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ABSTRACT 

POST-TRANSLATIONAL REGULATION OF STARCH SYNTHASE IIA, A KEY ENZYME 
OF STARCH BIOSYNTHESIS IN MAIZE ENDOSPERM 

 
 

Sahar Mehrpouyan 
University of Guelph, 2019 

Advisor:  
Dr. Michael J. Emes 

Starch is the most abundant storage carbohydrate in plants, providing up to 70% of 

human caloric intake and has many industrial applications. Starch biosynthesis involves the 

coordination of three major enzyme activities, starch synthases (SSs), starch branching 

enzymes (SBEs) and debranching enzymes (DBEs). In cereals, some starch biosynthetic 

enzymes function via formation of heteromeric enzyme complexes (HECs) linked to protein 

phosphorylation. Previous studies have shown that the isozyme SSIIa forms HECs with 

SBEIIb, SSI, and SSIII which are functionally important in maize and other cereals. In this 

study, biochemical, bioinformatic, molecular and proteomic analyses were performed to 

investigate the post-translational mechanisms which act on maize SSIIa. The results imply a 

significant role for protein phosphorylation and protein-protein interactions in its regulation. 

Non-denaturing zymograms and western blots were used to detect the activity of amyloplast 

stromal SSIIa. Several SSIIa, electrophoretically-distinct bands were observed, the mobilities 

of which were markedly altered by conditions that favoured protein phosphorylation or 

dephosphorylation. Following gel permeation chromatography of amyloplast lysates, pre-

treated with either ATP or alkaline phosphatase, elution profiles of SSIIa, SBEIIb and SSI 

were all substantially altered and variously coincident. The results suggest a dual role for 

phosphorylation in promoting association and dissociation of SSIIa-containing HECs in the 

maize amyloplast stroma. Furthermore, ATP treatment enhanced the catalytic activity of both 



	
	

	

endogenous and recombinant SSIIa in the presence of amyloplast stromal protein kinases and 

SBEIIb. Bioinformatic approaches were employed to investigate protein phosphorylation, 

and potential domains for interaction of SSIIa with SBEIIb. Mass spectrometric approaches 

were unsuccessful. Site-directed mutagenesis (SDM) of SSIIa identified the region(s) of 

protein phosphorylation and protein-protein interaction. 48 SDMs and truncations of SSIIa 

were produced, demonstrating that the central domain of SSIIa interacts with maize SBEIIb 

but is not phosphorylated. Data suggest that there are multiple phosphorylation sites within 

both N- and C-terminal regions of SSIIa, and one particular tyrosine residue (Tyr165) was 

identified. It was not possible to distinguish among multiple phospho-amino acids elsewhere. 

Results are discussed in the context of post-translational mechanisms, their role in cereal 

starch biosynthesis, and the potential to improve yield and modify starch. 
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Chapter 1. General Introduction 

 

1.1 Importance of starch in cereals 

In higher plants, starch is the main storage carbohydrate with several significant 

functions. In photosynthetic tissues such as leaves, starch accumulates in chloroplasts during 

the daytime and is consumed at night-time to maintain respiration, sucrose export, and growth 

in the darkness (Geiger and Servaites 1994). In non-photosynthetic storage sink organs such as 

seeds, starch is stored as a carbon source for the next generation (MacNeill et al. 2017).  

Beside its fundamental role in plant physiology, starch is also economically very 

important. After cellulose, it is the second most abundant biopolymer and has a key role in the 

human diet (Lockyer and Nugent 2017) and is an important source of digestible energy and 

nutrients for livestock (Tetlow and Emes 2017).  

Starch also has many non-food uses that are a significant indicator of its economic 

importance including various industrial applications such as bioethanol production (Purkan et 

al. 2017), paper making, packaging and wrapping products, buildings and construction 

materials (FAO, 1998). Rapid growth in world population, inevitably, increases demand for 

food supplies. It is predicted that the food production must double by 2050 to meet world 

demands (Tetlow and Emes 2017; Godfray et al. 2010; Parry and Hawkesford 2010). It is vital 

to improve our knowledge of the biological factors involved in determining crop yields, and to 

identify novel genes for crop improvement through increased yield or plant biomass.  

Grasses (also called the Poaceae) are known for their grain starch-storing ability. 

Domestication and breeding instigated substantial increase in starch content (Comparot-Moss 

and Denyer 2009; Hedden 2003). Crops such as barley, maize, rice and wheat are domesticated 
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grasses known as “cereals” (Tetlow and Emes 2017; Evans, 1998). Importantly, around 90% of 

all starch produced by plants in the world comes from the amyloplasts of cereal endosperms 

that accumulate carbon as storage starch (MacNeill et al. 2017; Tetlow and Emes 2017).  The 

main component of human and animal caloric intake is dependent on metabolism within these 

starch-rich endosperms of cereals. 

Maize, also called corn, is an economically important crop, which contributes the 

major proportion of agriculturally-produced starch in the world. It is the number one cereal 

crop worldwide and Canada's third most valuable crop (Statistics Canada, 2011). It is also 

ranked second, next to sugarcane, among the top 50 agricultural products in the world 

(FAOStat 2014). Maize has also been broadly used as a model plant to study the genetic basis 

of starch biosynthesis in cereals (Gérard et al. 2000). Maize is a C4 species that makes this 

crop more efficient in carbon fixation. In mature maize, 70 - 80% of the dry weight of the 

kernel arises from starch accumulation (Comparot-Moss and Denyer 2009; Dinges et al. 2001). 

