot analysis of sbe2.1- 

and sbe2.2- starch granule bound proteins confirmed the proteomic analysis 

described in Figure 3-6 A. GBSSI, SS2 and SBE2.2 were present in wild-type 

Arabidopsis leaf starch granules (see in section 2.3.2.). Starch granules from 

sbe2.2- lacked SBE2.2, as expected, but contained SS1 and SBE2.1. In 

sbe2.1-, SSI was detected in addition to GBSSI, SS2 and SBE2.2 in leaf 

chloroplast starch granules (Figure 3-6 B). Analysis of the immunoblots 

showed that SS1 was present in granules from both sbe2.1- and sbe2.2- 
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mutants, but not in wild-type, though SS1 protein content was very low and 

could not be detected on silver stained gels (Figure 3-6 A). Maize peptide 

specific anti-SP antibody was used to detect Arabidopsis SP in the starch 

granules. Arabidopsis anti-SP antibody was not available in this work, thus, 

maize SP antibody was used and a cross-reaction band of about 100 kDa 

was detected in the soluble Arabidopsis leaf cell extracts. However, such 

protein band was not detected in the wild-type or mutants starch granules 

(Figure 3-6).  
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(B)  

 

 

 

 

 

 

 

 

 

 

Figure 3-6. Analysis of starch granule bound proteins from wild-type (wt); sbe2.1- and 

sbe2.2- leaf starch. Starch granules were purified from Arabidopsis leaves and washed 

extensively to remove proteins loosely bound to the granule surface. 20 mg of purified 

starch was boiled in 100 µl SDS-loading buffer and 10 µl (2 mg starch) of the 

supernatant from the boiled sample loaded onto gels and  for transblotting probed with 

GBSSI, SS2, SS3, SBE2.2 and SP antibodies. 50 µl (10 mg starch) of the supernatant 

from the boiled sample was loaded onto the gels and probed with SS1 and SBE2.1 

antibodies. (A) Granule bound proteins were separated by SDS-PAGE using 4-12% 

acrylamide gradient gels and visualized by silver staining. Red arrows indicate 

polypeptides which were confirm by immunoblotting. M, indicates molecular markers 

with their masses shown on the left of the gel. (B) Granule bound proteins were 

separated by SDS-PAGE using 10% acrylamide gels and probed with peptide-specific 

Arabidopsis antibodies as shown. Red arrows indicate cross-reactions with the various 

antibodies used. Black arrow indicates cross-reaction with maize SP antibody. WCL, 

soluble whole cell lysate of Arabidopsis leaves. M, indicates molecular markers with 

their masses shown on the left of the blot. 
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3.3.6 SBE activity in soluble leaf extracts 

SBE activities in different mutants were assayed by the phosphorylase “a”-

stimulation, 14C assay. This assay measures the stimulation of unprimed 

glucan synthesis (no added glycogen or maltoheptaose) from phosphorylase 

“a” by SBE activity. The assay measures the incorporation of [U-14C]-labelled 

glucose 1-phosphate into neutral, precipitable polyglucan (see section 3.2.7). 

Wild-type plants had the highest SBE activity, about 1.6 times higher than the 

sbe2.1-. Very low activity was detected in the sbe2.2-, and no SBE activity 

was detected in the sbe2.1-sbe2.2- double mutant (Figure 3-7 A). Activity 

was also visualised on iodine-stained, SBE zymograms (see section 2.2.9). 

Identical zymogram gels were transblotted to nitrocellulose and SBE proteins 

detected immunologically (Figure 3-7 C). In the native acrylamide gel, 

maltoheptaose was imbibed in the gel as a primer to which phosphorylase 

“a” could add glucose (maltoheptaose is not present in the phosphorylase 

“a”-stimulation, [U-14C] Glc1P assay). Two clear activity bands were observed 

in wild-type and the sbe2.1- mutant, but only one clear activity band was 

detected in the sbe2.2- leaf soluble extracts. Analysis of the zymogram and 

the western blots indicated that there is a single band which corresponds to 

SBE2.1, whereas SBE2.2 is detected as two bands in the sbe2.1- mutant. 

Thus two SBE activity bands are evident in wild-type, the upper band 

representing contributions from both SBE2.1 and SBE2.2, where as the 
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lower SBE activity band in wild-type is derived only from SBE2.2. 

 (A) 

 

 

 

 

 

 

(B)                                                 (C) 

 

 

 

 

Figure 3-7. SBE activities in Arabidopsis mutant lines. (A) In vitro starch branching 

enzyme 14C-assay performed with Arabidopsis crude leaf extracts of wild-type (WT) 

sbe2.1-, sbe2.2- and sbe2.1-sbe2.2- mutants. Error bars represent standard error of 

three replicates. (B) Zymogram of SBE activity, stimulation of phosphorylase “a” 

activity. 40 µg of soluble cell lysate proteins from each line was separated on native 

polyacrylamide gel under non-denaturing conditions at 4°C. The gel was incubated 2 

hours at 37 °C in 50 ml of incubation buffer containing glucose-1-posphate (Glc1P) at 

45 mM, 2.5 mM AMP and 1 mM DTT. SBE activities were visualized by staining the gel 

in Lugol’s solution. Red arrows indicate the SBE activity bands. (C) Immunoblots of the 

same zymogram gel probed with anti-SBE2.1 and anti-SBE2.2 antibodies. Red arrows 

indicate the immuno-reactive polypeptide deteced by antibodies. WT, wild-type.  
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3.3.7 Glucan binding properties of SBE2.1 and SBE2.2 in wild-type, sbe2.1- 

and sbe2.2- Arabidopsis lines 

Experiments were performed to determine whether the substrate binding 

properties (dissociation constant, Kd) of either SBE isoform were affected by 

the mutation in the other. Non-denaturing acrylamide gels containing different 

concentrations of amylose or amylopectin were used to quantify the Kd 

values of branching enzymes by measuring relative migration (Rm). Using 

gels which contained no amylose or amylopectin as reference points, the 

locations of SBE2.1 and SBE2.2 on immunoblots of the affinity gels were 

determined using peptide-specific Arabidopsis anti-SBE2.1 and anti-SBE2.2 

antibodies (Figure 3-8 A C). No differences in relative SBE mobility were 

observed between wild-type and mutant (Figure 3-8 A C). Reciprocal values 

of Rm (1/Rm) of SBE2.1 and SBE2.2 were linearly related to the concentration 

of amylopectin (Figure 3-8 B) and amylose (Figure 3-8 D) in the gels, 

allowing calculation of Kd. Table 3-4 shows that both isoforms had a lower Kd 

(higher affinity) towards amylose than amylopectin. SBE2.2 has a higher 

affinity towards both substrates than SBE2.1. Neither isoform was affected 

by the absence of the other. 
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Figure 3-8. Determination of Kd values of Arabidopsis SBE2.1 and SBE2.2 in wild-type 

and mutant lines. Arabidopsis leaf extracts (8 hour light period, 4 week-old) were made 

from wild-type, sbe2.1- and sbe2.2-. 30 µ of proteins were separated on non-

denaturing gels containing various concentrations of amylopectin or amylose. The 

mobility of SBE2.1 and SBE2.2 in the gels was determined by immunoblotting and 

probing with respective antibodies. The mobility of SBE2.1 and SBE2.2 in gels 

containing various concentrations of amylopectin is shown in (A). Plots of 1/Rm 

against the concentration of amylopectin in the gels at room temperature are shown in 

(B). The mobility of SBE2.1 and SBE2.2 in gels containing various concentrations of 

amylose is shown in (C). Plots of the 1/Rm against the concentration of amylose in the 

gels at room temperature are shown in (D).  

  

 

Table 3-4. Comparison of Kd values and affinity of Arabidopsis SBE2.1 and 

SBE2.2 from wild-type and sbe2.1- or sbe2.2- mutants. 
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3.4 Discussion 

There are two functional forms of SBE proteins found in Arabidopsis 

belonging to the SBEII class, SBE2.1 and SBE2.2, which are coded for by 

genes SBE2.1 (SBE3) and SBE2.2 (SBE2), respectively (Fisher et al., 1996). 

These two genes show relatively well-conserved intron-exon regions at the 5’ 

terminus (Figure 3-1 A), suggesting they probably arose from a duplication 

event. However, this situation is different from other dicots such as potato, 

pea, and bean, where one or more type of SBEII can be found along with 

one type of SBEI (Ball and Morell, 2003). In monocots like maize, wheat and 

rice two isoforms of SBEII (SBEIIa and SBEIIb) are found along with one 

isoform of SBEI (Ball and Morell, 2003). An SBEI gene was identified in the 

Arabidopsis genome but the SBEI amino acid sequence showed more 

relatedness to the glycogen-branching enzymes from fungi and animals, 

though only 30% similarity was shared with the glycogen-branching enzymes 

homolog. The SBEI amino acid sequence showed only about 27% and 28% 

identity with Arabidopsis SBE2.1 and SBE2.2 homologs, respectively. The 

sbe1 T-DNA insertion mutant described by Dumez et al., (2006) showed that 

the starch phenotype of the sbe1 mutant exhibits no alteration compared with 

wild-type Arabidopsis starch. It has been postulated that SBE1 in Arabidopsis 

plays an important role in embryogenesis, and is involved in carbohydrate 

metabolism in plastids, but that is not related to starch biosynthesis in leaves 
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(Wang et al., 2010). 

 

Arabidopsis SBE2.1 and SBE2.2 amino acid sequences are highly 

conserved amongst other species. For example, Arabidopsis SBE2.2 shares 

90% sequence similarity with maize SBEIIb and 92% sequence similarity 

with maize SBEIIa. Arabidopsis SBE2.1 shares 89% sequence identity with 

maize SBEIIb and 90% sequence identity with maize SBEIIa. Thus in this 

chapter, the distinct function of SBE2.1 and SBE2.2 was studied by 

investigation of sbe- mutants. Single knockout Arabidopsis sbe2.1- and 

sbe2.2- T-DNA insertion mutant lines were identified. The single mutants 

lacking either SBE isoform did not present a marked difference in phenotype 

compared to the wild-type, with respect to plant growth rate and starch 

content over a light/dark (16/8 hour) cycle. This suggests there is functional 

redundancy between SBE2.1 and SBE2.2, and that they could compensate 

for each other in the single mutants. Thus a sbe2.1-sbe2.2- double-mutant 

line was generated by crossing sbe2.1- and sbe2.2-. Loss of both SBEs in 

Arabidopsis leaf leads to abolition of starch synthesis over a 24 hour, 

light/dark (16/8 hour) cycle (Figure 3.3.3) and the growth rate of the double 

mutant was much slower that the other Arabidopsis lines (Figure 3-4). In the 

sbe2.1-sbe2.2- double mutant, no SBE activity was detected (Figure 3-7 A), 

confirming that there is no other functional SBE in Arabidopsis leaves 
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(Columbia ecotype). The same result was observed for the Arabidopsis 

sbe2.1-sbe2.2- mutant in the Wassilewskija ecotype (Dumez et al., 2006). 

Study of the sbe2.1-sbe2.2- double mutant indicated that SBE2.1 and 

SBE2.2 are necessary for starch synthesis, but their distinct function has not 

been well studied.  

 

Homozygous sbe2.1- and sbe2.2- single T-DNA mutant lines were identified 

by PCR and SBE2.1 or SBE2.2 protein shown to be absent in the sbe2.1- or 

sbe2.2- mutants respectively (Figure 3-1), confirming that the SALK T-DNA 

insertion lines are both knockout mutants. The double mutant was generated 

by using homozygous sbe2.1- as pollen parent and homozygous sbe2.2- 

mutant as the female parent. As predicted, the homozygous double sbe2.1-

sbe2.2- mutant showed a severe phenotype (Figure 3-2), which also helped 

distinguish the homozygous double mutant from wild-type and heterozygous 

plants. A starch staining assay indicated that the resulting small, slow 

growing plants (double mutants) had less starch accumulated in Arabidopsis 

leaves than single mutants (Figure 3-2 D). Confirmation of the genotype was 

confirmed by PCR and western blots (Figure 3-2). 

  

Protein expression of the other starch biosynthetic enzymes was detected by 
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immunoblots of each mutant line. Stromal starch biosynthesis proteins were 

present in similar proportions to wild-type, although SS2 appeared to be 

reduced in the mutant lines (Figure 3-5). Starch granule bound proteins could 

only be detected in the single mutants since starch did not accumulate in the 

double mutant (Figure 3-3). Interestingly, the loss of SBE2.2 from both 

stroma and starch granules lead to a pleiotropic effect on the sub-organellar 

distribution of other starch biosynthetic enzymes. SS1, SS2 and SBE2.1 

were found trapped in the sbe2.2- starch granules compared to SS2 and 

SBE2.2 in granules of the wild-type (Figure 3-6). Similar results have been 

observed in other species. For example, in wild-type maize, SS1, SSII and 

SBEIIb were found in starch granules. In a maize mutant ae1.1- lacking 

SBEIIb, SBEI, SBEIIa and SP were found in the starch granules along with 

SSI and SSII (Liu et al., 2009). Interestingly, in the maize ae1.1- amyloplast 

stroma, SBEI, SBEIIa and SP were shown to physically assemble into 

protein complexes with SSI and SSII, suggesting functional complementation 

for loss of SBEIIb (Liu et al., 2009). SSI and SBEIIb were found in wild-type 

Japonica rice starch granules, while in the sbe2b- rice mutant, SBE1 was 

again shown to be present in starch granules with SS1 (Abe et al., 2014). 

Interaction between rice SS1 and either SBE1 or SBE2b was therefore 

proposed to be involved in amylopectin biosynthesis in sbe2b- and wild-type 

rice endosperm respectively (Abe et al., 2014). In chapter 2, the possibility of 
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the physical interaction between SS2 and SBE2.2 was suggested by 

studying starch granule bound proteins, whereas direct interaction between 

SS1 and SBE2.1 was observed by co-immunoprecipitation experiments (see 

chapter 2.3.3). Observation of starch granule bound proteins in sbe2.2- 

suggests that SS1, SS2 and SBE2.1 may form a functional protein complex 

in the chloroplast stroma in the absence of SBE2.2. It is proposed that 

SBE2.1 (which also interacts with SS1) compensates for the loss of SBE2.2, 

and interacts with SS2 and becomes trapped within the starch granule. In 

sbe2.1- mutant, SS1 was also found trapped in the starch granules in 

addition to SS2 and SBE2.2, again implying that SS1 interacts with SS2 and 

SBE2.2 in the absence of SBE2.1, and that the protein complex became 

trapped in the mutant starch granules (Figure 3-9). Previous studies on 

amylopectin chain length (CL) distribution indicated that the absence of 

SBE2.1 or SBE2.2 leads to a small but significant decrease in glucan chains 

of DP 5-8, but an increase in chain length of DP 9-15 (Dumez et a., 2006). 

This is possibly due to the catalytic activity of starch granule bound SS1, 

which was only found in granules of the mutant but not of wild-type. Previous 

studies on the ss1- mutant indicated that Arabidopsis SS1 is responsible for 

the synthesis of small outer chains of amylopectin with DP 6-7, to form 

chains of DP 8-12 (Delvallé et al., 2005). Thus it is very possible that the 

granule bound SS1 promotes the elongation of glucose chains of DP 5-8 and 
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to form chains of DP 8-12, leading to a decrease in glucan chains with DP 5-

8 (substrate for SS1) and an increase in glucan chains with DP 9-15 (product 

of SS1 or SSIIa). The suggested new protein complexes involving SS1 found 

in the starch granules could thus explain the alteration of the CL distribution 

in the sbe2.1- or sbe2.2- mutants. The protein complex between SS1, SS2 

and SBE2.2 may function more efficiently in the elongation of shorter 

amylopectin glucan chains with DP 5-8 and generate more glucan chains 

with DP 9-15.  

 

 

 

 

 

 

 

 

Figure 3-9. Summary of proposed protein-protein interactions formed between 

amylopectin-synthesizing enzymes in Arabidopsis leaf and following loss of SBE in the 

mutants.  In wild-type Arabidopsis, SS1 and SBE2.1 form protein complex. SS2 and 

SBE2.2 form protein complex, which also found in granules. In sbe2.1- mutant, SS1, 

SS2, and SBE2.2 was in granule. In sbe2.2- mutant, SS1, SS2 and SBE2.1 was in 

granules.  
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In this chapter, SBE activity was detected by two methods. Using an SBE 

zymogram assay, activities of both SBE2.1 and SBE2.2 were investigated 

(Figure 3-7 B). However, when using [U-14C] Glc1P (14C)-assay, SBE2.1 

activity could not be detected in the sbe2.2- mutant (Figure 3-7 A). Similar 

results were described by Dumez et al., (2006), although SBE2.1 activity in 

the sbe2.2- mutant could not be detected in the WS ecotype by either SBE 

zymogram or 14C assay. In the SBE zymogram assay described by Dumez et 

al., (2006), 0.3% (w/v) potato starch was imbibed in the gel as a reaction 

primer. In the results presented here, 0.2% (w/v) maltoheptaose was used as 

a primer, as a result of which the activity of SBE2.1 was detected. 

Maltoheptaose was not used in the 14C assay described in this chapter, 

which may explain why the activity of SBE2.1 was not detected. I 

hypothesized that maltoheptaose was required to detect SBE2.1 activity. 

However, when a non-denaturing zymogram gel, without maltoheptaose 

imbibed in the gel, was employed to detect the activity of SBE in the mutants, 

the same activity bands were observed compared to the maltoheptaose gel 

(data not shown). Thus why SBE2.1 activity in both Col and WS ecotypes 

can not be detected by 14C assay remains unclear.  

 

It was noticed that two activity bands were detected in the non-denaturing gel 

for SBE2.2 (Figure 3-7 B) whereas only one SBE2.2 band was detected in 
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the SDS-denatured immunoblot. This result may suggest that SBE2.2 exists 

as two different conformations, having the same molecular weight in 

Arabidopsis leaf chloroplasts. Protein phosphorylation of SBE2.2 might 

explain difference in mobility, but both bands remained detectable (but with 

decreased activity) after APase treatment (described in section 2.3.3), 

suggesting that the presence of the two bands of SBE2.2 are not affected by 

protein phosphorylation or dephosphorylation. Previous studies on wheat and 

maize amyloplasts showed that the mobility of SBEIIb on non-denaturing 

SBE zymogram gels did not change following prior treatment with ATP and 

APase. The cereal SBEIIb band decreased in activity after APase treatment 

(Tetlow et al., 2004; Liu, 2010), suggesting again that protein phosphorylation 

is not possibility for the two migrating bands of SBE2.2 found in Arabidopsis. 

The co-migration of Arabidopsis SS1 with SBE2.1 or SBE2.2 has been 

investigated in non-denaturing zymogram gels (Brust et al., 2014).  In that 

work, similar electrophoretic mobility of SS1 and SBE2.1 or SBE2.2 were 

observed, though the ability was not quite identical. The authors showed that 

measurable activity of SS1 on the gel was dependent on the presence of 

either form of SBE in close proximity (Brust et al., 2014). Thus, the 

interaction and co-migration of SBE2.2 with other enzymes (especially SS1) 

may explain why two activity bands were observed. However, previous 

studies indicate that when SBE is involved in protein-protein interactions, it is 
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in a phosphorylated form (Liu et al., 2009; Tetlow et al., 2004). Thus in vitro 

dephosphorylation treatment, prior to electrophoresis, would be expected to 

dissociate the protein complex and affect the co-migration with other 

proteins. Further work is needed to investigate the co-migration of other 

proteins with SBE2.2 on non-denaturing gels. 

 

Glucan binding properties of SBE2.1 and SBE2.2 were investigated in wild-

type, sbe2.1- and sbe2.2- mutant Arabidopsis (Figure 3-8). The affinity of 

SBE2.1 or SBE2.2 towards amylose or amylopectin was the same in wild-

type and the mutant lines. Surprisingly, both SBE2.1 and SBE2.2 showed 

relatively higher affinity towards amylose than amylopectin. SBEII might have 

been expected to have higher affinity towards shorter glucose chains than 

longer chains based on previous studies of the purified enzymes (Guan and 

Preiss, 1993). The affinity of maize amyloplast SBEIIa and SBEIIb towards 

amylopectin was investigated by Liu (2010), and the SBEII isoforms did not 

show a marked difference in affinity. However, the affinity of Arabidopsis 

SBE2.1 towards amylose and amylopectin was significantly lower than that 

seen for SBE2.2. By comparison, Arabidopsis chloroplast SBE2.2 showed 

two or three fold higher affinity (Kd value of SBE2.2: 0.17) toward 

amylopectin than maize SBEIIa (Kd value: 0.4) and SBEIIb (Kd value: 0.81) 

respectively. Whereas, SBE2.1 showed much lower affinity (Kd value of 



167 

 

SBE2.1: 2.88) toward amylopectin than maize SBEIIa and SBEIIb.  

 

In this chapter, biochemical properties of native Arabidopsis SBE isoforms 

were characterized by using the sbe- mutants. Further study of SBEs protein 

phosphorylation and protein-protein interactions was investigated using 

recombinant proteins (chapters 4 and 5). Generation of the sbe2.1-sbe2.2- 

double mutant will provide a useful tool for complementation experiments in 

order to study the function of the putative phosphorylation sites of SBE in 

vivo.  

 

 

 

 

 

 

 

 

 



168 

 

 

 

 

 

 

 

 

 

 

 

Chapter 4 
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4. Generation of functional recombinant starch branching enzymes 

4.1 Introduction 

As described in previous chapters, a relatively low abundance of starch 

branching enzymes was detected in Arabidopsis leaf cell extracts or 

chloroplast extracts. In order to obtain sufficient enzymes to study protein 

phosphorylation and protein-protein interactions of Arabidopsis SBEs, 

recombinant SBE proteins were generated. As will be described in this 

chapter, functional wild-type recombinant Arabidopsis SBE2.1 and SBE2.2 

proteins (with S-tag, for affinity purification) were expressed in Eschericia coli 

(E. coli) cells. The generation of recombinant protein also provides a useful 

means to manipulate the amino acid sequence of the proteins by site-direct 

mutagenesis in order to investigate protein phosphorylation sites. 

 

Proteins generated by expression of recombinant DNA in living cells are 

called recombinant proteins. The recombinant DNA is made by inserting a 

cDNA sequence of a particular protein into a replicating plasmid which has 

an inducible promoter upstream. The plasmid with the cDNA insertion can be 

transformed and expressed in different host systems such as bacteria, yeast, 

insect cells and mammalian cells for different purposes (Hochuli et al., 1988; 

Wong et al., 1985; Schein 1989). Relatively large amounts of proteins can be 
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obtained by over-expression of recombinant DNA. Fusion tags facilitate 

purification of expressed recombinant proteins from the host cells. Choice of 

host expression cells and the fusion tags are important and depend on the 

down-stream study. In the present work, S-tag recombinant SBE proteins 

were expressed in the E. coli pET (p stand for plasmid; E stand for 

expression vector; T stand for T7 promoter) expression system (section 

4.1.1).  

 

Site-directed mutagenesis has been widely employed to investigate the 

structure and biological activity of proteins and for protein engineering by 

making point mutations, switching amino acids, and to delete or insert single 

or multiple amino acids (Ho et al., 1989; Landt et al., 1990). Similar 

approaches have been used previously to investigate phosphorylation sites 

on other plant proteins. Nitrate reductase (NR) catalyzes the rate-limiting 

step in nitrogen assimilation, reducing nitrate to nitrite. Leaf NR is active in 

the light (photosynthesis required), and less active in the dark (Kaiser et al., 

2000). Previous studies had shown that NR is phosphorylated exclusively on 

serine residues (Huber and Huber., 1992). Ser543 was shown to be a major, 

regulatory, phosphorylation site on spinach leaf NR by using recombinant NR 

protein containing or lacking the phosphorylation site sequence (Bachmann 

et al., 1996). Three recombinant fragments of NR were generated, and only 
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one of them the CcR (+H1) (Cytochrome c reductase) fragment could be 

phosphorylated and labelled by [γ-32P]-ATP (Bachmann et al., 1996). This 

suggests at least one of the phosphorylation sites is contained within the 

CcR (+H1) fragment. A subsequent study on a slightly shorter CcR (-H1) 

recombinant protein, which is missing a part of the hinge 1 region, showed 

that this mutant protein cannot be phosphorylated (Bachmann et al., 1996). 

This suggests the phosphorylation site is within the missing hinge 1 region, 

thus, narrowing down the phosphorylation sites to three Serine residues 

(including Ser543). Along with an independent synthetic peptidease assay, 

Ser543 was identified as the major regulatory phosphorylation site. In vitro, 

NR degradation was accelerated when NR was phosphorylated and 14-3-3 

protein was added (Weiner and Kaiser, 1999). The phosphorylated NR/14-3-

3 complex appeared a better substrate for specific proteolysis than free NR 

(Cotelle et al., 2000).  

 

Another example of the use of this technology is the identification of 

phosphorylation sites on sucrose-phosphate synthase (SPS). SPS catalyses 

one of the rate-limiting steps in the synthesis of sucrose in plants. It converts 

fructose-6-phosphate and UDP-glucose to sucrose-6-phosphate. Reversible 

protein phosphorylation of SPS was found to respond to dark/light transitions 

(Huber et al., 1989). Phosphorylation of SPS occurs exclusively on serine 
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residues (Huber et al., 1992). A 26 kDa spinach SPS recombinant protein 

fragment containing the major phosphorylation site (Ser158) was expressed in 

E. coli (McMichael et al., 1993). This fragment was shown to be 

phosphorylated by a protein kinase which co-purified with SPS. Subsquent 

two dimensional peptide mapping analysis showed that the peptide 

containing Ser158 was highly phosphorylated (McMichael et al., 1993). Ser158 

in spinach is suggested to be involved in the activation of SPS by 

dephosphorylation and inactivation by phosphorylation in light/dark cycle 

(McMichael et al., 1993；1995).  

 

In the studies reported in this chapter, mutant recombinant SBE2.2 was 

generated by site directed mutagenesis, in order to study putative protein 

phosphorylation sites. A previous study on wheat endosperm SBE had 

shown that phosphorylation of SBE occurs on one or more Ser residues 

(Tetlow et al., 2004a). Further studies in maize amyloplasts demonstrated 

three phosphorylation sites on SBEIIb: Ser649, Ser286 and Ser297 

(Makhmoudova et al., 2014). Phosphorylation sites Ser286 and Ser297 on 

maize SBEIIb are highly conserved in all plant SBEII isoforms including 

Arabidopsis (Figure 1-11). Analysis of the predicted structure of the maize 

SBEIIb, suggests that the Ser286 and Ser297 phosphorylation sites are located 

at opposite openings of the 8-stranded parallel β-barrel of the active site, 



173 

 

involved in the substrate binding domain (Makhmoudova et al., 2014). 

Unpublished data indicate that the function of Ser649 phosphorylation is to 

regulate SBEIIb interaction with SBEI in maize amyloplasts (Liu, personal 

communication). However, Ser649 site is not conserved in dicots, including 

SBE2 in Arabidopsis (Figure 1-11). Interestingly, in Arabidopsis, an aspartate 

(D) residue is found to substitute for maize SBEII Ser649 site, possibly acting 

as a phospho-mimic (Swanson et al., 1994; Lewis et al., 1999). Thus, in this 

chapter, the Arabidopsis SBE2.2 putative phosphor-serine (Ser) sites, Ser290 

and Ser301, were mutated to Alanine (Ala), singly or in combination. These 

mutated proteins will be used to identify phosphorylation sites of SBE2.2 in 

Arabidopsis, and to study their possible roles in regulating protein-protein 

interactions between starch biosynthetic enzymes. Additionally, Aspartate653 

(equivalent to maize Ser649) was mutated to Ser. This recombinant protein 

will be used to test whether the mutation of Aspartate653 to Serine will permit 

the enzyme to interact with maize SBEI.  

 

4.1.1 Recombinant protein expression in Escherichia coli (E. coli) 

Recombinant SBE proteins were expressed by bacterial expression systems 

in E. coli (ArcticExpress strain) cells. cDNAs of the targeted proteins were 

cloned into plasmid vectors and heterologous expression systems include a 
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repository of inducible bacterial expression vector technologies, including 

pET (Novagen), pEGX (EG healthcare), pQE30 (Qiagen) and many others 

(Guan and Dixon et al., 1991; Hakes and Dixon et al., 1992; Smith and 

Johson et al., 1988; Hoffman et al., 1991). These vectors allow for fusion of 

epitope tags (alone or in combination) to the protein of interest, such as the 

S-tag (an N-terminal 15 amino acid sequence from bovine ribonuclease A), 

Hexa-histidine (6 His), and intein-tag (protein splicing elements) (Chong et al., 

1997; Hoffman et al., 1991; Terpe 2003). The Novagen pET system was 

used in this work to express high levels of recombinant protein in E. coli. 

SBE2.1 and SBE2.2 cDNA sequences were cloned by reverse-transcriptase 

polymerase chain reaction (RT-PCR) from Arabidopsis mRNA and were 

ligated into the pET29a vector which contains an N-terminal fusion S-tag 

sequence. The N-terminal S-tag was chosen to minimize the effect on 

enzyme activity since the activity domains of SBE are located at the C-

terminus (Kuriki et al., 1997; Ito et al., 2004). S-tag is widely used in protein 

purification from bacteria or other expression systems, and also allows easy 

detection by Western blots (Terpe, 2003). The 103 amino acid S-protein 

specifically interacts with the 15 amino acid S-tag. Thus S-protein 

immobilized to agarose beads is widely used in the purification of S-tag 

recombinant proteins from E. coli lysates (Terpe, 2003; Waugh, 2005). In 

previous studies, purified recombinant protein/agarose beads have been 
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successfully used in investigating protein phosphorylation and protein-protein 

interactions between maize amyloplast starch biosynthetic enzymes (Liu et 

al., 2012; Subasinghe et al., 2014). Expression of the recombinant protein is 

under the control of the strong bacteriophage T7 RNA polymerase and 

(optional) translation signals. Usinr isopropyl-β-D-thiogalactopyranoside 

(IPTG) as inducer, T7 RNA polymerase becomes expressed in the host cells, 

and is required to activate the transcription of the target gene (Figure 4-1). 

During heterologous protein expression, almost all of the cell’s resources are 

converted to target gene expression (Graumann and Premstaller, 2006). In 

some cases, as much as half of the total cell protein is accounted for by the 

desired recombinant protein within a few hours of induction (Baneyx, 1999; 

Graumann and Premstaller, 2006). Under the uninduced state, the system 

maintains target sequences transcriptionally silent. In this work, plasmids 

were initially transferred and stored in host cells lacking the T7 RNA 

polymerase gene, thus eliminating plasmid instability caused by the 

production of proteins potentially toxic to the host cells. Once the non-

expression host is established, plasmids are then transferred into expression 

hosts. In this chapter, ArcticExpress (DE3) E. coli cells were employed, 

which are widely used for protein expression and are compatible with many 

commercial vectors (including the pET29 vector) (Figure 4-1). ArcticExpress 

host cells have been engineered for improved protein processing at low 
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temperatures. These cells co-express the cold-adapted chaperonins Cpn60 

and Cpn10 from the psychrophilic bacterium, Oleispira Antarctica (Kube et al., 

2013; Schein, 1989). These two chaperonins show high protein refolding 

activities at temperatures of 4-12°C and facilitate correct protein folding by 

binding to, and stabilizing, unfolded or partially folded proteins (Kube et al., 

2013). When expressed in ArcticExpress cells, these chaperonins improve 

the folding of protein and potentially increase the yield of active, soluble 

recombinant proteins. It has been observed that protein aggregation can 

occur between mis-folded, recombinant proteins during expression (Schrödel 

and Marco, 2005). Thus gel permeation chromatography (GPC) is also used 

to separate the correctly-folded functional proteins from the soluble, 

aggregated proteins. 
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Figure 4-1. Principle of IPTG induced expression of recombinant DNA on pET vector 

(taken from pET System Manual, Novagen). Target sequences are cloned in the pET 

vector plasmid under the control of T7 promoter transcription. When IPTG (isopropyl β-

D-thiogalactopyranoside) is introduced in the system, it binds to the lac repressor and 

releases the lac operator in an allosteric manner, thus allowing the transcription of T7 

RNA polymerase. The E. coli RNA polymerase binds to the T7 promoter to induce 

expression of the target protein. 

 

4.1.2 Polymerase chain reaction-based site-directed mutagenesis 

The polymerase chain reaction (PCR)-based QuikChange XL Site-directed 

mutagenesis system (Strategene) was used in the studies represented in this 

chapter for mutating single amino acids. Pfu Turbo DNA polymerase with 

high fidelity is used in this PCR system, and which amplifies both supercoiled, 

double-stranded DNA plasmid vectors with an insert of interest. Mutation is 

introduced by using oligo-nucleotide primers, which are complementary to 
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opposite strands of the vector and contain the desired mutation. The primers 

are extended during PCR by PfuTurbo DNA polymerase, and generate a 

mutated plasmid containing staggered nicks (Figure 4-2). The methylated 

template plasmid vectors are digested by Dpn1 endonuclease (target 

sequence: 5´-Gm6ATC-3´) to allow selection of the mutation containing 

synthesized DNA. DNA isolated from almost all E. coli strains is methylated 

and therefore will be digested by Dpn1. The nicked mutant DNA is 

transformed into XL1 blue competent cells where the nicks are repaired, 

allowing amplification and selection of the mutant recombinant clones. 

 

To summarize, in this chapter, recombinant Arabidopsis wild-type SBE2.1 

and SBE2.2 were generated in the bacterial cell pET expression system. 

Mutant Arabidopsis SBE2.2 with putative serine phosphorylation sites 

mutated to alanine, or the aspartate to serine were generated by site-direct 

mutagenesis and expressed in the same system. Functional SBE2.1 and 

SBE2.2 (wild-type and mutant) proteins were purified from soluble cell 

lysates by GPC and affinity purifications. Production of recombinant 

Arabidopsis SBEs will provide a useful tool to investigate protein 

phosphorylation and protein-protein interactions between starch biosynthetic 

enzymes (as will be described in chapter 5). Functional recombinant proteins 

were purified by immobilizing onto S-protein agarose beads as ligands to 
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reconstitute protein complexes with amyloplast/chloroplast stromal proteins, 

and to investigate the protein-protein interactions observed in previous 

chapters in further detail. 
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Figure 4-2. Overview of the QuikChange site-directed mutagenesis method (taken 

from Quick Change, catalog no. 200518). 
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4.2 Material and Methods 

4.2.1 RNA purification from Arabidopsis leaves 

RNA was purified from two-week old wild-type Arabidopsis leaves using the 

QIAGEN, RNeasy Plant Mini Kit (catalog no. 74104). Approximately, 10 mg 

of fresh leaves were used. 

 

4.2.2 Synthesis of cDNA 

First strand cDNA was synthesized from the mRNA by using Quanta 

qScript™ cDNA SuperMix kit (catalog no. 95048-025). The cDNA was stored 

at -20°C. 

 

4.2.3 Quantification of nucleic acids 

Amount of RNA and DNA were measured by NanoDrop 2000 (Thermo 

Fisher Scientific) spectrophotometer at 260 nm.  

 



182 

 

4.2.4 Designing oligo-nucleotide primers and RT-PCR (reverse 

transcriptional polymerase chain reaction) 

Complete cDNA sequence of Arabidopsis SBE2.1 (2775bp, GenBank: 

AT2g36390) and SBE2.2 (2609bp, GenBank: AT5G03650) were taken from 

The Arabidopsis Information Resource (TAIR). Transit peptide (TP) 

sequences of SBE2.1 and SBE2.2 were predicted as 37 and 61 amino acids 

respectively, by using ChloroP 1.1 sequence analytical server after analyzing 

the correct protein frame in the GeneRunner program respectively. The 

primers were specially designed for the CloneEZ PCR Cloning Kit (GenScript, 

catalogue no. L00339) with a 15 bp overhang sequence from the vector 

system, pET29a, on both sides of the primers. Coding sequence excluding 

the TP sequence was isolated using the primers in the following table (Table 

4-1). Components of the PCR reaction and the PCR cycling steps are shown 

in Table 4-2 and Table 4-3. 