While maize starch provides a significant part of human daily caloric intake, about 38% of 

corn yield is used in domestic livestock production (Tetlow and Emes 2017; Venn and Mann 

2004). Despite the importance of starch in cereals, knowledge of the mechanisms that regulate 

the starch biosynthetic pathway remains limited (Geigenberger 2011; Tetlow 2011) and the 

following sections review current understanding.  
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1.2 General features of starch granules  

1.2.1 Amylose and amylopectin - The polysaccharide components of starch 

Starch is a water-insoluble polymer of glucose residues synthesized inside plastids of 

higher plants (Tetlow et al., 2004a). The two glucan polymers that give rise to starch are 

amylose and amylopectin. In land plants and green algae, starch is found in the plastid stroma 

but in Rhodophyceae and Glaucophyta it is restricted to the cytoplasm (Dauvillée et al. 2009). 

Amylopectin and amylose have different properties (Tester and Karkalas 2002) and together 

form semicrystalline, insoluble granules with an internal lamellar structure (Figure 1.1 A) 

(Zeeman et al. 2010).  

Amylose is a polymer of 100-10,000 glucosyl units including long, linear, (l,4)-linked 

α-D-glucan (Fig. 1.1 B) with few α-(1,6)-branches and contributes up to 20-30% of most 

starches (Miles et al. 1985). The size and structure of amylose varies depending on the 

botanical origin (Tester et al. 2004). Amylose has a relative molecular weight of 105-106 Da 

(Zeeman et al. 2010), a degree of polymerisation (DP) of approx. 300-4,900 with around 9-20 

branch points corresponding to 3-11 chains per molecule. Each chain includes around 200-700 

glucosyl residues (Tester el al. 2004; Tester and Karkalas 2002) equivalent to a molecular 

weight of 32,400-113,400 (Zeeman et al. 2010).  
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Figure 1. 1 (A) Schematic representation of amylose and amylopectin and the structure of their 

constituent glucan chains (B) amylose and (C) amylopectin structure. At the non-reducing ends of the 

chains glucose units are added to increase the length of the chain. (ϕ) Indicates reducing end of the 

polysaccharide with an anomeric carbon (C1) that is not involved in a glycosidic bond. Image adapted from 

Zeeman et al. (2010).  
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Amylopectin is the main component of starch, normally accounting for up to 75% of 

the cereal granule, by formation of α-(1,6)-linkages between contiguous linear glucan chains 

linked via α-(1,4)-linkages (Figure 1.1 C). Branched amylopectin has an estimated molecular 

weight of between 107-109 Da (Zeeman et al. 2010). The mixture of linear chain lengths and 

branching pattern, results in a treelike structure in which chains cluster at regular intervals 

along the axis of the molecule. Branching points occur every 10-20 glucosyl units.  

Based on the definition of chains proposed by Peat et al. (1952), amylopectin branches 

give rise to linear glucan chains termed A, B, and C. Each specific chain can be classified 

based on its length (chain length; CL) together with its position within the amylopectin 

molecule (Hizukuri 1986). The A-chain is not branched and contains a non-reducing end, and 

is joined to the rest of the molecule through an α-(1,6)-linkage. B and C chains both carry one 

or more A and /or B chains. Neighbouring glucan chains within clusters unite into double 

helices. A and B1 are the outermost chains, forming the building blocks of the granule double 

helices (Tester et al., 2004), which contribute to its crystallinity. Generally, there is only one 

reducing end within each amylopectin molecule, carried by a C-chain (Pérez and Bertoft 2010; 

Peat et al. 1952). Figure 1.2 shows the accepted labeling of amylopectin chains. 
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 Figure 1. 2 Chain nomenclature in amylopectin clusters. Horizontal lines represent α-(1,4)-linkages and 

attachments to chains are produced by α-(1,6)-linkages. Φ indicates the reducing-end residue on the left 

which is carried by the C-chain only. The A-chain is not branched and is linked to the rest of the molecule 

via an α-(1,6)-linkage. The B and C chains both carry one or more A and /or B chains. Image modified 

from Pérez and Bertoft (2010). 

	

The crystallinity and granular nature of starch is a consequence of the highly organized 

structure of amylopectin, which leads it to be water insoluble and osmotically inactive (Bertoft 

2013). Amylopectin molecules are radially organized such that the non-reducing ends are 

directed towards the periphery of the granule. Starch granules originate from a central location 

termed the hilum. Radially organized, neighbouring amylopectin chains form clusters of 

double helices (cylinders; about 4-6 nm; with 6 glucose residues per turn of each strand). 

Double helices form from short-medium-length chains (Gidley and Bulpin 1987) and this 

makes up the crystalline lamellae, which alternates with amorphous lamellae (the region of 

amylopectin that contains branch points, are possibly where amylose is located (Blazek et al. 

2009). The crystalline and amorphous regions show a periodicity of 9-10 nm which is found in 

all starches (Waigh et al. 1998). The crystalline lamellae alternating with amorphous lamellae 

produce highly ordered semi-crystalline structures known as “growth rings” with a periodicity 

of 100-400 nm within the granule (Zeeman et al. 2002; Jenkins et al. 1993).  
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Figure 1. 3 Schematic structure of a starch granule and amylopectin organization (A) Illustration of 

starch granule, containing growth rings. The hilum represents the location of the granule origin. (B) 

Amorphous and crystalline lamellae alternate to form the semi-crystalline rings with a periodicity of 

approx. 9 nm; (C) enlargement of a semi-crystalline growth ring, illustrating the arrangement of the 

alternating crystalline and amorphous lamellae. Amylopectin clusters are tightly packed to form double 

helices represented as “cylinders” in the crystalline region.  The amorphous lamella contains the branch-

point clusters. Image adapted from Zeeman et al. (2010). 