 

Table 4-1. Primers for complete cDNA sequence of Arabidopsis 

Primers Names Sequences 

SBE2.1 
Forward 

AtSBE2.1
RecFwd 

5’ GTTTCCATGGCTGATTGTGTGAGCCGCGTC 3’ 

SBE2.1 
Reverse 

AtSBE2.1
RecRev 

5’ GAATTCGGATCCGATCTAAACATCTTCGGGTAACAG 3’ 

SBE2.2 
Forward 

AtSBE2.2
RecFwd 

5’ GTTTCCATGGCTGATGCTTCTGAGAAAGTCTTAGT 3’ 

SBE2.2 
Reverse 

AtSBE2.2
RecRev 

5’ GAATTCGGATCCGATCTAATCGTGGTTTGCTAAAG 3’ 
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Table 4-2. Componants of RT-PCR for SBE2.1 and SBE2.2 cDNA 

amplification 

Components volume 

10X PCR Buffer for KOD Hot Starch DNA Polymerase 

(20 mM Tris-HCl, 0.5 mM DTT, 50 mg/ml BSA) 
5 µl 

MgSO4 (25 mM) 2 µl 

5X Q-Solution 4 µl 

dNTP mix (2 mM) 5 µl 

Primer A Forward 5 pmol/µl 3 µl 

Primer B Reverse 5 pmole/µl 3 µl 

TopTaq DNA Polymerase 1 units/µl 1 µl 

Templete DNA 1 µl 

H2O 30 µl 

Total 50 µl 

 

 

Table 4-3. Cycling protocol of RT-PCR for SBE2.1 and SBE2.2 cDNA 

amplification 

Initial denaturation 2 min 95°C 

3-step cycling 

36 cycles 

Denaturation 15 s 94°C 

Annealing 30 s 60°C 

Extension 3  min 72°C 

Final extension 10 min 72°C 
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4.2.5 DNA band purification from agarose gel 

DNA bands separated on an agarose gel were visualized with ethidien 

btomide and excised under UV light, then extracted using a Gel Extraction Kit 

(QIAquick catalog no. 28704) according to the manufactures instruction. 

 

4.2.6 Ligation of cDNA sequences into the pET29a expression vector and 

transformation of DH5α competent cells 

Complete coding sequences of SBE2.1 and SBE2.2 in the PCR products 

were ligated into pET29a expression vector (Figure 4-3). The pET29a vector 

encoded a 15 amino acid S-tag (Lys Glu Thr Ala Ala Ala Lys Phe Glu Arg 

Gln His Met Asp Ser) at the N-terminus with a thrombin digestion site (Leu 

Val Pro Arg Gly Ser), and a T7 promoter (TAATACGACTCACTAT). The 

ligation system contained, in a total volume of 20 µl: 250 ng purified PCR 

product and 200 ng of linearized vector, 2 µl 10X CloneEZ buffer, 2 µl 

CloneEZ ligation enzyme (GenScript, catalogue. no. L00339). The mixes 

were incubated at room temperature (around 25°C) for 40 min and then 

incubated on ice for 5 min. 12 µl of the ligation system was transfomed into 

100 µl of DH5α competent cells (Subcloning Efficiency™ DH5α™ 

Competent Cells, catalog no. 18265-017) and incubated on ice for 30 min. 

The cells were then heated in a 42 °C water bath for 20 seconds and 
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immediately transferred to ice for two min. 600 µl of LB media (10 mg/ml 

tryptone, 5 mg/ml yeast extract, 10 mg/ml NaCl) was then added to the cells 

and rotated at 37°C for 60 min, with shaking at 220 rpm. Cells were then 

plated on 10 ml solid LB plate (10 mg/ml tryptone, 5 mg/ml yeast extract, 10 

mg/ml NaCl and 15 mg/ml agar) contained 50 µg/ml kanamycin. The plate 

was then incubated overnight at 37°C. Four colonies from each plate were 

picked and grown overnight at 220 rpm, at 37°C in 10 ml LB broth containing 

50 µg/ml kanamycin, which allows selection of plasmids containing 

kanamycin resistance. The overnight cultures were centrifuged at 5 000 g at 

4°C for 20 min using a Beckman Coulter Allegra X-22R Centrifuge and 

SX4250 rotor. The centrifuged pellets were collected for minipreparation of 

plasmid DNA using QIAprep Sin Miniprep Kit (Qiagene, catalogue 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 20-100 ng/µl determined by optical density 

(OD) at 260 nm. The Arabidopsis SBE2.1 and SBE2.2 cDNAs in plasmids 

were sequenced by T7 promoter and T7 terminator primers by the Lab 

Services Division (University of Guelph), and the sequences were analysed 

by “Gene Runner” software (version 3.05). 
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Figure 4-3. Novagen pET29(a) vector used to overexpress Arabidopsis SBE2.1 and 

SBE2.2. The vector contains a 15 amino acid S-tag on the N-terminus, and a T7 

promoter. 
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4.2.7 Expression of Arabidopsis SBE2.1 and SBE2.2 in Escherichia coli 

Plasmid DNA minipreps from the DH5α competent cells were transferred into 

ArcticExpressTM (DE3) E. coli cells and incubated on ice for 30 min. The 

cells were heated in a 42°C water bath for 1.5 min and immediately 

transferred to ice for two min. 600 µl of LB media was then added to the cells, 

which were rotated at 37°C for 1 hour with shaking at 220 rpm. Cells were 

then plated on 10 ml solid LB plate containing 50 µg/ml kanamycin and 100 

µg/ml gentamicin, before incubation overnight at 37°C. ArcticExpress cells 

contain a gentamicin resistance gene in its chaperone plasmid. One colony 

from the plate was picked and grown by shaking at 220 rpm at 37°C, 

overnight in 5 ml LB medium containing kanamycin and gentamicin as 

referred. The overnight inocula were then transformed into 1 L LB medium 

without antibiotics and grown at 30°C for about 3 hours. When the OD600nm 

of the culture reached a value of 0.5, expression of the recombinant protein 

was induced by introducing IPTG (isopropyl-beta-D-thiogalactopyranoside, 

Fisher BioReagents, catalogue no. BP162010) at a final concentration of 1 

mM. Culture incubation continued at 10°C for 24 hours. The Escherichia coli 

cells were harvested by centrifugation at 10 000g for 20 min at 4°C in a 

Falcon 6/300 Refrigerated Centrifuge. Cell pellets were washed by gentle 

resuspension with 1XPBS buffer and re-centrifuged at 3 000g for 10 min at 
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4°C using a Beckman Coulter Allegra X-22R Centrifuge and the SX4250 

rotor.  Sedimented cells were frozen rapidly and stored at -80°C until needed. 

 

4.2.8 Purification of S-tagged recombinant SBE proteins on S-protein 

agarose 

The Escherichia coli cell pellets were allowed to thaw on ice and lysed at 

room temperature in BugBuster Protein Extraction Reagent (Novagen, 

catalogue no. TB245) in a ratio of 5 ml/g of wet cell paste, with addition of 10 

µl/ml protease inhibitor Cocktail (Sigma, catalogue no. P8465), 5 µl 

Benzonase Nuclease (Novagen, catalogue no. 70750-3), and 5 KU 

rLysozyme solutions (Novagen, catalogue no. 71110-3). The mixtures were 

then incubated on a Stuart SB2 rotating mixer for 30 min at room 

temperature. The resulting protein lysates were centrifuged at 16 000g for 10 

min at 4°C in a Sigma 1-15K Microfuge (Sigma-Aldrich) to separate the 

solubilized proteins which were in the supernatant. The supernatants were 

applied to S-protein agarose beads in a ratio of 100 µg of S-tagged, 

recombinant protein to 100 µl of S-protein agarose beads. The protein-

agarose mixture was incubated at 4°C on an orbital shaker overnight. The 

overnight mixture was centrifuged at 100 g at 4°C for 2 min in a Beckman 

Coulter Microfuge 22R Centrifuge with a F241:5P rotor, the supernatant was 
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collected as unbound recombinant proteins. The separated beads were 

suspended in 1 500 µl 5X S-tag washing buffer containing 1 M NaCl and 

centrifuged at 1 000 g for 1 min at 4°C in a Sigma 1-15K Microfuge (Sigma-

Aldrich). This was repeated 15 times, and the resulting supernatants 

collected. Beads were kept at 4°C or used immediately. S-tagged proteins 

were eluted from the S-agarose beads by boiling in 2X SDS loading buffer. 

The purity of recombinant protein was determined by Coomassie Blue 

staining and immuno-detection with Arabidopsis peptide-specific SBE2.1 or 

SBE2.2 antibodies.  

 

4.2.9  Gel permeation chromatography 

A Superdex 20/300 GL column (Amersham Pharmacia Biotech, USA) was 

connected to an AKTA FPLC (Amersham Biosciences). The column was 

calibrated using an Amersham Biosciences low molecular weight gel filtration 

kit (catalogue no. 17-0442-01) and high molecular weight kit (catalogue no. 

17-0441-01). Standard proteins used were ribonuclease A (13.7 kDa), 

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

the low molecular weight kit and aldolase (158 kDa), catalase (232 kDa), 

ferritin (440 kDa) from the high molecular weight gel filtration kit were used. 

The standard calibration proteins were run in 4 separate groups to ensure 
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clear resolution of their peaks for accurate elution volume measurements. 

Each group of proteins was loaded onto the column in Rupturing Buffer 

(section 2.2.2), pH7.5 at a flow rate of 0.25 ml/min. Proteins were eluted and 

detected by UV absorption at 280 nm. The elution volume of each standard 

protein verses the logarithm of its molecular weight was plotted and a 

standard curve produced to indicate the linear relationship between logarithm 

of the molecular weight and elution volumes of proteins in the Superdex 

20/300 column (Figure 4-4). Void volume of the column (7 ml) was calibrated 

using Blue Dextran 2000. Based on the calibration curve; fractions containing 

the recombinant proteins were collected from 7 ml to 20 ml, in 0.5 ml 

fractions. 

 

For fractionation of recombinant protein from E. coli lysates, the soluble 

recombinant proteins were allowed to thaw on ice and were then centrifuged 

at 14 000 g for 20 min using a Beckman Coulter Microfuge 22R Centrifuge 

and the F241:5P rotor. Supernatant was allowed to filter through 0.45 µm 

filter, and 0.5 ml loaded onto the pre-equilibrated Superdex 20/300 column. 

The column was equilibrated in Rupturing Buffer and proteins eluted by the 

same buffer at a flow rate of 0.25 ml/min, collecting 0.5 ml/fraction.  
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Figure 4-4. Calibration of Superdex 20/300 GPC column. Log molecular weights of 

known proteins were plotted against their elution volume from the gel permeation 

column. 

 

4.2.10 Site-directed mutagenesis  

The QuickChange Site-Directed Mutagenesis kit (Strategene) was used to 

generate mutant recombinant proteins. pET29a vector (Novagen) containing 

SBE2.2 coding sequence (without transit peptide) was used as DNA 

template for the PCR based mutagenesis. A hot-start polymerase, Pfu Turbo 

DNA polymerase (Stratagene), was used. Components of the PCR system 

are shown in Table 4-4. Cycling protocol of PCR is shown in Table 4-5. 

Primers used are shown in Table 4-6. The PCR products were treated with 1 

µl Dpn1 (10 units/µl) for 1 hour at 37°C to digest the Dam-methylated 
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parental plasmid. After digestion, 10 µl of the resulting PCR product was 

transformed into 50 µl XL blue competent cells (section 4.2.6, same 

procedure as transformation into DH5α cells). The Arabidopsis mutant 

SBE2.2 plasmid cDNAs were sequenced by T7 promoter and T7 terminator 

at Lab Services Devision (University of Guelph), and the sequences 

analysed by “Gene Runner” software as before (version 3.05). 

Table 4-4. Components of PCR reaction mixture for SBE2.2 Site-direct 

mutagenesis 

Components volume 

10X reaction buffer 5 µl 

dNTP mix (10 mM) 1 µl 

Primer A Forward 125 ng 1.25 µl 

Primer B Reverse 125 ng 1.25 µl 

PfuTurbo DNA Polymerase 2.5 units/µl 1 µl 

Template plasmid DNA 10 ng 2 µl 

H2O 38.5 µl  

Total  50 µl 

 

Table 4-5. Cycling protocol of PCR reaction for SBE2.2 Site-direct 

mutagenesis 

Initial denaturation 30 s 95°C 

3-step cycling 

16 cycles 

Denaturation 30 s 95°C 

Annealing 1 mins 55°C 

Extension 8 min 68°C 

Final extension 5 min 68°C 
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Table 4-6. Primers sequences for Site-direct mutagenesis PCR 

Primers Sequences 

Ser/Ala301 forward CACATGTTGGCATGGCTAGCACGGAACCAATGGTC 

Ser/Ala301 reverse GACCATTGGTTCCGTGCTAGCCATGCCAACATGTG 

Ser/Ala290 forward CCTCAACCAAAGAGACCTAAGGCGCTAAGGATTTATG 

Ser/Ala290 reverse CATAAATCCTTAGCGCCTTAGGTCTCTTTGGTTGAGG 

Asp/Ser653 forward CAGCGTCTTTCTAGTGGTAGCGTGATTC 

Asp/Ser653 reverse GAATCACGCTACCACTAGAAAGACGCTG 

Underlined nucleotides are those that were changed from the original sequence. 

 

4.2.11 Branch linkage assay for detection of immobilized recombinant SBE 

activity 

The reaction was performed in a total volume of 100 µl, containing 10 mM 

potassium-phosphate (pH 7.4), 1.2 mg of gelatinized potato amylose (Sigma-

A0512), and 10 µl 50% S-protein agarose immobilized recombinant proteins 

(approximately 5 µg recombinant protein). The mixture was incubated at 

25 °C for 60 min, and terminated by heating at 100 °C for 5 min. 100 µl of 0.1 

M sodium-acetate (pH 3.5) and 0.2 µl of isoamylase (Megazyme, catalogue 

no. E-ISAMY) was added into the mixture and incubated at 37°C for 90 min 

to branch the α-1,6-glucosidic linkages. Branching treatment was stopped by 

boiling at 100°C for 5 min. The resulting mixture was centrifuged at 14 000 g 

for 10 min to separate the S-agarose beads from the reaction mixture. A 180 
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µl aliquot of the resulting supernatant was mixed with 4.5 µl of 2 M NaOH 

(adjusted to pH10). Subsequently, 92.5 µl of solution A (97.1 mg of disodium 

2.2-bicinchoninate, 3.2 g of sodium carbonate monohydrate and 1.2 g of 

sodium bicarbonate in a total volume of 50 ml) and 92.5 µl of solution B (62 

mg copper sulphate pentahydrate and 63 mg of L-serine in a total volume of 

50 ml) were added to the mixture. The resulting mixture was incubated at 

80°C for 40 min. After cooling to room temperature, 200 µl of the resulting 

solution was transferred to a 96 well plate and the absorbance measured on 

a microplate spectrophotometer at 560 nm.  
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4.3 Results 

4.3.1 PCR cloning of SBE cDNAs  

Complete cDNA sequences of Arabidopsis SBE2.1 (2775 bp) and SBE2.2 

2609 bp) were obtained from the TAIR (The Arabidopsis Information 

Resource) website. SBE2.1 primers (SBE2.1 Forward and SBE2.1 Reverse) 

and SBE2.2 primers (SBE2.2 Forward and SBE2.2 Reverse) were designed 

and usd for cDNA sequence amplification (not including the transit peptide 

sequences (see section 4.2.4)). When designing the primers, 15 additional 

nucleotide bases, which are specifically required for the CloneEZ PCR Kit, 

were added to the 5 end of both forward primers (SBE2.1 Forward and 

SBE2.2 Forward) and reverse primers (SBE2.1 Reverse and SBE2.2 

Reverse) for complementary ligation into pET29a vector. The PCR products 

obtained were seperated on 1% (w/v) Agarose gel and are shown below 

(Figure 4-5).  

 

 

 

 

Figure 4-5. PCR products of cDNA sequences (without transit peptide) of Arabidopsis 

SBE2.1 and SBE2.2 were visualized on 1% (w/v) agarose gel containing ethidium 

bromide. 
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4.3.2 Site directed mutagenesis of putative Ser residues on SBE2.2  

Three phosphorylation sites Ser286, Ser297 and Ser649 on maize SBEIIb were 

previously identified (Makhmoudova et al., 2014). The first two of these are 

highly conserved within Arabidopsis SBE2.2 as Ser290 and Ser301, 

respectively. Putative phosphorylation sites of mature SBE2.2 (without 

predicted chloroplast transit peptide) were predicted by NetPhos 2.2 server. 

Ser290 and Ser301 had relatively high scores (Figure 4-6), indicating that these 

two sites are very likely to be phosphorylation sites. Thus, in this work, 

mutant recombinant Arabidopsis SBE2.2 sequences were generated with the 

putative phosphorylation Ser290 and Ser301 residues mutated to Ala 

individually. A “double mutant” recombinant SBE2.2 protein was also 

produced with both of the putative phosphorylation sites mutated to Ala. 

Ser649 of maize SBEIIb is not conserved in Arabidopsis SBE2.2, and is 

replaced by aspartate (Asp653). Mutant recombinant SBE2.2 proteins 

containing Ala653 or Ser653 were also generated (Figure 4-6). Mutant SBE2.2 

plasmids obtained by site-directed mutagenesis were treated with restriction 

enzyme Dpn1 (Diplococcus pneumonia 1) to digest the parental SBE2.2 

plasmids. The parental plasmids purified from E. coli are methylated, and 

thus can be specifically degraded by Dpn1. The resulting plasmids containing 

only mutated sequences were transformed to DH5α competent cells for 

plasmid maintenance. Mutant plasmids purified from E. coli were sequenced 



197 

 

with T7 promoter primer, T7 terminator primer, and an SBE2.2 specific 

(SBE2.2 710-718: TGCAATTCCTCATGGCTC) primers. Analysis of the 

sequences before and after site directed mutagenesis shows the expected 

mutation of SBE2.2 (Figure 4-7).  
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Figure 4-6. Prediction of putative phosphorylation sites on Arabidopsis SBE2.2 

(mature protein, lacking predicted transit peptide sequence) Ser residues by NetPhos 

2.2 Server. Red arrows indicate the chosen putative sites for side-directed 

mutagenesis. The position of D653 is also shown in the blue square and indicated by 

blue arrow. 
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Figure 4-7. Site directed mutagenesis of SBE2.2. The sequences were analyzed 

before (A) and after (B) mutagenesis indicated by red boxes. 
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4.3.3 Expression of wild-type recombinant SBE2.1, SBE2.2 and mutant 

recombinant SBE2.2 proteins. 

Recombinant Arabidopsis SBE2.1 and SBE2.2 proteins were expressed with 

an S-tag using the ArcticExpress system. SBE2.1 and SBE2.2 cDNAs 

without transit peptides were ligated to pET29 vector by using ClonEZ kit. 

Reconstructed pET29 plasmids containing wild-type or mutated SBE2.1 or 

SBE2.2 cDNA were transformed into ArcticExpress competent cells. Protein 

expression was induced by addition of 1 mM IPTG at 4°C for 24 hours. The 

cells were collected and lysed by BugBuster Protein Extraction Reagent (see 

section 4.2.8). Non-IPTG-induced cells grown in the same conditions were 

used as a control. Expression levels of the recombinant proteins were 

analysed on SDS-PAGE gels. Proteins separated in the gels were visualized 

by Coomassie Blue staining and the isoforms detected using Arabidopsis 

peptide-specific SBE2.1 or SBE2.2 antibodies (Figure 4-8 and Figure 4-9). 

Coomassie blue stained gels showed both recombinant SBE2.1 and SBE2.2 

proteins were occured in the IPTG-induced and Non-IPTG-induced soluble 

cell lysates. Higher protein levels of the target proteins with the expected 

molecular weight were showed in the IPTG-induced cell lysates than in the 

Non-induced cell lysates. Western blots showed the target proteins with the 

expected molecular weight could cross-react with the peptide-specific, anti-

Arabidopsis antibodies, and higher protein levels were also detected in the 
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induced-cell soluble lysates (Figure 4-8). Relatively large amounts of the 

expressed proteins were observed in the soluble fractions (Figure 4-9 A), 

which cross-reacted with Arabidopsis anti-SBE2.2 antibodies (Figure 4-9 B). 

Relatively low protein levels were detected in the insoluble cell lysate fraction 

and no immune-reactive band was detected having the size of the target 

protein, suggesting almost all of the induced recombinant proteins were 

soluble. A protein, approximately 50 kDa, with relatively high expression 

detected on the Coomassie blue staining gels is one of the Arctic chaperone 

proteins (Figure 4-9). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-8. Expression of recombinant SBE2.1 and SBE2.2 proteins in E. coli. The 

host cell ArcticExpress E. coli strain was induced by IPTG (1 mM) at 10 °C for 24 

hours. E. coli cell lysate proteins (approximate 20 µg) were separated by SDS-PAGE 

followed by Coomassie Blue staining and immunodetection with Arabidopsis peptide-

specific SBE2.1 or SBE2.2 antibodies. Red arrows indicate the induced target soluble 

recombinant proteins. 
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Figure 4-9. Expression of mutated SBE2.2 sequences. The ArcticExpress E. coli 

expression strains transformed with the rebuilt pET-29a vectors, containing mutant 

SBE2.2 sequences were induced with 1 mM IPTG at 4°C for 24 hours. Proteins of cell 

lysates (soluble and insoluble, approximate 50 µg) were tested for recombinant protein 

expression by Coomassie Blue staining and immunodetection with peptide-specific, 

Arabidopsis-SBE2.2 antibodies. Arrows indicate the expected size of the recombinant 

protein on Coomassie Blue stained gels or cross-reactions of each of the antibodies 

with the corresponding isoforms. 
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4.3.4 Purification of soluble recombinant protein by gel permeation 

chromatography 

It has been observed that protein aggregation can occur between mis-folded 

recombinant proteins during expression (Schrödel and Marco, 2005). Thus, 

gel permeation chromatography (GPC) was used to separate the correctly-

folded functional proteins from the aggregated proteins with high molecular 

weight. Soluble fractions of wild-type, recombinant protein SBE2.1, SBE2.2, 

and mutated SBE2.2, were separated by a Superdex 20/300 gel permeation 

chromatography column and fractions collected and analyzed by SDS-PAGE 

and immunoblotting using Arabidopsis peptide-specific anti-SBE2.1/SBE2.2 

antibodies and anti-S-tag antibody (Figure 4-10). Analysis of the GPC 

Coomassie Blue-stained SDS-PAGE gels, and the immunoblots, showed that 

recombinant proteins of the expected size (SBE2.1 97 kDa, SBE2.2 92 kDa) 

were detected in nearly all fractions with elution volume from 7.5 ml to 15 ml, 

where the molecular weight ranges from 2 000 kDa to 44 kDa. Relatively 

higher protein levels of SBE2.1 were detected in fractions corresponding to a 

molecular weight range of 245 kDa to 125 kDa and from 245 kDa to 100 kDa 

for SBE2.2. Relatively large amounts of SBE proteins were also present in 

fractions (eluted from 7.5 ml to 8 ml) corresponding to the void volume of the 

column (2 000 kDa) and were considered to be a result of protein 

aggregation. A relatively large amount of protein of about 60 kDa was 
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detected in GPC fractions eluted after 8-9 ml, and is considered likely to be 

one of the Arctic chaperone proteins expressed in the ArcticExpress cells. 
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Figure 4-10. Gel permeation chromatography (GPC) of wild-type and mutant 

recombinant SBE2.1, SBE2.2. Recombinant soluble protein lysates were separated by 

GPC through a Superdex 20/300 gel permeation column. Samples from each collected 

0.5 ml fraction were separated on SDS-PAGE and the immunoblots were probed with 

Arabidopsis peptide-specific anti-SBE2.1, anti-SBE2.2 or anti-S-tag antibodies. 

Approximately 50 µg protein of the recombinant protein E. coli whole cell lysates (WCL) 

were employed as controls. Arrows indicate the expected size of the recombinant 

protein on Coomassie Blue stained gels or cross-reactions of each of the antibodies 

with the corresponding isoforms. M indicates molecular weight markers, with their 

molecular weight shown on the left of the blot. 
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4.3.5 S-tag purification of Recombinant SBE 

Wild-type and mutant recombinant proteins from ArcticExpress E. coli cell 

lysates were purified using S-tag agarose beads (section 4.2.8). 

Recombinant proteins were released from the S-protein agarose beads by 

boiling in 2X SDS loading buffer and separated on 10% SDS-PAGE gels, 

visualized by Coomassie Blue staining and the immunoblots probed with S-

tag antibody (Figure 4-11). Coomassie Blue stained gels showed that 

relatively pure proteins of the expected size were bound to the S-protein 

agarose beads, but some other protein bands of lower abundance were also 

visualized. The immunoblot showed that single, immune-reactive bands of 

the expected size were detected. 

 

Functional recombinant SBE2.1 or SBE2.2 protein separated by GPC, 

(molecular weight from 245 kDa to 100 kDa) were combined and also 

purified by using S-protein agarose beads. Proteins released by boiling in 2X 

SDS loading buffer, unbound proteins (input protein after incubating with S-

protein agarose overnight) and the washed proteins from each washing step 

were collected and separated on 10% SDS-PAGE, and stained with 

Coomassie Blue. Immunoblots were probed with S-tag antibody (Figure 

4-12). Analysis of the Coomassie Blue-stained gels showed that after 3 
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washes there was no residual protein detected in the wash buffer. The 

immunoblots showed that, after 8 washes, no residual recombinant protein 

could be detected by antibodies. The SBE2.1 and SBE2.2 recombinant 

proteins released from the S-agarose beads were thus relatively pure. 

Mutant recombinant SBE2.2 from GPC fractions were combined and purified 

on S-protein agarose as for wild-type. Purified proteins were separated on 10% 

SDS-PAGE, and stained with Coomassie Blue (Figure 4-13), indicating a 

single, major protein band was detected in each lane. 
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Figure 4-11. Recombinant protein purification by S-protein Agarose. 400 µg of total 

protein from soluble E. coli protein lysates containing recombinant proteins were 

incubated with 50 µl S-protein agarose beads at 4°C overnight. After incubation, 

protein-agarose beads were washed by 1.5 ml S-tag washing containing 750 mM NaCl, 

and centrifuged at 1 000 g for 2 min at 4°C. Washing was repeated 10 times. Purified 

proteins released from the beads were boiled in 200 µl of 2X SDS loading buffer. 10 

µg proteins were separated on the gels and visualized by Coomassie Blue staining 

and immunoblot was probed by S-tag antibody. Red arrows indicate the expected size 

of the recombinant protein on Coomassie Blue-stained gels, or cross-reaction with the 

antibody. Black arrow indicates the non-specifically bound protein (mainly the 

chaperone protein from ArcticExpress system). M indicates protein markers with 

molecular weight shown on the left of the blot. 
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Figure 4-12. S-tag affinity purification of recombinant SBE2.1 and SBE2.2. The 

recombinant SBE2.1 and SBE2.2 from GPC fractions corresponding to molecular 

weight 245 kDa to 100 kDa were combined and approximately 400 µg of protein was 

incubated with 50 µl of S-protein agarose beads at 4°C overnight. Unbound proteins 

were collected, 20 µl of unbound proteins were boiled in 5XSDS loading dye and 

separated on SDS-PAGE (unbound). The protein-agarose beads were washed with 

1.5 ml 5X S-tag washing buffer containing 750 mM NaCl, and centrifuged at 1 000 g at 

4°C for 2 min. This was repeated 10 times. 25 µl of each supernatant was collected 

and boiled in 5X SDS loading dye and detected following SDS-PAGE (W1-W8). The 

purified proteins on the agarose beads were released by boiling in 200 µl of 2X SDS 

loading buffer, and 20 µl of boiled samples were separated by SDS-PAGE followed by 

Coomassie Blue staining, or else immunoblots were probed with S-tag antibody 

(purified). Arrows indicate the expected size of the recombinant protein on Coomassie 

Blue stained gels or cross-reactions of each of the antibodies with the corresponding 

isoforms. M indicates molecular weight markers with molecular weight shown on the 

left of the blot. 
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Figure 4-13. S-tag purification of mutated recombinant SBE2.2 proteins. Recombinant 

protein from GPC fractions corresponding to molecular weight 245 kDa to 100 kDa 

were combined and approximately 200 µg of protein was incubated with 50 µl of S-

protein agarose beads at 4°C overnight. After incubation, the beads were washed by 

1.5 ml S-tag washing buffer (containing 750 mM NaCl), centrifuged at 1 000 g at 4°C 

for 2 min. Washing was repeated 10 times. Purified proteins were eluted by boiling in 

200 µl 2XSDS loading dye. 7 µg of protein were separated on the gel and visualized 

by Coomassie blue staining. M indicates molecular weight markers with molecular 

weight shown on the left of the blot. 
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4.3.6 Functional analysis of recombinant SBE purified from E. coli 

4.3.6.1 SBE zymograms  

Activities of recombinant Arabidopsis SBE2.1 or SBE2.2 protein from E. coli 

lysates were detected by SBE zymogram. Relatively high BE activities of the 

recombinant proteins were analyzed in compared to native chloroplast SBE. 

However, more than one activity band of the recombinant proteins was 

detected on zymograms. This may be due to the presence of different 

conformations of SBE in the soluble lysates and/or the activity of 

endogenous E. coli BE (Figure 4-14). Recombinant proteins from the E. coli 

lysates were separated by GPC and recombinant SBE activity detected 

(section 4.3.4 Figure 4-15) shows that the recombinant SBE2.1 or SBE2.2 

protein eluted in fractions ranging molecular weight from 245 kDa to 100 kDa, 

corresponded to the peak of SBE activities. Peptide specific anti-Arabidopsis 

SBE2.1/SBE2.2 and S-tag antibodies were only able to cross-react with SBE 

proteins in these fractions. However, recombinant SBE2.1 or SBE2.2 eluted 

in high molecular weight fractions (elution volume from 7.5 ml to 10 ml, 

molecular weight from 2 000 kDa to 440 kDa) presented as faint bands on 

zymograms, suggesting low SBE activity. Analysis of the immunoblots 

(Figure 4-15) showed that peptide-specific anti-SBE2.1/SBE2.2 and S-tag 

antibodies cannot cross-react with recombinant proteins eluted with high 

molecular weight (inactive). Functional recombinant proteins (in the fractions 
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corresponding to the peak of SBE activity) were separated from the non-

functional high molecular weight aggregates by GPC, and used for further 

purification using S-protein agarose beads (described in section 4.3.5).  

 

(A)                                (B) 

  

 

 

 

 

 

 

 

Figure 4-14. Zymogram analysis of recombinant Arabidopsis SBE isoforms and 

chloroplast lysates. SBE activities were assayed indirectly by stimulation of Glc1P 

incorporation into glucan by phosphorylase “a”. Recombinant Arabidopsis SBE2.1 (A), 

recombinant Arabidopsis SBE2.2 (B) and proteins in chloroplast lysate (approximately 

30µg each) were separated on non-denaturing gels containing maltoheptaose as 

primer, and incubated with Glc1P as substrate. Green arrows indicate bands of BE 

activities. 
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Figure 4-15. In-gel zymogram assay of SBE2.1 and SBE2.2 recombinant protein 

following GPC. Recombinant SBE2.1 and SBE2.2 soluble protein lysates (5 mg) were 

separated by GPC through a Superdex 20/300 gel permeation column. Approximately 

30 µg of total protein from the recombinant protein expression E. coli lysates were 

separated on the SBE non-denaturing gels containing substrate for detection of SBE 

activity (zymograms). 25 µl (approximately 2.5 µg) proteins from each collected 

fraction (elution volume from 7 ml to 15.5 ml) were separated on non-denaturing gels 

and immunoblots probed with Arabidopsis peptide-specific anti-SBE2.1 or anti-SBE2.2 

and anti-S-tag antibodies. Arrows indicate target enzyme activity on the zymogram 

gels or cross-reactions of each antibody with its corresponding target protein on 

immunoblots. Red arrows indicate the peak SBE activities or their cross-reactions with 

the antibodies. 



216 

 

4.3.7 SBE activity of the solubilized wild-type and mutant recombinant 

proteins 

Recombinant SBE activities were assayed indirectly by the 14C based 

phosphorylase “a” stimulation assay. Wild-type and mutant recombinant SBE 

activities were assayed from the GPC fraction, elution volume ranging 13-14 

ml. Wild-type SBE2.2 showed the highest activity, whereas wild-type SBE2.1 

activity could not be detected by this method (Figure 4-16). All SBE2.2 

recombinant proteins showed activity, though mutation of Ser290 to Ala 

showed the lowest activity (Figure 4-16). Activity of the double mutant S > 

A290 S > Al301 was about one third the activity of wild-type SBE2.2. Activity of 

D > S653 was about half the value of wild-type enzyme (Figure 4-16).  

 

 

 

 

 

 

Figure 4-16. SBE activity of wild-type and mutant recombinant Arabidopsis SBE 

proteins. In vitro starch branching enzyme 14C-assay performed with recombinant SBE 

proteins from GPC fractions (with elution volume from 13 ml to 14 ml). 6 µg proteins 

(60 µl) were used in each assay, total reaction volume was 200 µl. Error bars 

represent standard error of three replicates. 
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4.3.8 Catalytic activities of immobilized recombinant proteins 

Catalytic activities of wild-type and mutant recombinant Arabidopsis SBE 

proteins, immobilized on S-protein agarose beads, were assayed by a 

branch linkage assay. Figure 4-17 shows that all immobilized recombinant 

SBE proteins retained their catalytic activities. Recombinant wild-type 

SBE2.1 and SBE2.2 showed similar activities. Activities of SBE2.2 Ser290 > 

Ala and Ser301 > Ala mutated proteins were similar to, and about 14% higher 

than wild-type SBE2.2 respectively. Activity of the double Ser290Ser301 to 

AlaAla mutated protein showed a significant decrease, about 40% lower than 

the wild-type SBE2.2. D653 to Ser mutated protein showed approximately 23% 

lower activity than wild-type SBE2.2.  

 

 

 

 

 

 

 

Figure 4-17. Activities of immobilized, pure, recombinant starch branching enzymes. 5 

µg S-protein agarose immobilized recombinant Arabidopsis SBE were tested using the 

branch linkage assays. Error bars represent standard error of three replicates. 
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4.4 Discussion 

Recombinant proteins have been used previously in the study of starch 

biosynthetic enzymes to determine catalytic properties (Imparl-Radosevich et 

al., 1999; Guan et al., 1994), glucan binding affinities (Commuri and Keeling, 

2001), identification of functional amino acid residues (Imparl-Radosevich et 

al., 1999; Makhmoudova et al., 2014), and in the study of protein-protein 

interactions (Liu et al., 2011; Subasinghe et al., 2014). In the present work, 

recombinant Arabidopsis SBE proteins were expressed in ArcticExpress E. 

coli. S-tag purification along with gel-permeation chromatography was 

employed to increase the yield, purity and function of the recombinant 

proteins. Site-directed mutagenesis was used to generate mutant 

recombinant SBE2.2 proteins. 

 

SBE2.1 and SBE2.2 genes are localized on Arabidopsis chromosome 2 and 

chromosome 5, respectively (Fisher et al., 1996). In plant cells, SBE2.1 and 

SBE2.2 are synthesized in the cytosol and translocated into chloroplasts 

directed by chloroplast transit peptides (TP). Mature proteins are obtained by 

cleavage of the TPs from the precursor proteins by stromal processing 

peptidases within chloroplasts following import (Bruce et al., 2000). The first 

37 and 61 amino acids of the N-terminus of SBE2.1 and SBE2.2 respectively, 
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were predicted as TPs using ChloroP 1.1 Server software. The complete 

mRNA sequences (open reading frame) of SBE2.1 and SBE2.2 wild-type 

Arabidopsis, lacking transit peptide sequences (section 4.2.1) were directly 

cloned into pET29a expression vectors, and the mature proteins, with 821 

and 744 amino acids respectively, were expressed in ArcticExpress E. coli 

systems. Previous studies investigating functional SBE domains suggested 

that the SBE C-terminus determines its substrate preference and catalytic 

capacity (Kuriki et al., 1997; Ito et al., 2004). Thus in this present work, N-

terminual fusion tag-recombinant proteins were generated to minimize 

interference with catalytic function. 