 

Microscopic techniques, such as AFM, have detected structures termed “blocklets” 

within the growth rings with approximate size of 50-500 nm (Pérez and Bertoft 2010; Gallant 

et al. 1997). Whereas the precise nature of the blocklets is not clear, they have been found to be 

a level of structure intermediary between the semi-crystalline lamellae (9-10 nm) and the large 

growth rings (100-400 nm) (Pérez and Bertoft 2010). It has been suggested that blocklets form 

through interaction of amylopectin super-helices (Gallant et al. 1992). Each blocklet, based on 

its dimensions, may represent one or a few amylopectin molecules (Figure 1.4) (Bertoft 2017; 

Huang et al. 2014; Tang et al. 2006; Atkin et al. 1998).  Blocklets seem to be a common 

(A)																																						(B)																		(C)	
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feature of all types of starch granules regardless of their origin (Pérez and Bertoft 2010; 

Gallant et al. 1997). Generally granules with B-type crystallinity (e.g. potato starch) possess 

larger blocklets (400-500 nm) than granules with A-type crystallinity (e.g. in wheat; 25 to 100 

nm) (Pérez and Bertoft 2010). 

 

 

Figure 1. 4 Blocklets have been observed within both amorphous (light blue: smaller blocklets) and 

crystalline lamellae (dark blue: larger blocklets) of the growth rings. Based on the size of blocklets, 

each may represent one or more amylopectin molecules. Image adapted from Goren et al. (2018). 

 

 

1.2.2 Starch granule morphology and crystal structure  

Based on the botanical source of starch granules, they can differ in branching pattern, chain length 

distribution and amylose to amylopectin ratio. This could affect the size (1-100 µm), shape 

(spherical, polyhedral, platelets and irregular tubules), morphology and semi-crystalline nature of 

the starch granules in different organs (Figure 1.5) (Pérez and Bertoft 2010; Glaring et al. 2006; 

Gallant et al. 1992). Potato, as an example, has very large, oval, spherical shaped granules (up to 

l00 µm diameter) (Jenkins et al. 1993), whereas starch granules in Amaranth are very small (with 
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an average diameter of 1.38 µm) with angular and polygonal shape (Xia et al. 2015). Generally, 

the relative crystallinity in waxy starches, which contain no or very little amylose, is higher 

compared to their wild-type counterparts (Bertoft 2017; Ren 2017; Gomand et al. 2010; Bertoft et 

al. 2008). 

 

Figure 1. 5 Confocal Laser Scanning Microscopy (CLSM) analyses of starch granules in (A) normal 

maize, (B) amylose extender (ae-) maize, (C) wheat and (D) rice. Normal maize starch is polyhedral 

shape and about 10-20 µm in size, whereas in ae- mutant, starch has a more elongated and filamentous 

structure. Wheat starch is a combination of small round B-type and A-type larger disk-like granules, while 

rice contains compound granules with polygonal and irregularly shaped. Image adapted from Glaring et al. 

(2006).  

 

X-ray diffraction has shown that the double helices within amylopectin crystallise into 

either of two allomorphs, termed, A- or B-types (Figure 1.6) (Bertoft 2017; Ambigaipalan et 

al. 2011; Pérez and Bertoft 2010; Sanderson et al. 2006; Bogracheva et al. 1998). A-type 

crystallization occurs in granules with shorter glucan chains (DP 23-29), with the branching 

points scattered within the both crystalline lamellae and amorphous regions. Their dense 

compaction of double helices results in greater water exclusion and consequently forms a 

monoclinic lattice containing eight water molecules. Generally most of the cereals such as 

maize, waxy maize, rice and wheat posses A-type starches that are less susceptible to digestion 
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and hence suitable for long-term storage (Bertoft 2017; Popov et al. 2009; Imberty and Perez 

1988). Starches with B-type crystallinity are created by longer glucan chains (DP 30-44), with 

branch points occurring in the amorphous region. Positioning of α-1,6 branch linkages has 

been shown to be an important factor affecting the type of crystalline allomorph (O’sullivan 

and Perez 1999). B-type starches form a hexagonal unit cell, allowing for incorporation of 36 

water molecules in a channel which is not present in the A-type allomorph. This structural 

characteristic makes this type of starch more susceptible to degradation (Bertoft 2017; Buléon 

et al. 1998; Jane et al. 1997; Imberty and Perez 1988). Rhizomes such as canna, transient 

starch in leaves and certain tubers (e.g. potato) regularly exhibit the B-type allomorph 

(MacNeill et al. 2017; Pérez and Bertoft 2010). Some legumes contain starch with a mix of A- 

and B-type crystal structures called C-type allomorph. Gérard et al. (2000) demonstrated that 

the crystal structure of starch granule could also be affected by chain-length distribution and 

branching density within clusters of amylopectin. A-type allomorphs have a tightly packed 

structure and their clusters are composed of several short chains with a short distance between 

two α-(1,6)-linkages, whereas B-types have fewer but longer chains with longer distance 

between successive chains and consequently have a weakly packed branched structure (Gérard 

et al. 2000).  
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Figure 1. 6 Crystalline packing of amylopectin double helices. Clusters of double helices may form the 

denser monoclinic type of crystallites (A) or the more open and hydrated hexagonal type (B) crystal 

structures within amylopectin chains. A and B structures demonstrate different symmetry for their double 

helices. Projection of the structure onto the (a, b) plane. Image adapted from Buléon et al. (1998). 

 

 

1.3  General pathway of starch biosynthesis in endosperm tissue 

Starch is composed of amylopectin and amylose. Amylopectin (~75%) is synthesized 

in cereal endosperms via ADP-glucose pyrophosphorylase (AGPase), starch synthase (SS), 

starch branching enzyme (SBE), and starch debranching enzyme (DBE), all of which exist as 

multiple isoforms, resulting in production of semi-crystalline, water-insoluble, starch granules. 

Amylose comprising approx. 25% of starch granule is produced by GBSSI (Figure 1.7), and is 

interspersed amongst the amylopectin molecules (Bertoft 2017). Starch synthases and starch 

branching enzymes are highly conserved between plants and, to a lesser extend, organisms 

with the glycogen-synthesis pathway. Glycogen is also a branched glucan polymer composed 
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of α-(1,4)- and α-(1,6)-linkages (Rolland-Sabaté et al. 2007), with branching points around 

twice the frequency found in amylopectin (Roach 2002). However, the chains do not form 

well-organized clusters and consequently the polymer remains water-soluble (Kötting et al. 

2010). The size of the glycogen unit is about 20-60 nm. Plant amylopectin synthesis is thought 

to have evolved from glycogen-synthesizing ancestors (Deschamps et al. 2008; Patron and 

Keeling 2005).  

 

 
Figure 1. 7 Outline of starch biosynthetic pathway in amyloplasts of cereal endosperm, showing the 

major groups of enzymes involved. Starch biosynthetic pathway has multiple isoforms of starch synthases 

(SS), starch branching (SBE) and debranching (DBE) enzymes, which in coordination produce amylopectin 

that is about 75% of the starch granule. In cereal endosperms, two forms of plastidial and cytosolic AGPase 

(indicated by *) exist, among which the latter is the more abundant form. G1P: glucose 1-phosphate, ADPG: 

ADP-glucose. GBSSI (granule bound starch synthase I) is responsible for producing amylose (~ 25%). 

Amylose in interspersed amongst the amylopectin molecules. Amylose is probably located in the 

amorphous lamellae of starch granules, and may also be interspersed among crystalline double 

helices of amylopectin. 
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1.3.1 ADP-glucose Pyrophosphorylase (AGPase) 

ADP-glucose pyrophosphorylase (AGPase) catalyzes the reversible formation of ADP-

glucose from glucose-1-phosphate (Glc1P) and ATP, and results in subsequent release of 

inorganic pyrophosphate (PPi). This is the first committed step of starch biosynthesis, which 

provides enough glucose units to prime starch by producing ADP-Glc (Preiss and Ghosh 1966) 

(Figure 1.8 A). In plants, AGPase has multiple isoforms, incorporating two large and two small 

subunits. Shrunken2 and Brittle2 are the genes encoding the large and small subunits of maize 

endosperm AGPase, respectively. For a long time it was believed that AGPase was solely 

plastidial, subsequently, Tuncel and Okita (2013) showed that the cytosolic form of AGPase in 

cereal endosperms is the dominant contributor to starch biosynthesis. More studies indicated 

that 65-99% of the AGPase in some cereal endosperms, such as wheat, rice, maize and barley 

is cytosolic (Tetlow et al. 2003; Sikka et al. 2001; Denyer et al. 1996; Thorbjornsen et al. 

1996). Results of a study on Brittle2 from maize mutants demonstrated that Bt2a and Bt2b 

encode for cytoplasmic and plastidial isoforms respectively (Cossegal et al. 2008). Unlike the 

cytosolic AGPase of cereal endosperm, plastidial AGPase in photosynthetic tissues is regulated 

by redox modulation and allosteric regulation by 3-phosphoglycerate (3-PGA) and inorganic 

phosphate (Pi), as activator and inhibitor respectively (Ballicora et al. 2004; Ghosh and Preiss 

1966). More details on these two posttranslational modifications are provided in Section 1.4.1.  

Manipulation of ADP-glucose pyrophosphorylase (AGPase) activity, which is thought 

to control the rate-limiting step in starch biosynthesis in both source (leaves) and sink (seeds, 

tubers) has been the focus of much attention in efforts to increase crop yield in cereals and 

tubers (Tetlow and Emes 2017; Smidansky et al. 2003; S2002; Stark et al. 1992). Meyer et al. 

(2007; 2004), in two separate studies, evaluated transgenic wheat expressing a modified 
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AGPase large subunit both in controlled (growth chamber) and field environments. They 

reported a 15% increase in seed number per plant and a similar increase in the total yield of the 

plant (Meyer et al. 2004). Besides the role of AGPase in seeds, several studies investigated the 

impact of leaf starch mutations on plant growth and development. The mutated gene, upreg, 

encoding upregulated AGPase large subunits with increased enzyme activity in lettuce 

(Lactuca sativa L.) leaves, led to higher AGPase activity with lower inorganic phosphate (Pi) 

inhibition compared to wild-type controls, giving rise to greater fresh weight in the aerial parts 

in transgenic plants compared to wild-type (Lee et al. 2009). To date most studies focused on 

AGPase overexpression in either leaf or seed. Interestingly in a recent study, transgenic rice 

overexpressing AGPase in both leaves and seeds were generated. In transgenic lines with leaf 

overexpressed-AGPase, there was a 5-fold increase in flag leaf starch, and an increase of ~24% 

plant biomass and ~32% panicle number compared to the wild-type. By comparison, the latter 

two parameters increased by 61% and 51% respectively in the leaf and seed double-AGPase 

overexpressed lines (Oiestad et al. 2016). Moreover, metabolite analysis in AGPase 

upregulated plants, in both seed and leaf, also indicated a broad enhancement in carbon 

metabolism. The results of this study imply that stimulation of starch biosynthesis in plants can 

significantly promote total plant growth and productivity (Oiestad et al. 2016). 

ADP-glucose produced by AGPase is the substrate for various classes of starch 

synthases (SS), which elongate amylose and amylopectin (insoluble polymers). 
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Figure 1. 8 Amylopectin is synthesized through the coordinated actions of different classes of enzyme 

in cereal endosperms. (A) AGPase catalyzes the reversible formation of ADP-glucose from Glc1P and 

ATP, and results in subsequent release of inorganic pyrophosphate (PPi) and represents the first committed 

step in starch biosynthesis. ADP-glucose is transported from cytosol into amyloplasts via the BT1 

transporter. (B) Starch synthase enzymes (SSs) are responsible for elongation of linear glucan chains via α-

(1,4)-linkages, (C) while starch branching enzymes (SBEs) cleave α-(1,4)-linkages and re-attach them via 

an α-(1,6)-linked chains to create branched structure. And finally (D) debranching enzymes (DBEs) trim 

disordered branches to allow formation of double helices to create highly ordered crystal structure of 

amylopectin clusters.  
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1.3.2 Elongation of α-glucan chains by starch synthases 