 

Affinity tags have been widely used to facilitate the purification and detection 

of recombinant proteins of interest, as well as the separation of protein 

complexes. Several affinity tags are commercially available such as chitin 

binding protein (CBP), glutathione-S-transerase (GST), S-tag and hexa-

histidine tag (6 × His’s-tag). Recombinant proteins containing His-tag 

(Nakamura et al., 2014; Imparl-Radosevich et al., 1999; Seo et al., 2001) and 

S-tag (Liu et al., 2011; Makhmoudova et al., 2014; Subasinghe et al., 2014) 

have been used to study starch biosynthetic enzymes. For instance, His-tag 

purified recombinant proteins were used to study kinetics and enzyme glucan 

binding affinities, whereas S-tag recombinant proteins were used to study 
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protein-protein interactions and protein phosphorylation. Both affinity tags 

have their advantages and disadvantages. His-tag provides good yields of 

fusion protein which bind to immobilized metal affinity column resins. 

Relatively pure proteins from E. coli can be eluted with near-neutral buffer 

containing imidazole (Lichty et al., 2005). However, the proteins can also be 

eluted by low pH or an excess of strong chelator (such as EDTA) (Walls et al., 

2011). The S-tag system is based on the specific binding between the 15-

amino acids S-tag and S-protein. Protein fused with the S-tag can be 

conveniently purified by S-protein agarose beads, and can be easily detected 

(Asai et al., 2005; Backer et al., 2004; Hus et al., 2004). S-tag protein/ S-

protein bead complexes are, however, difficult to dissociate during 

experimental procedures, though they can be dissociated in chaotropic 

conditions (in the presence of 3 M NaSCN, 3 M MgCl2, or 0.2 M citrate (pH2)) 

(Zhao et al., 2013). In the present work, proteins with S-tag were generated 

in order to investigate protein-protein interactions and study protein 

phosphorylation. Relatively pure recombinant proteins were obtained by S-

tag purification (section 4.3.6). S-tag labeled proteins are advantageous, as 

they bind strongly to S-protein agarose beads, and can be washed with 

buffer containing high salt to remove proteins which bind non-specifically. 

The resulting purified, immobilized recombinant proteins can be used as “bait” 

to pull down interacting proteins present in the protein extracts even when 
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containing EDTA and/or DTT. These latter reagents are required to maintain 

some enzymes’ activities but cannot be used in the His-tag purification 

system. S-tag proteins attached to the S-protein agarose beads are difficult 

to dissociate and thus, the S-tag purification system is a more practical tool 

to study protein-protein interactions.  

 

The ArcticExpress system is genetically modified from the BL21 system 

(which is also a widely used expression system). Genes of two cold-adapted 

chaperonins: Cpn10 and Cpn60, from the psychrophilic bacterium, Oleipira 

Antarctica have been introduced on a plasmid, and showed high protein 

refolding activities at 4-12°C. Thus, when expressed in ArcticExpress cells, 

these chaperone proteins will facilitate the folding of the recombinant proteins 

at lower temperatures, potentially increasing the yield of active, soluble 

recombinant proteins. Protein aggregates found in the insoluble fractions are 

considered as non-functional protein aggregates called inclusion bodies 

(section 4.3.3). Formation of inclusion bodies in host cells is an ordinary 

consequence of thermal stress, (Allen et al., 1992; Schweder et al., 1999; 

Hoffmann and Rinas 2000), stringency (Harcum and Bentley 1999, Cserjan-

Puschmann et al., 1999) and expression of other sets of stress genes (Rinas 

1996; Schweder et al., 2002; Gill et al., 2000). Proteins in inclusion bodies 

can sometimes be renatured in vitro, but this involves time-consuming efforts 
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with results that are irregular (Clark 2001). Recombinant maize SBEIIa and 

SBEIIb were generated in both ArcticExpress and BL21 expression systems 

by Liu (2010). Both soluble recombinant SBEIIa and SBEIIb purified from E. 

coli (ArcticExpress system) had higher activities than renatured recombinant 

proteins from inclusion bodies (BL21 expression system) (Liu, 2010). In the 

present work, to avoid formation of inclusion bodies, the ArcticExpress 

system was employed. Relatively large amounts of recombinant proteins 

were expressed in the soluble fractions (Figure 4-9), thus, protein refolding 

from the inclusion bodies was not needed.  

 

GPC (gel permeation chromatography) was used in this work to partially 

purify the recombinant proteins by removing high molecular weight 

aggregates. Other than in inclusion bodies, soluble proteins expressed in E. 

coli cells can also form protein aggregates which are not active or functional 

due to folding. Previous studies indicated that recombinant protein non-

aggregates are in equilibrium with aggregates (Schrödel and Marco, 2005; 

Bondos et al., 2003). In the present work, soluble recombinant proteins 

obtained were separated by GPC. Recombinant SBE2.1 and SBE2.2 were 

expected to elute in fractions reflecting their size (97 kDa and 92 kDa 

respectively). However, the recombinant proteins were eluted across a wide 

range of high molecular weight fractions, as well as the expected fractions 
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likely to contain monomers (about from 120 kDa to 75 kDa), strongly 

suggesting that SBE multimers were formed in the soluble fractions during 

recombinant protein expression. Enzyme protein activity in each GPC 

fraction was detected on SBE zymogram gels. No activity was detected in 

fractions eluted with molecular weight ranging from 2 000 kDa to 500 kDa, 

and the peak BE activity corresponded to fractions of molecular weight 

ranging from 245 kDa to 100 kDa. This suggests that multimers of SBE are 

inactive. Recombinant, inactive SBE multimers could interfere with the study 

of protein phosphorylation (or protein-protein interaction). Thus, the 

catalytically active recombinant proteins in fractions with molecular weight 

ranging from 245 kDa to 100 kDa, were used to investigate the protein 

phosphorylation sites and protein-protein interactions described in the next 

chapter. Proteins from Arabidopsis whole leaf cell-free extracts (section 2.2.2) 

were also separated by GPC Super 30/200 column chromatography (data 

not shown). Native chloroplast SBE2.1 and SBE2.2 proteins were detected 

by western blotting and were only found in fractions corresponding to 

molecular weight ranging from 156 kDa to 100 kDa, which were slightly 

higher than the expected molecular weight of monomeric SBE2.1 or SBE2.2 

(97 kDa and 92 kDa respectively). This may be due to the limitation of GPC 

accuracy, and also the presence of an S-tag, which is about 4.5 kDa (4.3.3). 

Thus, the functional S-tagged recombinant SBE2.1 or SBE2.2 eluted with 
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molecular weight ranging from 245 kDa to 100 kDa were assumed to be the 

monomeric form, comparable to the native folded chloroplast SBE2.1 or 

SBE2.2.  

 

It is very important to ensure that the recombinant SBE proteins, expressed 

in E. coli cells, maintain their catalytic activities with correct folding. Thus, 

catalytic activities of the soluble, GPC-purified recombinant proteins were 

detected using SBE zymogram and 14C incorporation assays (section 4.3.6). 

Both wild-type recombinant SBE2.1 and SBE2.2 actively synthesized glucan-

oligo polymers using the SBE zymogram assay (Figure 4-14). However, the 

catalytic activity of recombinant SBE2.1 could not be detecte using the 14C 

incorporation assay (Figure 4-16). Similar results were observed when 

detecting the activity of the native chloroplast SBE2.1 in chapter 3 (Figure 3-

7). SBE activity of the Arabidopsis mutant lacking SBE2.2, which 

consequently represented only SBE2.1 activity, was only detected on SBE 

zymograms but not by the 14C assay. By contrast, the activity of both native 

chloroplast and recombinant forms of SBE2.2 could be detected by both SBE 

zymograms and the 14C assay. Thus, in both endogenous and recombinant 

forms, SBE2.1 activity is only detectable when using zymograms. In chapter 

3, I hypothesized that maltoheptaose was required to detect the activity of 

SBE2.1, which is the only difference in substrates used when comparing BE 
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zymograms with the 14C assay. However, when maltoheptaose was not 

included in the non-denaturing zymogram gel, the same SBE2.1 activity 

bands were detected (data not shown). Thus, the reasons for this difference 

between SBE2.1 and SBE2.2, remain unclear. 

 

Recombinant maize SBE proteins were generated by F. Liu (2010), and the 

activities of the proteins were also detected by the 14C incorporation assay 

(Liu 2010). Comparing the activity of GPC-purified, recombinant, wild-type 

Arabidopsis-SBE2.2, presented in this work, with the recombinant maize 

SBEs, the activity of Arabidopsis recombinant SBE2.2 was nine-fold higher 

than recombinant maize SBEIIa and about twelve-fold higher than 

recombinant maize SBEI and SBEIIb (Liu, 2010). However, the maize 

recombinant SBE proteins were not partially purified by GPC, so the SBE 

specific activity may have been underestimated as a result of SBE protein 

aggregates being formed or the presence of chaperone proteins. 

Recombinant Arabidopsis SBE2.1 and SBE2.2 proteins possessing a hexa 

His-tag were generated by Brust et al (2014). Activity of the His-tag purified 

recombinant SBE2.1 and SBE2.2 were also observed on zymograms, though 

their activities cannot be directly compared to the S-tagged recombinant 

proteins generated in the present work, due to the differences in purity and 

protein amounts loaded onto the zymogram gels. 



226 

 

Previous studies have demonstrated that mutagenesis of protein-encoding 

sequences by amino acid replacement can render the resulting protein 

functionally inactive (Matsunaga et al, 1990; Guo et al., 2014). Thus, in the 

present work, obtaining the active, mutated, recombinant proteins will be 

crucial for later studies on SBE protein phosphorylation and protein-protein 

interactions (as will be described in next chapter). Mutant SBE2.2 activities 

were detected using the 14C incorporated phosphorylase “a” assay (Figure 

4-16), all mutants showed lower catalytic activities as compared to wild-type 

recombinant Arabidopsis SBE2.2. Ser290 > Ala mutants showed a severe 

decrease on its catalytic activity (Figure 4-16). Similar reductions in activity of 

maize SBEIIb Ser286 > Ala (conserved as Arabidopsis S290) recombinant 

proteins have also been detected (Makhmoudova, not published). Previous 

studies demonstrated that Ser290 is located at one of the end of an 8-

stranded parallel β-barrel, which is proposed to be the active site involved in 

substrate binding and catalysis. Thus, the Ser290 > Ala mutation may cause a 

conformation change of SBE2.2, leading to a lower catalytic activity, or 

because the Ser209 site is necessary for SBE2.2 substrate binding. 

Interestingly, the recombinant SBE2.2 double mutant Ser290Ser301 > AlaAla 

was markedly more active than the Ser290 > Ala, single mutant (more than 

double), suggesting enzyme activity of mutated SBE2.2 Ser290 > Ala was 

partially recovered by the secondary Ser301 > Ala mutation. The reason 
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behind this recovery in activity is unclear. Mutation of SBE2.2 Asp653 to Ser 

resulted in an enzyme with about half the activity of wild-type (Figure 

4-16).This might be due to conformational changes of the recombinant 

protein and is interesting because this region is in a disorganized loop, far 

from the active site (Makhmoudova et al., 2014). Further studies on 

conformational changes and the resulting effects on the function of these 

mutant proteins need to be investigated, for example, through elucidation of 

3D structure through x-ray crystallography or NMR. Even though mutated 

proteins showed reduced activities, based on the phosphorylase “a” 

stimulation assay, they were still partially functional and thus can be used for 

further study. 

 

Catalytic activates of the immobilized enzymes were also detected by the 

branch linkage assay, using amylose as substrate (Figure 4-17). The branch 

linkage assay is the most direct and quantitative assay for BE activity, it 

measures the number of branched chains formed (Borovsky et al., 1975; 

Takeda et al., 1993). However, relatively pure BE protein is required for this 

assay, since amylolytic and debranching enzymes can interfere with the 

assay. After binding the recombinant Arabidopsis SBE wild-type and mutated 

proteins to S-protein agarose beads, relatively pure proteins were obtained 

(Figure 4-12, Figure 4-13) and thus the assay can be applied. Figure 4-17 
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showed each individual immobilized enzyme was functionally active. 

However, activities of the SBE2.2 double mutant Ser290Ser301 > AlaAla and 

the single mutation, Asp653 > Ser, recombinant proteins were about half the 

value of wild-type SBE2.2. These results are consistent with the 14C 

incorporation assay (Figure 4-16). Interestingly, the immobilized mutated 

S290 > Ala SBE2.2 had similar activity compared to wild-type immobilized 

SBE2.2. Before immobilization to S-protein agarose beads, the S290  > Ala 

mutated protein resulted in much lower activity compared to wild-type 

SBE2.2, based on the phosphorylase “a” stimulation assay (Figure 4-13). 

This was not carried out with immobilized enzymes, and the activities based 

on two different assays are therefore not directly comparable. In the branch 

linkage assay, gelatinized amylose was used as the glucan substrate. 

Following the reaction, the number of reducing terminals formed after 

debranching was measured. However, the phosphorylase “a”-stimulation, 14C 

assay, measures the stimulation of unprimed glucan synthesis (no added 

glycogen or maltoheptaose) from phosphorylase “a” by SBE activity. The 

mutated SBE, S290 > Ala, may prefer amylose as substrate (in the branch 

linkage assay), however, this mutation may effect the enzyme binding to the 

substrate formed by phosphorylase “a” in the 14C incorporation assay. The 

kinetic properties of the wild-type and mutated SBEs need to be investigated 

in the future studies. In conclusion, the results showed that the immobilized 
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wild-type and mutated recombinant proteins were catalytically active, though 

reduced activity was observed in the Ser290Ser301 > AlaAla mutation. 

 

In summary, recombinant Arabidopsis starch branching enzymes were 

successfully expressed and purified. Generation of mutated recombinant 

proteins by site-directed mutagenesis presents a useful tool for studies on 

the phosphorylation sites of SBE. The recombinant proteins will be used in 

the following chapter for studies of protein phosphorylation and protein-

protein interactions. 
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Chapter 5 
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5. Use of immobilized recombinant proteins to study protein 

phosphorylation and protein-protein interactions of Arabidopsis SBEs 

5.1 Introduction 

Protein phosphorylation of SBEI and SBEIIb has been investigated in cereal 

amyloplasts (Tetlow et al., 2004a; Liu et al., 2009; 2010). The 

phosphorylation of SBEIIb has been shown to be exclusively on Ser residues 

(Tetlow et al., 2004a; Makhmoudova et al., 2014). Three phosphorylation 

sites (Ser649, Ser286 and Ser297, maize numbering) on maize SBEIIb have 

been identified (Makhmoudova et al., 2014), two of them, Ser286 and Ser297 

are highly conserved in all plants including Arabidopsis (Figure 1-11). In the 

previous chapter, wild-type and mutated (Ser > Ala at conserved putative 

phosphorylation sites), recombinant SBE2.2 proteins with S-tag were 

expressed in ArcticExpress E. coli cells. In this chapter, these recombinant 

proteins will be used to detect the protein phosphorylation levels and to 

investigate the putative phosphorylation sites on Arabidopsis SBE2.2.  

 

Protein-protein interaction between Arabidopsis starch biosynthetic enzymes 

has been demonstrated in the previous chapters by co-immunoprecipitation 

(Co-IP) and was suggested by the study of starch granule bound proteins. 

However, purification of native protein complexes is difficult if protein-protein 
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interactions are weak, or the target protein abundances in plastids are 

relatively low. Compared to cereal amyloplasts, a relatively low abundance of 

starch biosynthetic enzymes was found in Arabidopsis leaf chloroplasts. This 

makes it difficult to investigate the protein-protein interactions and protein 

phosphorylation by employing the endogenous starch biosynthetic enzymes. 

In chapter 2, protein-protein interaction between Arabidopsis SS2 and 

SBE2.2 was implied by the absence of SBE2.2 in ss2- mutant starch 

granules. However, it was hard to detect direct interaction between them by 

Co-IP or gel permeation chromatography (GPC) since most of the SS2 is 

localized in the insoluble starch granules during starch biosynthesis. In 

previous studies, recombinant proteins have been used as a “bait” to pull 

down interacting starch biosynthetic enzymes from cereals (Liu et al., 2009; 

Subasinghe et al., 2014). For instance, maize SSI, SBEIIa, SBEI and SP 

were used to reconstruct protein complexes by incubating recombinant forms 

of each with either maize wild-type or ae- amyloplast lysates (Liu et al., 2009; 

Subasinghe et al., 2014). It has also been shown that physical assembly of 

the starch biosynthetic enzyme complexes found in cereal amyloplasts is 

regulated by protein phosphorylation of SBE isoforms (Tetlow et al., 2004; Liu 

et al., 2009; Liu et al., 2011).  

 

Thus, in this chapter, phosphorylation of wild-type and mutated recombinant 
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SBE proteins was detected by [γ-32P]-ATP labelling. Two phosphorylation 

sites were identified on SBE2.2. Functional purified recombinant SBE2.1 and 

SBE2.2 (wild-type and mutated) proteins were used as bait to pull down 

starch biosynthetic enzymes that interact. Effects of protein phosphorylation 

on protein-protein interactions of recombinant Arabidopsis SBE with other 

starch biosynthetic enzymes were also investigated. Because of the low 

abundance of soluble starch biosynthetic enzymes in Arabidopsis chloroplast 

stroma, especially SS2, (which interacts with SBE2.2 but was mainly found in 

starch granules) proteins from maize amyloplasts were employed in this 

chapter to reconstitute protein complexes with recombinant Arabidopsis 

SBE2.2.   
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5.2 Material and Methods 

5.2.1 Maize amyloplast isolation 

Maize endosperm amyloplasts were purified by using a modification of the 

method described by Tetlow et al. (1993). Fresh maize kernels at 20-25 days 

after pollination (90-100 g) were chopped with razor blades in ice-cold 

amyloplast extraction buffer containing 50 mM HEPES/KOH, 0.8 M sorbitol, 1 

mM KCl, 2 mM MgCl2 pH 7.5. The resulting whole cell extract was filtered 

through four layers of Miracloth (CalBiochem, catalogue no. 475855) wetted 

in the same buffer. Approximately 20 ml of the filtrate was layered onto 15 ml 

of 3% (w/v) Histodenz (Sigma, catalogue no. D2158) in amyloplast extraction 

buffer followed by centrifugation at 100 g at 4ºC for 20 min with brake off. 