Starch synthases are responsible for catalyzing the transfer of a glucosyl unit from 

ADP-glucose to the free non-reducing end of a glucan chain via α-(1-4) linkages (Recondo and 

Leloir 1961) (Figure 1.8 B). Several starch synthase isoforms have been identified that can be 

classified into two different groups: granule bound starch synthases (GBSS) and soluble starch 

synthases (SS) (James et al. 2003; Nakamura 2002). Cereal endosperms express a total of five 

starch synthase isoforms, including one GBSS isoform (GBSSI) and SSs I-IV (Cuesta-Seijo et 

al. 2015), and all of them are highly conserved in their C-terminal 60 kDa region. The C-

terminus possesses the enzymes’ catalytic region (Figure 1.9), regulatory domains such as 

coiled coil regions, and carbohydrate binding domains (Schwarte et al. 2013).  

Characterization of genetic mutants of these starch synthase enzymes has revealed 

some aspects of their function (Liu et al. 2012a and b; Liu et al 2009; Nakamura et al. 2005). 

Sequence analysis of starch synthases in green algae and higher plants showed that all of them 

have a N-terminus extension with little sequence similarity (Figure 1.9) (Imparl-Radosevich et 

al. 1999; Edwards et al. 1995; Dry et al. 1992). The length of the N-terminal ‘flexible arm’ 

region varies significantly in different starch synthase enzymes. It could be as short as 20 

amino acids in GBSSI compared to approximately 1200 amino acids in SSIII (Gao et al. 1998). 

Maize SSIIa has a 176-amino acid N-terminal extension (Imparl-Radosevich et al. 1999). 

Studies in maize using the truncated versions of SSI, SSIIa and SSIIb, showed that the N-

terminal extensions are not crucial regions for catalytic activity of the enzymes and do not 

significantly affect their kinetic properties. However, N-terminal truncation of SSIIa or SSIIb 

seems to affect the apparent affinity for its primer. While SSIIa exhibits higher affinity towards 
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amylopectin, SSI and SSIIb prefer glycogen as their primer (Imparl-Radosevich et al. 1999). 

Although prokaryotic glycogen synthases (such as Escherichia coli GS) do not posses the 

above-mentioned N-terminus, they share a highly conserved K-X-G-G-L motif with the rest of 

the starch synthase families from plants. The lysine residue in this conserved region was 

reported to be the ADP-glucose binding site in E. coli (Furukawa et al. 1993; 1990). 

Considering the high conservation of K-X-G-G-L motif amongst the starch synthase enzymes, 

it was suggested that this lysine could also be involved in ADP-glucose binding in plant SS 

isoforms (Gao et al. 2004).  

 

Figure 1. 9 Alignment of domains of maize starch synthase enzymes (SS). There are three domains 

identified within SS protein sequences. Domain 1 (D1), domain 2 (D2) and domain 3 (D3). The N- terminal 

‘flexible arm’ region is poorly conserved, whereas the C-terminus is highly conserved among all of the SS 

enzymes and represents the catalytic domain of the proteins. The C-terminal domain also contains the 

putative ADP-Glc binding K-X-G-G-L motif and a glycosyltransferase domain. Numbers correspond to the 

numbers of amino acid residues and the length of the bars indicates the number of amino acids. Image 

adapted from Denyer et al. (2001).  
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Granule Bound Starch Synthase (GBSS) was the first characterized starch synthase 

(Leloir et al. 1961). There are two isoforms of GBSS: GBSSI, which is found in storage 

tissues, is encoded by the Waxy gene and is the most abundant granule-associated protein (Mu-

Forster et al. 1996; Denyer et al. 1993), whereas GBSSII is expressed predominantly in leaves 

and photosynthetic tissues. Both isoforms normally only exist in the granule matrix of starch 

biosynthesizing tissues (Mu-Forster et al. 1996; Vrinten and Nakamura 2000). GBSSI 

elongates linear amylose glucan chains via α-(1,4) linkages, producing a very long linear 

glucan chain (up to DP 6000) (Denyer et al. 1999). Although GBSS is mainly responsible for 

production of amylose in storage tissues, some studies suggest that it is also responsible for 

producing extra long glucan chains within amylopectin (van de Wal et al. 1998; Takeda et al. 

1993). Studies on the waxy mutant with no GBSSI activity result in an amylose-free 

phenotype. In the absence of the GBSSI, plants are still able to form a semi-crystalline granule, 

which suggests that amylose is not essential for insoluble granule biosynthesis (Denyer et al. 

1999; Inouchi et al. 1987).  

Recently, Seung et al. (2015) discovered that a protein called “PROTEIN 

TARGETING TO STARCH (PTST)” is also required for amylose biosynthesis in Arabidopsis 

chloroplasts. ptst mutants exhibited a phenotype similar to GBSS null mutants (waxy) and 

produced amylose-free starch. Biochemical analysis of starch granules demonstrated a marked 

reduction in GBSS protein compared to wild-type Arabidopsis (Seung et al. 2015). It has been 

illustrated that PTST physically interacts with GBSS via its coiled-coil domain, while its 

carbohydrate binding module (CBM), located at the C-terminal of PTST, is responsible for its 

interaction with starch granule. The CBM also has a key role for appropriate GBSS 

localization to the starch granule (Seung et al. 2015).  
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There are four classes of soluble starch synthase (SS) isoforms, identified in cereal 

endosperms: SSI, SSII, SSIII and SSIV. Starch Synthase I (SSI) is responsible for producing 

chains with DP 8-12 from short outer ends of A or B1 chains in amylopectin with DP 6-7 

(Figure 1.10) (Jeon et al. 2010; Commuri and Keeling 2001). SSI prefers shorter glucan chains 

as substrate and is also responsible for short chains extension and eventually becomes 

entrapped as an inactive granule-associated protein within amylopectin in starch granules 