Supernatant was discarded. Intact amyloplasts appeared as a yellow ring, on 

top of the starch in the pellet, and were lysed by addition of ice-cold rupturing 

buffer. The lysate was centrifugated at 14 000 g for 10 min at 4ºC to remove 

starch granules and membranes. The resulting amyloplast stromal extract in 

the supernatant was flash-frozen in liquid nitrogen and stored at -80ºC until 

future use. 
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5.2.2 Phosphorylation of maize amyloplast stromal proteins 

Maize amyloplast stromal proteins in rupturing buffer containing 5 mM Mg2+ 

were incubated with ATP (Sigma catalogue no. A7699) at a final 

concentration of 1 mM at room temperature for 1 hour on an orbital rotator. 

The resulting ATP-treated amyloplasts were then used for reconstituting 

protein complexes (section 5.2.5). 

 

5.2.3 Dephosphorylation of maize amyloplast stromal proteins 

Approximately 25 units of APase (NewEngland catalogue no. P0753S) was 

added to 1 ml (1 mg protein/ml) protein lysates and incubated for 1 hour at 

room temperature on an orbital rotator. The resulting dephosphorylation-

treated amyloplasts were then used to investigate function of protein 

complexes (section 5.2.5). 

 

5.2.4 In vitro phosphorylation of recombinant SBEs 

Wild-type Arabidopsis chloroplast lysates and a recombinant maize protein 

kinase (gift of Makhmoudova, personal communication) were used as 

sources of protein kinase(s). Phosphorylation was carried out by incubating 

approximately 50 µg of immobilized recombinant SBE protein on S-protein 
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agarose beads with 200 µl of the source of protein kinase (1 mg/ml protein in 

plastids, 0.08 mg/ml recombinant protein kinase) in the presence of [γ-32P]-

ATP (20 µCi) and 50 µM unlabeled ATP at room temperature, and samples 

were rotated for 20 min. Unbound proteins and non-incorporated ATP were 

washed out from the samples with 5 ml 5X S-tag washing buffer containing 

100 mM Tris-HCl pH7.5, 750 µM NaCl and 0.5% Trition. 50 µl of 2X SDS 

loading buffer was added to each sample, which was next heated at 95°C for 

5 min prior to SDS-PAGE and western blotting. The 32P-labelled proteins 

resolved in SDS-PAGE immunoblot were detected by autoradiography with 

BioMax light film (KODA, catalogue no. MKBR6926). Exposures in dark took 

approximately 2-3 weeks at -80°C. 

 

5.2.5 Reconstitution of protein complexes using immobilized, recombinant 

SBE proteins as bait for amyloplast stromal proteins 

S-tagged recombinant SBE2.1 and SBE2.2 were purified on S-protein 

agarose beads as described in section 4.2.8. Approximately 30 µg of 

recombinant SBEs was conjugated with 30 µl of S-protein agarose beads 

according to the manufacturer’s manual. To minimize the non-specific binding 

of amyloplast stromal proteins, the S-agarose beads were pre-coated with 

BSA before incubating with maize amyloplast stromal proteins. F. Liu (2010) 
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showed this could significantly reduce non-specific interactions. Recombinant 

SBE2.2 conjugated S-protein agarose beads and 30 µl S-protein agarose 

beads without recombinant protein (control) were incubated with 1.5% (w/v) 

bovine serum albumen (BSA) at room temperature for 25 min to block non-

specific binding of protein. After incubation, the BSA mixtures were 

centrifuged at 1 000 g for 2 min at 4°C to collect the beads. The supernatant 

containing unbound BSA was discarded, and the S-agarose beads were 

incubated with amyloplast lysates (approximately 0.7 ml 1 mg/ml protein) for 

60 min. After incubation, each mixture was transferred onto a Bio-Rad 

Polyprep chromatography column (Bio-Rad, catalogue no. 731-1550) and 

washed with 250 ml 1X S-tag washing buffer containing 20 mM Tris-HCl pH 

7.5, 150 mM NaCl, 0.1% [v/v] Triton X-100 to remove non-specifically bound 

proteins from the amyloplast lysate. The washed agarose beads were then 

boiled in 2X SDS loading buffer at 95°C for 10 min with constant mixing, 

followed by centrifugation at 14 000 g for 5 min. The eluted proteins in the 

supernatant were analysed by SDS-PAGE and immunoblots probed with 

purified peptide-specific anti-maize SS and SBE antibodies (Courtesy of F. 

Liu and A. Makhmoudova).  
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5.3 Results 

5.3.1   32P-labelling of recombinant Arabidopsis SBE2.1 and SBE2.2 

Recombinant SBE proteins from E. coli cell lysates, before or after GPC 

purification, were immobilized to S-protein agarose beads and labeled with 

[γ-32P]-ATP. Immobilized, wild-type, recombinant Arabidopsis SBE2.1 and 

SBE2.2 were phosphorylated in the presence of Arabidopsis chloroplast 

extracts, used as a source of protein kinase and [γ-32P]-ATP in vitro. 

Relatively pure immobilized recombinant SBE2.1 and SBE2.2 of the 

expected sizes, approximately 99 kDa and 95 kDa, respectively, were 

visualized on nitrocellulose stained by Ponceau-S (Figure 5-1). Proteins on 

the same blots were also detected by S-tag antibody. Truncated bands of 

lower molecular weight were detected in the non-GPC purified samples 

(Figure 5-1 A) by S-tag antibody. However, less contaminated immune 

reactive bands of the expected size were detected in the GPC purified and S-

protein protein samples (Figure 5-1 B). Autoradiography demonstrated 

phosphorylation of polypeptides corresponding to the immobilized SBE2.1 

and SBE2.2. A single phosphorylated band corresponding to each of SBE2.1 

or SBE2.2, respectively, was detected in the GPC purified protein samples. 
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Figure 5-1. In vitro phosphorylation of recombinant Arabidopsis SBEs. (A) 

Recombinant proteins from E. coli cell lysate, or (B) lysates partially purified from GPC, 

were immobilized to S-protein agarose beads. Immobilized recombinant proteins (30 

µg for A, 10 µg for B, were visualized by Ponceau-S staining, left panel) were 

incubated with Arabidopsis chloroplast lysates (purified 4 hours into the light period, 

during a 16/8 hour day/night cycle, 1 mg protein/ml) as a source of protein kinase and 

0.1 mM [γ-32P]-ATP for 20 min at 25ºC. The purified proteins were separated by SDS-

PAGE and immunoblots probed with S-tag antibody. M indicates molecular weight 

markers with molecular weight shown on the left of each blot.  



240 

 

5.3.2 Identification of putative phosphorylation sites on SBE2.2 

Functional, mutated recombinant proteins with Ser290 > Ala, Ser 301 > Ala, and 

Ser209Ser301 > AlaAla were generated (described in chapter 4). After partial 

purification of the recombinant proteins by GPC, catalytically active 

recombinant proteins were immobilized to S-protein agarose beads. The 

immobilized wild-type and mutated recombinant proteins were incubated with 

chloroplast lysate as a source of protein kinase and [γ-32P]-ATP (Figure 5-2). 

The results show that the Ser290 > Ala and Ser301 > Ala mutations caused 

substantial loss of 32P-labelling compared to wild-type protein. 

Phosphorylation of SBE2.2 was not detectable in the Ser290Ser301 > AlaAla 

double mutant. However, a lower molecular weight (truncated protein) band 

of approximately 70 kDa was observed on the immunoblot. The 

corresponding 32P-labelling was detected, and was relatively stronger in the 

single Ser290 > Ala and Ser301 > Ala mutation, when compared to wild-type 

and the double-Ser mutated protein.  

 

A calcium-dependent protein kinase (CDPK), partially purified from maize 

amyloplasts, was previously shown to specifically phosphorylate maize 

SBEIIb on Ser297 and Ser649 (maize numbering). Maize Ser297 is conserved in 

Arabidopsis as SBE2.2 Ser301 (Makhmoudova et al., 2014). The purified 
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recombinant CDPK (courtesy of Makhmoudova) was also used as a source 

of protein kinase to phosphorylate the immobilized Arabidopsis wild-type and  

mutated recombinant SBE2.2 proteins by incubating together with [γ-32P]-

ATP (Figure 5-3). Figure 5-3 shows recombinant wild-type and mutated 

Arabidopsis SBE2.2 proteins can be phosphorylated by the recombinant 

CDPK. Stronger labeling of maize SBEIIb was observed compared to 

Arabidopsis proteins. Reduction in 32P-labeling was observed in SBE2.2 

mutated at Ser290 > Ala, whereas slightly stronger 32P-labeling was observed 

in protein mutated at Ser301 > Ala when compared to the Arabidopsis wild-

type SBE2.2. 
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Figure 5-2. 32P-labelling of site specific SBE2.2 mutants using Arabidopsis chloroplast 

lysates as a source of protein kinase. Recombinant Arabidopsis SBE2.2 and a series 

of putative phosphorylation site mutants were partially purified from GPC and 

immobilized to S-protein agarose beads. The immobilized recombinant proteins were 

incubated with 0.1 mM [γ-32P]-ATP and Arabidopsis chloroplast lysate (purified at 4 

hours light, during a 16/8 hour day/night cycle, 1 mg protein/ml) for 20 min at 25ºC. 

Left gel, Immobilized beads were washed and 20 µg proteins separated by SDS-PAGE, 

electro-blotted to a nitrocellulose membrane and visualized using SBE2.2 antibody. 

Right gel, 32P-labelling of the electro-blotted recombinant proteins visualized by 

autoradiography. M indicates molecular weight markers with molecular weight shown 

on the left of the blot. Red arrow indicates the recombinant proteins of the expected 

size. Green arrow indicates a truncated protein of about 70 kDa.  
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Figure 5-3. 32P-labelling of site specific SBE2.2 mutants by a recombinant maize 

calcium-dependent protein kinase (CDPK). Recombinant Arabidopsis SBE2.2 and a 

series of putative phosphorylation site mutants were partially purified from GPC and 

immobilized to S-protein agarose beads. The immobilized proteins were incubated with 

0.1 mM [γ-32P]-ATP and recombinant CDPK (100 µl, 0.08 mg/ml recombinant protein 

kinase) for 20 min at 25ºC. Left gel, immobilized SBE2.2 polypeptide were washed and 

20 µg separated by SDS-PAGE, electro-blotted to a nitrocellulose membrane and 

visualized using anti-S-tag antibodies. Right gel, 32P-labelling of the electro-blotted 

recombinant proteins visualized by autoradiography. M indicates molecular weight 

markers with molecular weight shown on the left of the blot. Red arrow indicates the 

recombinant proteins with the expected size. 
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5.3.3 Optimization of conditions for reconstitution of protein complexes 

Starch biosynthetic enzymes in chloroplasts are of relatively low abundance 

as shown in chapter 2. In particular, Arabidopsis SS2, which is the enzyme 

which interacts with SBEs in cereal amyloplasts, is mainly localized in the 

chloroplast starch granules during the day time (section 2.3.2). To circumvent 

this problem, proteins from maize amyloplast lysates were employed as a 

source of starch biosynthetic enzymes when using recombinant Arabidopsis 

SBE to investigate protein-protein interactions. Amyloplasts are responsible 

for starch biosynthesis and contain relatively higher protein levels of starch 

biosynthetic enzymes compared to chloroplasts. Catalytically active 

recombinant Arabidopsis SBE2.2 protein (note, unpurified by GPC) was 

immobilized onto S-agarose beads as “bait” to investigate interactions with 

proteins from amyloplasts. In previous studies, using recombinant maize 

SBEIIa and SBEIIb, unpurified by GPC, as “bait”, the phosphorylation-

dependent protein-protein interactions between maize amyloplast SSI, SSII 

and recombinant SBEs (SBEIIa and SBEIIb) were successfully detected. It 

was important to determine the appropriate amount of recombinant protein to 

be used as a bait to “pull down” interacting proteins. Too much recombinant 

bait protein may lead to false or non-specific binding and unreliable results. 

Thus, in the present study, immobilized recombinant SBE2.2 of different 

protein content (10 µg-40 µg) was used as bait to investigate protein-protein 
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interactions by incubating with 700 µl (1 mg protein/ml) amyloplasts (section 

5.2.5, Figure 5-4). Proteins interacting with recombinant SBE2.2 were 

detected by anti-maize SSI, SSII, and SBEIIb antibodies (Figure 5-4). Using 

30-40 µg of immobilized recombinant SBE2.2 resulted in “pull down” of SSI 

and SSII from maize amyloplast lysates, whereas using 10-20 µg of 

recombinant protein did not. Using 40 µg of recombinant SBE2.2 produced 

the clearest interactions with SSI and SSIIa. The controls, using S-agarose 

beads lacking immobilized SBE2.2, did not result in pull-down of stromal SSI 

or SSII. This demonstrates that interactions between Arabidopsis SBEs and 

maize SSI and SSIIa are not due to non-specific binding with S-protein 

agarose beads. Approximately 30 µg of immobilized recombinant 

Arabidopsis SBE2.2 was used, in the following experiments to investigate 

protein-protein interactions in more detail.  
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Figure 5-4. Titration of immobilized recombinant Arabidopsis SBE2.2 as affinity ligands 

to investigate protein-protein interactions. Immobilized recombinant Arabidopsis 

SBE2.2 (10-40 µg) was incubated with 0.7 ml of amyloplast lysate (1 mg protein/ml) for 

1 hour at 25°C. After removal of the plastidial lysate, S-agarose beads containing the 

recombinant protein and any interacting proteins were washed and boiled in 200 µl 2X 

SDS loading buffer. Proteins (Approximately 7 µg of recombinant SBE2.2 and 

interacting proteins were loaded per lane, from 200 µl 2X SDS loading buffer) were 

separated by SDS-PAGE on 10% acrylamide gels, blotted onto nitrocellulose, and 

probed with peptide-specific, anti-Arabidopsis SBE2.2 antibody, anti-maize SSI, SSII, 

and SBEIIb antibodies. Arrows indicate cross-reactions with the various antibodies. EB, 

empty beads, S-agarose beads lacking recombinant protein. AP, 30 µg of maize 

amyloplast lysate. M indicates molecular weight markers with their molecular weight 

shown on the left of the blot. 
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5.3.4 Effects of protein phosphorylation on protein-protein interactions 

Recombinant Arabidopsis SBE2.1 and SBE2.2, immobilized on S-protein 

agarose beads, were incubated with wild-type maize amyloplast stromal protein 

lysates pre-treated with ATP or APase (Figure 5-5). Figure 5-5 shows that in the 

non-treated and ATP treated amyloplasts, immobilized SBE2.1 and SBE2.2 

were both able to interact with SSI and SSIIa, whereas SBEI, SBEIIb or SP 

were not. Clearly higher amounts of SSIIa were pulled down by SBE2.1 when 

using amyloplasts either without treatment or pre-treated with ATP. Binding of 

SSIIa to SBE2.2 was notably increased when using amyloplasts pre-treated 

with ATP. Much less of SSI and SSIIa were pulled down by SBE2.2 when using 

APase pre-treated amyloplasts. Surprisingly there was no difference in the 

amount of SSI pulled down by SBE2.1 when using amyloplasts pre-treated with 

APase or ATP. The control using S-protein agarose beads without immobilized 

SBE as bait did not pull down any stromal SSI, SSIIa, SBEIIb, SBEI, or SP (lane 

EB, Figure). This control reinforces the view that the interactions between 

Arabidopsis SBEs and maize SSI or SSIIa are not due to non-specific binding 

with S-protein agarose beads.  
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Figure 5-5. Use of recombinant Arabidopsis SBE2.1 and recombinant SBE2.2 as affinity 
ligands to reconstitute interactions with proteins in maize amyloplast lysates. Maize 
amyloplast stromal proteins (1 mg protein/ml in rupturing buffer containing 7.5 mM Mg2+) 
were pre-incubated with 1 mM ATP or 25 units APase at room temperature for 1 hour. 
Each of the pre-treated samples was then incubated with 30 µg of catalytically active 
immobilized recombinant Arabidopsis SBEs for 1 hour at room temperature. After removal 
of the plastidial lysates, the beads containing the recombinant proteins and interacting 
proteins were washed and 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. Arrows indicate cross-reactions with the various antibodies. EB, 
empty beads, S-agarose beads without recombinant protein, controls. AP, 30 µg of maize 
amyloplast. M indicates molecular weight markers with their molecular weight shown on 
the left of the blot. 
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5.3.5 Effects of putative SBE2.2 phosphorylation sites on protein-protein 

interactions 

Mutated recombinant Arabidopsis SBE2.2 Ser301 > Ala, Ser290 > Ala and 

Ser290Ser310 > AlaAla proteins were immobilized to the S-agarose beads as bait 

and incubated with amyloplasts pre-treated with ATP to test the function of 

these sites on protein-protein interactions (Figure 5-6). Figure 5-6 showed that 

SSI, SSIIa, and SBEIIb from maize amyloplast lysates were able to bind to the 

wild-type and mutated recombinant SBE2.2, whereas SBEI and SP were not 

bound. No detectable proteins from amyloplast lysates were bound to the S-

agarose beads in the absence of recombinant protein (Figure 5-6).  

 

The mutated recombinant Arabidopsis D653 > Ser protein was immobilized to S-

agarose beads as bait and incubated with amyloplasts pre-treated with ATP 

(Figure 5-7). Figure 5-7 shows that SSI, SSIIa and SBEIIb from maize 

amyloplast lysates could bind to the wild-type and mutant SBE2.2, whereas 

SBEI and SP were not. SSI, SSIIa and SBEIIb showed greater interaction with 

immobilized wild-type SBE2.2 when the lysates were pre-treated with ATP. 