(Commuri and Keeling 2001). Additional glucan chain elongation in amylopectin is catalyzed 

by other starch synthase enzymes (Jeon et al. 2010). The molecular size of soluble SSI in 

maize endosperm is 76 kDa (Yu 2001) and 85% of the total SSI is associated with the starch 

granule (Mu-Forster et al. 1996). Unlike other starch synthase enzymes with multiple isoforms, 

SSI has no identified isoforms in cereals. Studies on mutants lacking SSI activity in rice 

endosperms show no effect on the size, shape and crystallinity of starch granules (Fujita et al., 

2006), suggesting the overlapping function of other starch synthases (SSII and SSIII) can 

compensate for its absence. However, a more recent study in wheat using SSI-RNAi 

suppression, showed significant reduction in amylose content and altered granule size and 

morphology, indicating the important role of SSI in starch biosynthesis in wheat endosperms 

(Mcmaugh et al. 2014). 

In monocots Starch Synthase II (SSII) is encoded by two separate genes that express 

SSIIa and SSIIb proteins in different tissues. SSIIa predominates in cereal endosperm, while 

SSIIb is restricted to photosynthetic tissues. The role of the SSIIb in starch biosynthesis is not 

well-understood and no mutants have been identified (Jiang et al. 2004; Morell et al. 2003). In 

maize endosperm the molecular mass of SSIIa is about 86 kDa (Zhang et al. 2004). In 

monocots and green algae, the role of SSIIa appears to be to catalyze the synthesis of 
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intermediate-length glucan chains, with DP of 12–24 from shorter glucan chains produced by 

SSI (Figure 1.10) (Imparl-Radosevich et al. 2003; Morell et al. 2003). There is evidence that 

SBEII isozymes have a higher affinity towards the products of SSII (compared to other SSs) as 

their substrate (Guan and Preiss 1993). In some species like pea embryos (Denyer and Smith 

1992) and Arabidopsis, SSII is mostly granule-bound (Liu et al. 2012b). SSIIa is also 

partitioned in both starch granules and as a soluble protein in the amyloplast stroma of starch 

storage organs in cereals such as maize and wheat (Liu et al. 2012b; Tetlow et al. 2008; Li et 

al. 1999; Denyer et al. 1995). The important role of SSIIa in starch biosynthesis and its effects 

on granule size and morphology will be discussed in Section 1.6. 

In amylopectin biosynthesis, starch synthase III (SSIII), is responsible for producing 

relatively longer glucan chains (DP 25-40) compared to SSI and SSII (Figure 1.10) (Zhang et 

al. 2005; Tomlinson and Denyer 2003; Gao et al. 1998). Among the starch synthase enzymes, 

SSIII demonstrated the highest measurable activity after SSI in rice endosperm (Fujita et al. 

2006). The size of SSIII in potato is ~139 kDa (Abel et al. 1996) whereas in maize endosperms 

it is 188 kDa (Gao et al. 1998). There are two SSIII isoforms in cereals, SSIIIa and SSIIIb, 

which are differentially expressed in endosperm and leaf tissues, respectively (Dian et al. 2005; 

Hirose and Terao 2004). SSIII also has an essential role in transient starch biosynthesis. In 

Arabidopsis leaves, SS3 or SS4 seem to be required for starch granule initiation (Szydlowski et 

al. 2009). In the endosperm of maize, the DU1 gene encodes SSIII (Cao et al. 1999). Plants 

lacking SSIIIa (du1) show a negative effect on the rate of starch synthesis and starch structure 

(e.g. granule morphology and starch crystallinity) was altered. However, this phenotype is only 

prominent in a Waxy background (Gao et al. 1998). SSIII seems to have a regulatory role 

affecting other starch biosynthetic enzymes (Zhang et al. 2005). In cereals lacking SSIII, the 



	 22 

activity and protein content of other enzymes such as GBSSI and SSI are enhanced while the 

activity of SBEIIb is reduced (Crofts et al. 2012; Li et al. 2011; Fujita et al. 2007). At the N-

terminus of SSIII there is a homology domain, SSIII-HD, which is conserved amongst green 

plants. There is evidence that the SSIII-HD is engaged in protein-protein interactions with 

other starch biosynthetic enzymes and glucan binding (Hennen-Bierwagen et al. 2009). The C-

terminus incorporates a potential 14-3-3 protein-binding domain (Sehnke 2001). 14-3-3 

proteins are ubiquitous eukaryotic regulatory proteins with a wide range of target proteins 

(Alexander and Morris 2006; Datta et al. 2002).  

The key role of starch synthase IV (SSIV) in initiating starch biosynthesis has been 

illustrated in several studies (Vandromme et al. 2018; Szydlowski et al. 2009; Leterrier et al. 

2008; Roldán et al. 2007; Dian et al. 2005). It has been suggested that SSIV and SSIII have 

diverged from gene duplication events occurring in cereals (Leterrier et al. 2008; Dian et al. 

2005). It was found that plastidial stromal SSIV makes only a small contribution to the total 

measurable SS activity (Szydlowski et al. 2009). Besides its common structural similarities 

with other SSs, SSIV also possess a N-terminal region consisting of a 14-3-3 protein 

recognition site and two coiled-coil domains (Leterrier et al. 2008). 

Rice possesses two isoforms of SSIV, including SSIV-1 and SSIV-2. While SSIV-1 is 

expressed in endosperms, SSIV-2 is mainly expressed in leaves (Dian et al. 2005). In rice 

endosperm deficient in SSIV (ss4-1), no obvious granule alteration was observed. However, 

ss3-2/ss4-1 double mutants produced spherical starch granules distinct from wild-type 

compound-type granules (Toyosawa et al. 2016). Studies on SSIV mutants (ss4) in 

Arabidopsis demonstrated a decrease in the numbers of starch granules per chloroplast (one 

granule) compared to wild-type leaves (five to seven granules per chloroplast) (Jeon et al. 
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2010; Roldán et al. 2007), specifying a key role for SSIV in regulating the number of starch 

granules during leaf development. Although SSIII can partially compensate for SSIV, ss3/ss4 

double mutants possess no starch granules (Szydlowski et al. 2009), but accumulate large 

amounts (over 170 times) of ADP-glucose compared to wild-type plants (Ragel et al. 2013). 

These results suggest a critical role for SSIV in normal starch granule initiation during leaf 

development. In vitro studies with SSIV exhibited a higher activity using maltotriose as a 

glucan primer (>90% of the activity detected when using amylopectin) compared to other 

maltooligosaccharide (MOSs) (Szydlowski et al. 2009). 

Moreover, it was found that SSIV forms homodimers, which is essential for the 

activity of the enzyme (Raynaud et al. 2016). In Arabidopsis chloroplasts, the coiled-coil 

containing N-terminal region of SSIV is responsible for its interaction with fibrillin 1 proteins, 

localized in plastoglobules, which are lipoprotein particles attached to thylakoid membrane 

(Gámez-Arjona et al. 2014). PTST2 interacts with SSIV, and is also involved in controlling 

granule initiation in Arabidopsis leaves (Seung et al. 2017). Further, Vandromme et al. (2018) 

discovered the interaction between a coiled-coil containing protein referred to as “PROTEIN 

INVOLVED IN STARCH INITIATION1” (PII1) with SSIV in chloroplasts of Arabidopsis 

leaves, and this complex formation was suggested to be important in starch priming, granule 

number and size. 

Figure 1.10 shows the “soluble” starch synthase (SS) enzymes, which preferentially 

elongate glucan chains of specific DP in amylopectin clusters. 
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Figure 1. 10 The role of soluble SS isoforms in amylopectin cluster biosynthesis. SSI elongates shorter 

glucan chains (DP 6-7; black) originated from α-(1,6)-glucosidic branch points and produces short chains of 

DP 8-12 (green). SSII extends the chains produced by SSI to DP 12-24 (red) and finally SSIII elongates 

chains between the clusters to produce very long glucan chains (DP ≥ 30; blue). SSIV (purple) is thought to 

be responsible for initiation of starch granules. DP: degree of polymerization. Pink and Gray regions 

represents amorphous and crystalline lamellas respectively. 

 

 

1.3.3 Branch linkage formation by starch branching enzymes 

Starch branching enzymes (SBEs) have an essential function in determination of 

amylopectin structure. Starch branching enzymes are cooperatively engaged with starch 

synthases (SSs) in amylopectin biosynthesis. Branching enzymes cleave α-(1,4)-linked glucans 

and reattach them via an α-(1,6)-linkage within amylopectin to create a branched structure 

(Figure 1.8 C) (Borovsky et al. 1979; Barker and Bourne 1953). Starch branching enzymes are 

classified into two families, including SBEI and SBEII, which differ based on their 

biochemical and physicochemical properties (Nakamura 2002).  

Starch branching enzyme I (SBEI) is responsible for transferring longer glucan 

chains and has higher affinity towards amylose compared to SBEII isoforms (Guan and Preiss 

1993). In cereal, mutational analysis of SBEI, which generally has a single isoform, showed 
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minimal effects on starch biosynthesis in the endosperms (Regina et al. 2004; Satoh et al. 

2003; Blauth et al. 2002). However, in maize endosperms, deficiency of SBEI in the ae- 

background (lacking SBEIIb) affected starch structure and further reduced amylopectin 

branches (Yao et al., 2004). Xia et al. (2011), showed that the sbe1 mutants in maize 

endosperm produce granules more resistant to pancreatic α-amylase digestion. Further, the 

starch resulting from this mutation had an altered branching pattern for amylopectin and 

amylose compared to wild type (Xia et al. 2011). 

In contrast to dicots, which possess only a single type of starch branching enzyme II 

(SBEII), cereals have two distinct isoforms; SBEIIa and SBEIIb (Nakamura 2002). While 

SBEIIa is expressed in all cereal tissues, the expression of the SBEIIb appears to be endosperm 

specific (Jeon et al. 2010). In maize, SBEIIb is the most abundant protein in the amyloplast 

stroma (Yu 2001) and has a higher affinity towards amylopectin than SBEI (Morell et al. 

1997). In SBEIIa mutant lines of maize and rice endosperm, no significant changes in the 

amylopectin structure have been observed, except a small decrease in the number of short 

glucan chains (Nakamura, 2002). Changes in leaf starch in SBEIIa mutants in maize have been 

observed, which indicates that phenotypic changes might be tissue specific (Blauth et al. 

2001). In cereals, studies on amylose-extender (ae-) mutants expressing a catalytically inactive 

SBEIIb (Nishi et al. 2001), revealed the importance of this enzyme in amylopectin 

biosynthesis. This (ae-) mutant produces a “high amylose” starch phenotype in maize (Yun 

and Matheson 1993). However, the phenotype is caused by alteration in amylopectin structure, 

not amylose. The mentioned ae- mutation in maize produces altered starch granules with 

reduced amylopectin branch point frequency, and longer glucan chains that are more resistant 

to α-amylase digestion compared to the wild-type (Liu et al. 2009; Nishi et al. 2001). 
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1.3.4 Debranching enzymes (DBE) 

Several studies on mutants of Chlamydomonas reinhardtii, cereal, and Arabidopsis 

have demonstrated that DBEs are necessary for normal starch biosynthesis (Cenci et al. 2014). 

Evidence suggests that for the biosynthesis of ordered amylopectin, cooperation between 

DBEs with starch synthases and starch branching enzymes is needed. DBE enzymes hydrolyze 

glucan branches with an α-(1,6)-linkage and trim disordered branches to permit formation of 

an organized crystalline structure (Figure 1.8 D) (Cenci et al. 2014). In higher plants, two types 

of DBEs with distinct substrate specificities have been identified; isoamylase (ISA) and 

pullulanase (PUL), and both groups share a similar N-terminal region (Lin et al. 2013). 