However, no difference was observed when the lysates were pre-treated with 

ATP by using immobilized mutant SBE2.2 D653 > Ser. No detectable proteins 

from amyloplast lysates were bound to S-agarose beads in the absence of 

recombinant protein (EB, Figure 5-7).  
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Figure 5-6. Use of mutant recombinant Arabidopsis SBE2.2 as affinity ligands to 
reconstitute interactions with amyloplast proteins. Maize amyloplast stromal lysates were 
pre-incubated with 1 mM ATP at room temperature for 1 hour with 30 µg of catalytically 
active, recombinant immobilized SBE2.2 at room temperature. After removal of the 
plastidial lysates, the agarose beads containing the recombinant protein and interacting 
proteins were 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. Arrows indicate cross-reactions with the various antibodies. EB (empty beads), 
S-agarose beads without recombinant protein. AP, 30 µg of maize amyloplast. M indicates 
molecular weight markers with their molecular weight shown on the left of the blot. 
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Figure 5-7. Effect of mutating putative SBE2.2 phosphorylation sites on interactions with 
other enzymes of starch synthesis. Maize amyloplast stromal proteins (1 mg protein/ml) 
were pre-incubated with 1 mM ATP at room temperature for 1 hour. Each of the pre-
treated samples was then incubated with 30 µg of catalytically active, immobilized 
recombinant Arabidopsis SBE2.2 for 1 hour at room temperature. After removal of the 
plastidial lysates, the beads containing recombinant proteins 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. Arrows indicate cross-reactions with the various antibodies. EB (empty beads), 
S-agarose beads without recombinant protein. AP, 30 µg of maize amyloplast proteins (1 
mg protein/ml). M indicates molecular weight markers with their molecular weight shown 
on the left of the blot. 
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5.3.6 Reconstitution of protein complexes by using amyloplasts from maize 

mutants 

It cannot be ruled out that, in the present work, the observed reconstitution of 

protein complexes between native maize SSI, SSIIa, SBEIIb and recombinant 

Arabidopsis SBE2.2 is not a direct interaction between Arabidopsis SBE2 and 

maize SSI or SSII. It is possible that Arabidopsis SBE2.2 could interact with 

maize SBEIIb or some “common” protein, consequently interaction between 

Arabidopsis SBE2.2 and maize SSI and/or SSII could be via maize SBEIIb or 

some other “common” protein. Thus, immobilized recombinant Arabidopsis 

SBE2.2 protein was used as bait to reconstitute protein complexes with maize 

amyloplast stromal proteins in a sbei-sbeiib- mutant (Figure 5-8). Similar 

experiments using immobilized SBE2.2 were performed with maize amyloplast 

stromal proteins from a sbei-sbeiib- null mutant, pre-treated with ATP (Figure 

5-8). Consistent with the above experiments, Figure 5-8 shows that immobilized 

SBE2.2 was able to bind SSI and SSIIa, stronger bands were detected when 

samples were incubated in the presence of ATP. In the SSI western blot, the 

protein band observed at approximately 77 kDa was due to SSII cross reaction 

with SSI antibody. The peptide-specific anti-maize SSI antibody was shown to 

cross-react with SSIIa in previous studies (Liu, Makhmoudova; personal 

communication). Surprisingly, SP was found to interact with SBE2.2, but no 

difference was observed when the lysates were pre-treated with ATP. 

Unfortunately, a control using APase to dephosphorylate samples was not used 

in these experiments. 
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Figure 5-8. Use of recombinant Arabidopsis SBE2.2 as affinity ligands to reconstitute 
interactions with proteins in maize sbei-sbeiib- double null mutant amyloplast lysates. 
Maize amyloplast stromal proteins (1 mg protein/ml in rupturing buffer containing 7.5 mM 
Mg2+) were pre-incubated with 1 mM ATP at room temperature for 1 hour. Each of the pre-
treated samples was then incubated with 30 µg of catalytically active immobilized 
recombinant Arabidopsis SBEs for 1 hour at room temperature. After removal of the 
plastidial lysates, the beads containing the recombinant proteins 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. Arrows indicate cross-reactions with the various antibodies. EB, 
empty beads (S-agarose beads without recombinant protein). AP, 30 µg of maize 
amyloplasts. M indicates molecular weight markers with their molecular weight shown on 
the left of the blot. 
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5.4 Discussion 

Starch branching enzymes were the first class of starch biosynthetic enzymes 

shown to be regulated by protein phosphorylation (Tetlow et al., 2004). However, 

the role of protein phosphorylation in regulating and coordinating interactions 

with enzymes of starch metabolism is not well understood. In this chapter, 

phosphorylation-dependent assembly of multi-enzyme complexes between 

Arabidopsis SBEs and maize SSs were demonstrated by in vitro reconstitution. 

Two conserved phospho-Ser residues on Arabidopsis SBE2.2 were identified 

but the role of these phosphorylation sites in regulating their interactions with 

other starch biosynthetic enzymes was not apparent. 

 

Protein phosphorylation of SBEII was previously found in cereal starch 

biosynthesis in maize and wheat amyloplasts (Tetlow et al., 2004a; Liu et al., 

2009; 2011; Makhmoudova et al., 2014) and in wheat chloroplasts (Tetlow et al., 

2004a). In the present study, phosphorylation of immobilized, catalytically active, 

recombinant Arabidopsis SBE2.1 and SBE2.2 was investigated by incubating 

them with [γ-32P]-ATP and chloroplast lysates, as a source of protein kinase 

(Figure 5-1). The results suggest that phosphorylation of SBE2(II) is a general 

mechanism which regulates starch biosynthesis in both monocots and dicots. In 

chapter 2, activity of SBE in Arabidopsis chloroplasts was shown to be 

increased by protein phosphorylation (addition of ATP) and decreased by 

dephosphorylation (addition of APase). Thus, the observed stimulation of 
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polysaccharide synthesis by pre-treatment with ATP in isolated chloroplasts 

(Figure 2-10), may be at least partially explained by the activation of SBE2 

isoforms by protein phosphorylation. Partial purification by GPC before 

immobilization of SBE2.2, resulted in much clearer 32P labeling of the enzyme 

(Figure 5-1), suggesting that GPC removal of inactive oligomers of the 

recombinant enzyme is important for obtaining relatively pure, active proteins to 

the study of protein phosphorylation. 

 

Mutated recombinant proteins were employed in the present work to investigate 

the role of putative phosphorylation sites of SBE2.2. Mutation of Arabidopsis 

SBE2.2 of Ser290 > Ala and Ser301 > Ala gave rise to reduced 32P-labeling of the 

enzyme when incubated with chloroplast lysates as a source of protein kinase. 

Mutation of both Ser290Ser301 > AlaAla resulted in complete loss of 32P-labeling 

(Figure 5-2). This suggests that Ser290 and Ser301 are the major phosphorylation 

sites of Arabidopsis SBE2.2, although the possibility of others cannot be 

completely excluded. Alignment of SBEII sequences showed that Ser290 and 

Ser301 (Arabidopsis numbering) residues are highly conserved in all plant SBEII 

homologues. Truncated recombinant SBE2.2 proteins, of approximately 70 kDa 

molecular weight, were detected by peptide-specific, Arabidopsis anti-SBE2.2 

antibodies, and also showed 32P labeling following phosphorylation by 

chloroplast extracts (Figure 5-2). Curiously, truncated mutated proteins of 

SBE2.2 Ser290 > Ala and Ser301 > Ala showed stronger 32P labeling than wild-

type, and also than the double-Ser-mutated proteins (which showed no 
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phosphorylation). This might suggest that truncated SBE2.2 could be 

phosphorylated on other phosphorylation sites beside Ser290 and Ser301. It is 

speculated that the unidentified new phosphorylation site(s) could be highly 

phosphorylated when only one of Ser290 or Ser301 is phosphorylated. Or it could 

be that one of Ser290 or Ser301 is more phosphorylated in the truncated protein in 

the absence of the other site. Previous studies in maize amyloplasts showed 

that two different calcium-dependent protein kinases (CDPKs) are responsible 

for the phosphorylation of maize SBEIIb on Ser286 and Ser297 respectively, 

whereas the SBEIIb Ser649 site can be phosphorylated by both protein kinases 

(Makhmoudova et al., 2014). One of the kinases has been successfully 

expressed in E. coli and the purified activated recombinant protein kinase 

(Makhmoudova, personal communication) was employed in the present work to 

phosphorylate Arabidopsis recombinant SBE2.2 (Figure 5-3). Figure 5-3 

showed that Arabidopsis wild-type recombinant SBE2.2 can be phosphorylated 

by the recombinant CDPK kinase, but much less 32P labeling was detected 

compared to the same amount of recombinant maize SBEIIb. This is likely 

because the maize Ser649 site (not conserved in Arabidopsis SBE2) is highly 

phosphorylated by either protein kinase (Makhmoudova et al., 2014). 

Interestingly, all of the SBE2.2 mutated, recombinant proteins used could be 

phosphorylated by this recombinant CDPK. Less 32P-labelling of the mutated 

Ser290 > Ala was observed compared to the wild-type SBE2.2 protein, 

suggesting the CDPK may specifically phosphorylate Ser290 of Arabidopsis 

SBE2.2. Slightly stronger 32P-labeling of the mutated Ser301 > Ala protein was 
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detected and may because the non-mutated phosphorylation site became more 

phosphorylated. The existence of other phosphorylation sites on SBE2.2 cannot 

be excluded, since the double Ser209Ser301 > AlaAla mutated protein could still 

be phosphorylated by the maize CDPK 

 

Immobilized recombinant proteins have been applied previously to study 

protein-protein interactions. This approach is useful for both testing predicted 

protein-protein interactions and as an initial screening assay for identifying 

previously unknown protein-protein interactions (Einarson et al., 2001; Vikis and 

Guan, 2004). In the present work, maize amyloplast stromal proteins were used 

for reasons explained earlier. The data in Figure 5-5 indicate that immobilized 

recombinant SBE2.1 and SBE2.2 are able to form protein complexes with wild-

type amyloplast stromal SSI, and SSIIa, but not with either SBEI or SP. SBE2.2 

is able to form protein complexes with wild-type amyloplast  

stromal SBEIIb,.but this interaction was not consistant detected. This may  

have arisen as a result of variability in the preparation of amyloplasts  

used as a source of SBEIIb. Results in chapter 2 led to the hypothesis that 

Arabidopsis SS2 and SBE2.2 interact. In this chapter, direct interaction between 

maize SSIIa and Arabidopsis SBE2.2 was detected, suggesting that this is a 

general mechanism in starch biosynthesis, whether in amyloplasts or 

chloroplasts. Maize amyloplast SSI was also shown to interact with Arabidopsis 

recombinant SBE2.1 or SBE2.2. The protein complexes detected here are 

consistent with those detected in Arabidopsis sbe- single mutants (chapter 3). In 
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sbe- single mutants, interaction between SS1, SS2 and SBE2.1/SBE2.2 was 

implied by studying the starch granule proteome. 

 

Formation of protein complexes between Arabidopsis SBE recombinant proteins 

and amyloplast stromal proteins was found to be regulated by protein 

phosphorylation. As observed, protein-protein interactions were enhanced by 

pre-treatment with ATP and disrupted by APase (Figure 5-5). Similar results 

have been observed previously in wheat and maize (Tetlow et al., 2008; 

Hennen-Bierwagen et al., 2008; Liu et al., 2009). This suggests that protein 

phosphorylation regulation of such protein-protein interaction is a common 

feature of starch biosynthesis in both dicots and monocots.  

 

Recombinant maize SBEIIb protein was employed previously to pull down other 

starch biosynthetic enzymes from maize amyloplasts, demonstrating protein 

complexes between SSI, SSII, and SBEIIb (Hennen-Bierwagen et al., 2008; Liu 

et al., 2011). Approximately 120 µg of the immobilized recombinant maize 

SBEIIb was used as bait to pull down proteins in 1 ml (1 mg protein/ml) 

amyloplast stromal lysates. However, the formation of such protein complexes 

between SSI, SSIIa and SBEIIb was not affected by phosphorylation (addition 

of ATP) or dephosphorylation (addition of APase) (Liu 2010). An excess amount 

of immobilized recombinant proteins introduced to amyloplasts could saturate 

the effect of protein phosphorylation and dephosphorylation on the protein-
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protein interactions. Thus, in the present work, the amount of immobilized 

recombinant Arabidopsis SBE2.2, as affinity ligands, was titrated for the pull-

down experiments (Figure 5-4). Protein-protein interactions were observed by 

using approximately 30 µg of the immobilized recombinant SBE2.2 protein. 

Figure 5-5 shows that when using a small amount of recombinant protein 

(approximately 30 µg) as bait, compared to 120 µg used for maize recombinant 

proteins, the effects of protein phosphorylation and dephosphorylation on 

regulating such protein-protein interactions was more readily observed.  

 

In previous studies, protein-protein interactions between SSI, SSIIa and SBEIIb 

were demonstrated in maize amyloplasts (Hennen-Bierwagen et al., 2008). It 

cannot be ruled out that, in the present work, the observed reconstitution of 

protein complexes between native maize SSI, SSIIa, SBEIIb and recombinant 

Arabidopsis SBE2.2 is not a direct interaction between Arabidopsis SBE2 and 

maize SSI or SSII. It is possible that Arabidopsis SBE2.2 could interact with 

maize SBEIIb or some “common” protein, consequently interaction between 

Arabidopsis SBE2.2 and maize SSI and/or SSII could be via maize SBEIIb or 

some other “common” protein. Thus, immobilized recombinant Arabidopsis 

SBE2.2 protein was used as bait to reconstitute protein complexes with maize 

amyloplast stromal proteins in a sbei-sbeiib- mutant (Figure 5-8). Protein 

phosphorylation-dependent interactions between recombinant Arabidopsis 

SBE2.2 and SSI, SSIIa and SP proteins were detected using this mutant. This 

argues that Arabidopsis SBE2.2 interacts with maize SSI and SSIIa directly, not 
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via interaction with SBEIIb when using wild-type maize amyloplast stromal 

proteins. The possibility of there being an as yet unidentified, common, “adapter” 

protein cannot be entirely ruled out. Interestingly, interaction between maize SP 

and Arabidopsis SBE2.2 was detected when using the sbei-sbeiib- mutant 

amyloplast lysates (Figure 5-8). In previous studies, phosphorylation-dependent 

protein-protein interactions between SP, SBEI, and SBEIIb were detected in 

wild-type wheat amyloplasts (Tetlow et al., 2014). However, the same protein 

complexes were not observed in wild-type maize amyloplasts by Co-IP (Liu et 

al., 2009), although recombinant maize SP has been shown to interact SBEIIb 

and SBEI (Subasinghe et al., 2014). Further, in maize ae- mutants (lacking 

SBEIIb), SBEI, SBEIIa and SP were able to form protein complexes with SSI 

and SSII and SP was shown to directly interact with SBEI (Liu et al., 2009). 

Thus, interactions between SSI, SSII, SP and Arabidopsis SBE2.2 observed in 

this study suggest similar mechanisms to those at work in the maize ae- mutant, 

and that SP could interact with SBE. The exact functions of SP and the role of 

the protein complexes formed, involving SBE and SP, in amylopectin 

biosynthesis are not fully understood. The observed protein-protein interactions 

involving Arabidopsis SBE2.2 reported in this chapter, are summarized in Figure 

5-9. 
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(A) Wild-type maize amyloplasts  

 

 

(B) sbei-sbeiib- mutant maize amyloplasts 

 

 

 
 
Figure 5-9. Model of possible protein complexes formed by Arabidopsis recombinant 
SBE2.2 with maize amyloplast stromal proteins.  

 

The possible function of SBE2.2 phosphorylation sites in regulating protein-

protein interactions was investigated using immobilized mutated recombinant 

proteins (Figure 5-6). Figure 5-6 showed the interactions between maize SSI 

and SSII and recombinant Arabidopsis SBE2.2, were not disrupted by the 

mutation of either of the phosphor-Ser sites of Arabidopsis SBE2.2. This 

suggests the function of Ser290 and Ser301 of Arabidopsis SBE2.2 is not to 

regulate the interaction between SBE2.2 and SSI/SSII. If protein complex 

formation is regulated by the protein phosphorylation of SBEII, this implies there 

might be another phosphorylation site on SBE2.2 which regulates the 

interaction. Understanding the function of the phosphorylation sites of SBEII(2) 

is an important goal for future studies. The assembly of protein complexes 

between SSI, SSII and SBE2.2/SBEIIb also raises the possibility that 

phosphorylation of other enzymes is involved, such as 14-3-3 proteins or SSIII, 

which have been shown to be phosphorylated in starch granules (Tetlow et al., 
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2004; Hennen-Bierwagen et al., 2009; Rayirath, 2014). 

 

Phosphorylation of maize SBEIIb on phospho-Ser649 sites has been shown to 

regulate the interaction between maize SBEIIb and SBEI (Liu, personal 

communication). Arabidopsis recombinant SBE2.2 protein in which aspartate 

located at the same site (D653) is mutated to Ser (present in maize SBEIIb as 

Ser649), was immobilized to S-protein agarose beads and used as bait for 

protein complexes with maize amyloplast stromal proteins (Figure 5-7). 

Surprisingly, maize SBEI was not found to interact with the mutated Arabidopsis 

SBE2.2 protein as might have been expected. Interaction between maize SSI, 

SSII and Arabidopsis SBE2.2 (Asp653 > Ser) was still detected. This suggests 

that either the mutated Asp653 > Ser site cannot be phosphorylated or that 

Arabidopsis SBE2.2 does not have the necessary protein domain to interact 

with SBEI. It may be because a more conserved amino acid sequence 

(QRLPS649GKFI) is required for SBEII(2) to be recognized and phosphorylated 

by specific kinase(s) localized in the plastids. In Arabidopsis, the mutated 

SBE2.2, has three neighboring amino acids (QRLSS653GSVI, underlined) which 

are not conserved in cereal SBEII (Figure 1-11), and may be unable to be 

phosphorylated and interact with maize SBEI. It is interesting that the interaction 

between SSI, SSIIa, SBEIIb and immobilized mutant SBE2.2 D653 > Ser, 

showed no stimulation when the lysates were pre-treated with ATP, compared to 

the wild-type. The phosphorylation (ATP)-dependent protein-protein interactions 

between SSI, SSIIa and SBE2.2 were lost as a result of the D653 > Ser mutation.  
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Molecular modeling of maize SBEIIb , demonstrates that S649 (equivalent to 

Arabidopsis SBE2.2 D653) is localized on the surface of the protein in a highly 

disordered region (Figure 1-12, Makhmoudova et al., 2014) close to a highly 

conserved KC663KRRR, protein-protein interaction domain (Liu, 2010; Massey, 

2014). Previous studies have demonstrated that this KC663KRRR domain, in 

particular the C663 residue, is crucial for SBEIIb-SSIIa interaction in maize 

amyloplasts (Massey, 2014). The SBEIIb-SSIIa interaction is weakened as a 

result of a SBEIIb C663 to Y mutation. Thus, it might be that mutation of 

Arabidopsis SBE2.2 D653 to Ser alters the surface charge of the enzyme, which 

subsequently affects the neighboring protein interaction domain, and thus 

modulates SBEIIb-SSIIa interactions. 

 

In conclusion, the work in this chapter has shown that protein phosphorylation-

dependent, protein-protein interactions between SSI, SSIIa and SBEII are a 

general mechanism in monocots and dicots, and are involved in transient and 

storage starch biosynthesis. In Arabidopsis chloroplasts, the two conserved Ser 

phosphorylation sites on SBE2.2 were identified (Ser290 and Ser301), but their 

functions in starch biosynthesis remain unclear. Future work to investigate the 

function of these phosphorylation sites could be done in vitro by studying 

recombinant proteins, for example, to study their catalytic activities, binding 

affinities, and their 3D structures. They can also be studied in vivo by 

complementing mutated (phospho-Ser to Ala) SBE proteins in the Arabidopsis 

sbe2.1-sbe2.2- double mutant. Generation of transgenic plants, containing 
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modified SBE2.2 may have an effect on physical assembly of protein 

complexes and provide a useful means for studying the function of protein-

protein interactions in vivo. Reconstitution of the functional protein complexes 

for constructing starch like polyglucan in vitro will also shed light on potential 

functions of protein-protein interactions. 
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6. Discussion  

In this thesis, protein-protein interactions between starch biosynthetic enzymes 

involved in transient starch synthesis have been studied in Arabidopsis leaves. 

Phosphorylation-dependent physical assembly of protein complexes has been 

detected using in vitro reconstitution between Arabidopsis and maize starch 

biosynthetic enzymes. The phosphorylation-dependent formation of multi-

enzyme complexes between enzymes among two species in starch 

biosynthesis demonstrates this as an important, conserved mechanism of 

regulation among cereals and dicots.  

 

6.1 Protein-protein interaction is a general regulatory process in the core 

pathway of starch biosynthesis  

In plastids, starch is synthesized through the actions of SSs, SBEs, and DBEs. 

In reality, these enzymes do not catalyze the formation of amylopectin as an 

essentially linear series of steps. The physical assembly of protein complexes 

between starch biosynthetic enzymes was first shown in developing wheat 

endosperm by Tetlow et al. (2004a). Subsequently, phosphorylation- dependent 

protein-protein interactions between SSI, SSII, and the predominant form of 

SBEII were detected in wheat and maize amyloplasts (Tetlow et al., 2008; 

Hennen-Bierwgen et al., 2008). In maize amyloplasts, another protein complex 

involving SSIII was detected associated with heterotrimeric protein complexes 

(SSI, SSII and SBEIIb) (Hennen-Bierwagen et al., 2009). However, the protein 
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complexes described above have only been investigated in cereal amyloplasts, 

and it was unknown whether regulation of starch biosynthesis by 

phosphorylation-dependent protein complex assembly is a universal 

mechanism, used in both transient and storage starch biosynthesis. Thus, in 

this work, the study of phosphorylation-dependent protein-protein interactions 

between SSs and SBEs was investigated in Arabidopsis leaves. Availability of 

the entire genome sequence, the corresponding T-DNA insertion mutant lines, 

and the ability to obtain homozygous transgenic plants make Arabidopsis a 

useful tool for studying fundamental mechanisms of starch biosynthesis.  

 

To test the hypothesis that protein-protein interactions are involved in the 

formation of transient starch biosynthesis in Arabidopsis leaf chloroplasts, 

analysis of the leaf starch granule bound proteins was investigated in a series of 

mutants. Liu et al. (2009, 2012) showed that amylopectin biosynthetic enzymes 

localized in starch granules (starch granule bound proteins) are a reflection of 

the components of the multi-enzyme complexes detected in the plastid soluble 

stroma (Liu et al., 2009). It has been revealed that, in wild-type maize 

amyloplasts, SSIIa is the key enzyme that directly interacts with SSI and SBEIIb 

and brings the assembled heterotrimeric protein complex into the starch granule 

(Liu et al., 2012). Thus, starch granule bound proteins in Arabidopsis wild-type, 

ss1-, ss2-, ss3-, sbe2.1- and sbe2.2- plants were investigated (summarized in 

Table 6-1). Protein complexes between Arabidopsis SSs and SBEs in the 

chloroplast stroma were also investigated. 
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Table  6-1. Starch granule bound proteins in Arabidopsis (and the corresponding putative 
protein complexes) 

 

In wild-type Arabidopsis leaves, GBSS, SS2 and SBE2.2 were detected in the 

starch granules at the end of light period (chapter 2). Similar results have been 

observed in storage starch of monocots and dicots (Rahman et al., 1995; Mu-

Forster et al., 1996; Morell et al., 2003; Umemoto et al., 2004; Stensballe et al., 

2008). Interestingly, in the ss2- mutant of Arabidopsis, the loss of SBE2.2 from 

starch granules is therefore hypothesized to be due to the loss of protein-protein 

interactions between SBE2.2 and SS2, which occurs in the stroma of wild-type 

Arabidopsis. This result suggests that the formation of protein complexes 

among soluble starch biosynthetic enzymes is not confined to monocots, and is 

found in chloroplasts as well as amyloplasts. In the Arabidopsis ss3- mutant 

starch granules, loss of SBE2.2 was detected as well (chapter 2, Table 6-1). It 

has been proposed that SSIII in maize could form protein complexes with the 

Genotype 
Missing 
enzyme 
activity 

Starch granule bound 
proteins 

Putative protein complexes 
in chloroplast stoma 

Wild-type - GBSS, SS2 and SBE2.2 
 SS2, SS3 and SBE2.2 

 SS1 and SBE2.1 

ss1- SS1 GBSS, SS2 and SBE2.2 
 SS2, SS3 and SBE2.2 

 SS1 and SBE2.1 

ss2- SS2 GBSS 
 SS3 and SBE2.2 

 SS1 and SBE2.1 

ss3- SS3 GBSS 
 SS2 and SBE2.2 

 SS1 and SBE2.1 

sbe2.1- SBE2.1 GBSS, SS1, SS2, and SBE2.2  SS1, SS2, and SBE2.2 

sbe2.2- SBE2.2 GBSS, SS1, SS2, and SBE2.1  SS1, SS2, and SBE2.1 
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heterotrimeric protein complexes, involving SSI, SSII, and SBEIIb, possibly 

through a phosphorylation-dependent mechanism, involving 14-3-3 proteins 

(Alexander and Morris, 2006; Hennen-Bierwagen et al., 2009), and supports the 

view that loss of protein in a complex (SSIII) means that associated proteins 

may be unable to be trafficked to the granule. Thus, in Arabidopsis leaves, SS3 

could be involved in facilitating formation of the SS2/SBE2.2 complex, and lead 

to it becoming trapped in the starch granules, by direct interaction involving 

protein phosphorylation. Thus, protein complexes between Arabidopsis SS2, 

SS3, and SBE2.2 are implied by the starch granule bound proteins observed in 

these ss- mutants. 

 

Interestingly, SS1 was detected as trapped in the sbe2.1- and sbe2.2- mutant 

leaf starch granules with SS2 and the other SBE isoforms (chapter 3), despite 

the fact that SS1 is not detected in the wild-type starch granules. Since SS1 

does not appear to be involved in the formation of the protein complexes 

between SS2 and SBE2.2 in wild-type Arabidopsis leaves, it therefore suggest 

there may be a functional distinction in the role of SS1 in dicots versus 

monocots. It is proposed that in Arabidopsis leaf chloroplast stroma, SS1 

interacts with SBE2.1 and SS2 interacts with SBE2.2 (trapped in the starch 

granules). This was supported by the single observation using Co-IP that SS1 

and SBE2.1 interact in the chloroplast stroma (chapter 2). Moreover, when 

SBE2.1 was absent from Arabidopsis, SBE2.2 complemented for its loss and 

interacts with SS1. It is hypothesized that a protein complex between 
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SS1/SBE2.2/SS2 was assembled and trapped in the sbe2.1- starch granules. In 

the sbe2.2- mutant, SBE2.1 (which interacts with SS1) showed functional 

complementation for the loss of SBE2.2 and was trapped in the starch granules 

with SS2 (chapter 3). Thus, in Arabidopsis, when lacking one of the SBE 

isoforms (SBE2.1 or SBE2.2), the other SBE isoform was found in the starch 

granules with SS1 and SS2. No such protein complex between SSI, SSIIa and 

SBEIIa was detected in wild-type maize amyloplasts (Hennen-Bierwagen et al., 

2008; Liu et al., 2009), but was detected in mutants lacking SBEIIb. The 

different components (isoforms of SBE) of multi-enzyme complexes between 

wheat, maize and Arabidopsis are consistent with the relative properties of 

SBEII isoforms. The relatively high abundance of SBEII isoforms in plastids may 

be necessary for the interaction with SSs. For example, SBEIIa protein is two- 

to three-fold higher than SBEIIb in wheat endosperm (Regina et al., 2005), 

where a high amylose starch phenotype requires a deficiency in both SBEIIa 

and SBEIIb (Regina et al., 2006). In maize amyloplasts, SBEIIb expression level 

is about 50-fold higher than SBEIIa (Gao et al., 1997). Deficiency in only SBEIIb 

activity results in high amylose starch (Ferguson et al., 1966; Boyer and Preiss 

1978; Hedman and Boyer, 1982). Similar transcription levels of Arabidopsis 

SBE2.1 and SBE2.2 were detected (Liu, personal communication). However, in 

Arabidopsis, lack of either one of the SBE isoforms did not lead to a high 

amylose starch phenotype, and little alteration of the starch phenotype was 

observed (Dumez et al., 2006). This suggests that SBE2.1 and SBE2.2 can 

complement each other’s function. Similar results of the functional 
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complementation between SBE isoforms have been observed in maize and rice 

amyloplasts (Liu et al., 2009; Abe et al., 2014).  

 

6.2  Protein-protein interactions of starch biosynthetic enzymes between 

species 

Recombinant Arabidopsis SBE2.1 and SBE2.2 proteins were generated by 

exogenous expression in E. coli cells and used for studying protein-protein 

interactions (chapter 4). However, because the low abundance of Arabidopsis 

chloroplast starch biosynthetic enzymes made it difficult to detect interactions, 

proteins from maize amyloplasts, which have higher abundance of starch 

biosynthetic enzymes, were employed to reconstitute protein complexes 

(chapter 5). The reconstituted protein complexes between native maize SSI, 

SSIIa and recombinant Arabidopsis SBE2.1 or SBE2.2 were observed by “pull-

down” experiments (chapter 5). The results are consistent with the previous 

observation in cereals of the formation of heteromeric protein complexes 

between SSI, SSIIa and SBE (the predominant form) in plastids (Tetlow et al., 

2008; Hennen-Bierwagen et al., 2008). Observation of the physical assembly of 

protein complexes between maize SSI, SSII and Arabidopsis SBE2, and studies 

of the starch granule bound proteins in Arabidopsis, support the hypothesis that, 

in Arabidopsis, SS2 can directly interact with SBE2.2, SS1 can directly interact 

with SBE2.1. 
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Physiological functions of protein complexes involving starch biosynthetic 

enzymes are supported by genetic and biochemical studies, suggesting protein-

protein interactions between key enzymes in starch biosynthesis play a role in 

regulating starch biosynthesis. Previous studies on amylopectin chain length 

(CL) distribution indicated that loss of SBE2.1 or SBE2.2 in Arabidopsis leads to 

a small but significant decrease in leaf starch glucan chains of DP 5-8, but an 

increase in chain length of DP 9-15 (Dumez et a., 2006). This is possibly due to 

the novel heteromeric protein complex formed in the mutant plant involving SS1, 

which became entrapped only in the sbe- mutant starch granules but not in wild-

type (chapter 3). In vitro, activity of Arabidopsis SSI activity was shown to be 

dependent on at least one of the two SBE isoforms on native gels (Brust et al., 

2014), supporting the observation in the present work that SS1 could form multi-

enzyme protein complexes in the wild-type and sbe- mutants of Arabidopsis.  

 

In starch biosynthesis, formation of functional protein complexes between the 

key enzymes involved in this pathway would presumably enhance the efficiency 

of amylopectin production. The synthesized linear glucose chains by SSs are 

the substrate for SBEs, and the branched glucan chains catalyzed by SBEs are 

in turn the substrates for SSs (Tetlow and Emes, 2012). In starch biosynthesis, 

functional assembly of multi-enzyme complexes between SSs and SBEs would 

presumably provide an efficient mechanism for starch granule construction 

(Tetlow et al., 2008; Liu et al., 2009). However, it is difficult to study the function 

of protein-protein interactions between Arabidopsis SSs and SBEs by using 
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mutant plants lacking only one of the interaction components, due to the 

potential for functional complementation between Arabidopsis SS2 and SS3, 

and SBE2.1 and SBE2.2 (Zhang et al., 2008; Dumez et al., 2006; chapter 3). 

Thus, in this work, a double sbe2.1-sbe2.2- mutant was generated by crossing 

sbe2.1- and sbe2.2- (chapter 3) and will be used in future studies of the protein-

protein interactions. The double mutant will be complemented with mutated 

SBE proteins containing specific modifications, which could prevent physical 

assembly of protein complexes. For example, altering the protein-protein 

interaction domains or the putative protein phosphorylation sites which control 

the interactions. The subsequent transgenic plants will provide a useful means 

to study the function of protein-protein interactions in vivo. 

 

6.3  Regulation of protein-protein interactions and SBE activity by protein 

phosphorylation 

In the present work, recombinant Arabidopsis SBE2.1 and SBE2.2 proteins 

were shown to be phosphorylated with γ-32P-[ATP] using chloroplasts as a 

protein kinase source (chapter 5). Arabidopsis SBE activities have been shown 

to be enhanced by pre-incubation with ATP (protein phosphorylation) (chapter 

2). Thus, it is likely that the increased activity of SBE is directly due to protein 

phosphorylation. These results are consistent with the previous observation of 

effects of phosphorylation on SBEII isoforms in wheat and maize (Tetlow et al., 

2004; Liu, 2010). Physical assembly of multi-enzyme complexes between 
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recombinant Arabidopsis SBEs and native maize starch synthases were also 

found to be regulated by protein phosphorylation (chapter 5), suggesting that 

protein phosphorylation also has a general role in the formation of multi-enzyme 

complexes in both monocots and dicots.  

 

Two of the conserved phospho-Ser residues (Ser290 and Ser301) were identified 

in Arabidopsis SBE2.2 by site-directed mutagenesis and γ-32P-[ATP] labeling 

experiments (chapter 5). Surprisingly, mutation of either residue did not appear 

to affect interaction between SBE2.2 and either SSI or SSII. Interestingly, the 

interactions between SSI, SSIIa and mutated SBE2.2 (D653 to Ser), showed no 

stimulation when the lysates were pre-treated with ATP. D653 is localized on the 

surface of SBE2.2 in a highly disordered region (Figure 1-12, Makhmoudova et 

al., 2014) close to a highly conserved KC663KRRR, SBEIIb-SSIIa interaction 

domain (Liu, 2010; Massey, 2014). Thus, it might be that the mutation altered 

the surface charge of the enzyme, which subsequently effects the interaction 

domain and modulate the SBEIIb-SSIIa interactions. If the protein complex 

formation between SSs and SBE2.2 is regulated by phosphorylation of SBEII, 

this implies there might be another phosphorylation site on SBE2.2 which is 

responsible for regulating this interaction. It cannot be ruled out the possibility 

that this interaction is regulated by the phosphorylation of other enzymes 

involved. Understanding the function of the phosphorylation sites of SBEII(2) is 

an important goal for future studies. The double sbe2.1-sbe2.2- mutant was 

generated (chapter 3) and will provide a useful tool for complementation 
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experiments to study the function of the putative phosphorylation sites of SBE in 

vivo.  

 

In summary, the results presented in this thesis have demonstrated the 

existence of protein-protein interactions between the core starch biosynthetic 

enzymes in Arabidopsis chloroplasts (Figure 6-1). The phosphorylation-

dependent assembly of multi-enzyme protein complexes between Arabidopsis 

SBEs and maize SSI and SSIIa, demonstrate this is a conserved mechanism 

which operates during both storage and transient starch biosynthesis. Thus, it is 

hypothesized that in Arabidopsis leaf chloroplast stroma, SS1 and SBE2.1 

could form a phosphorylation-dependent protein complex, a process which is 

regulated by phosphorylation of SBE2.1. Separately, SS2, SS3 and SBE2.2 

could also form a phosphorylation-dependent multi-enzyme complex(es) and is 

regulated by phosphorylation of SBE2.2 and/or of SS2 or SS3. The latter multi-

enzyme complex becomes trapped in the semi-crystalline lamellae during 

amylopectin biosynthesis, possibly because of the affinities of SS2 and/or SS3 

(Figure 6-1). 
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Figure 6-1. Putative phosphorylation-dependent protein-protein interactions of SSs and 
SBEs in wild-type Arabidopsis leaves.  

 

Future investigations should be focused on studying the function of putative 

phosphorylation sites in vivo, and to identify the specific protein kinase(s) and 

phosphatase(s) involved. Two distinct specific calcium-dependent protein 

kinases have been isolated in maize amyloplasts by liquid chromatography 

(Makhmoudova et al., 2014). Similar methods could be employed in the 

isolation of protein kinases from Arabidopsis chloroplasts, although their low 

abundance may not make this a realisitic strategy. Further research using 

mutants (lacking specific, candidate protein kinases) and genotypes with 

modifications in the specific protein-protein interaction domains or 

phosphorylation sites, will help improve our understanding of the physiological 

significance of functional protein complexes in starch biosynthesis. 
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This research also has significant applications to the improvement of the quality 

and quantity of starch, and for the production of manipulated starch structures 

with defined functionality. This will influence both food and non-food industries.  
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