Pullulanase-type DBEs (also called limit-dexterinase; LDA), prefer to act upon pullulan (a 

fungal polymer of malto-triose), whereas isoamylase-type DBEs hydrolyze α-(1,6)-linkages of 

amylopectin and glycogen, but do not act on pullulan (Rahman et al. 1998). Only a single 

pullulanase gene has been identified, whereas at least three isoamylase (ISA1, 2 and 3) genes 

have been recognized so far in plants (Jeon et al. 2010), among which, ISA3 is involved in 

starch degradation and turnover (Yun et al. 2011).  

Current models for the role of ISA1 and ISA2 in starch biosynthesis suggest that these 

two isoforms trim/remove disordered branches formed by inappropriate α-(1,6)-linkages at the 

surface of growing glucan chains (Nielsen et al. 2002). This trimming action will allow the 

formation of glucan double helices leading to formation of a semi-crystalline, water insoluble 

amylopectin molecule (Ball et al. 1996; Mouille et al. 1996), which consequently protects the 

glucan structure from amylolytic enzymes during starch biosynthesis (Ball et al. 1996; Mouille 

et al. 1996). In rice (Kawagoe et al. 2005) and barley (Burton et al. 2002), loss of ISA1 activity 

(iso1) increased the number of starch granules initiated, which is in agreement with the role of 
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ISAs in removing those branch points that could be sites for new granule initiation (Burton et 

al. 2002). Studies on sugary1 (mutants lacking ISA1) showed an increased level of 

phytoglycogen (disordered polysaccharide which is water-soluble and randomly, highly-

branched) in rice and maize (Nakamura 2002; James et al. 1995). In some plants such as maize 

and Arabidopsis leaves and potato tubers, ISA1 and ISA2, which is a non-catalytic regulatory 

subunit, together form a functional hetero-oligomeric complex (which might be facilitated via 

their N-terminal domain) as a functional enzyme (Lin et al. 2013; Delatte et al. 2005; Hussain 

2003). However, in cereal endosperms such as rice and maize, in addition to an ISA1-ISA2, 

ISA1-ISAI homomeric complex also exists, which is sufficient for normal amylopectin 

synthesis (Utsumi et al. 2011; Kubo et al. 2010). 

1.3.5 Starch phosphorylase (SP) 

Starch phosphorylase (SP) catalyzes a reversible reaction, synthesizing and degrading 

glucan chains based on the relative concentrations of inorganic phosphate (Pi) and glucose-1-

phosphate (Glc-1P) (Hanes 1940). 

(1,4- α-D-glucosyl)n + α-D-glucose-1P                (1,4- α-D-glucosyl)n+1 + Pi 

 

Plant starch phosphorylase (SP) has been mostly regarded as a phosphorolytic, degradative 

enzyme of the starch biosynthetic pathway (Preiss 1984), though its precise function remains 

enigmatic. SP catalyzes the reversible transfer of glucosyl units from glucose-1-phosphate to the 

non-reducing end of α-(1,4)-linked glucan chains (Rathore et al. 2009). Two groups of starch 

phosphorylase exist in plants; the plastidial (PHO1) and cytosolic (PHO2) isoforms (Rathore et al. 

2009). Studies on starch phosphorylase in developing cereal endosperms such as maize, rice and 
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wheat demonstrated that there is a direct relationship between plastidial starch phosphorylase 

(PHO1) activity and starch accumulation (Tickle et al. 2009; Satoh et al. 2008; Yu 2001) in 

contrast to previous assumptions. PHO1, which seems to act at the granule surface, 

phosphorolytically modifies the starch structure to produce Glc1P. This function is important as 

this Glc1P can then be converted to ADP-glucose by AGPase, and recycled back into the starch 

biosynthetic pathway (Jeon et al. 2010). Studies in barley and wheat endosperms indicated high 

ratios of Pi:Glc1P during starch biosynthesis (Tiessen et al. 2012; Tetlow et al. 1998), which 

implies a phosphorolytic role for starch phosphorylase. However, de novo synthesis of glucans by 

PHO1 in barley also showed that PHO1 is able to produce and extend α-malto-oligosaccharide  

(linear α-glucans) by utilizing Glc1P as a sole glucan substrate. This suggests that PHO1 might 

play an important role in the initiation of starch biosynthesis in barley (Cuesta-Seijo et al. 2017). 

In vitro studies on potato tuber slices incubating with [14 C]-G1P as a glucan donor, showed a large 

amount of 14C-incorporation into starch granules (Fettke et al. 2012). Rice mutants lacking PHO1 

have shrunken endosperms due to their altered granule structure (Satoh et al. 2008). It was 

suggested that in rice endosperms, the synthetic reaction is predominant to that of the 

phosphorolytic route (Utsumi et al. 2011; Kubo et al. 2010). Enzymatic analysis of PHO1 from 

maize (Subasinghe et al. 2014), rice (Crofts et al. 2015; Nakamura et al. 2012) and wheat (Tetlow 

2004b), revealed functional protein complex formation between PHO1 and starch branching 

enzyme (SBE) isozymes, which also suggest a role for this enzyme in starch biosynthesis. 
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1.3.6 Disproportionating enzyme (DPE) 

D-enzyme, disproportionating enzyme, or 4-α-D–glucanotransferase, catalyzes 

glucosyl unit transfer from one α-(1,4)-glucan chain to another. Although malto-

oligosaccharides are the main donors, short chains of amylose and amylopectin could also play 

a role as donor. D-enzyme possesses both cytosolic and plastidial isoforms and its exact 

function in starch biosynthesis is not clear (Takaha et al. 1993). During starch breakdown, D-

enzyme produces larger glucan chains from small oligosaccharides (generated by DBEs), 

which are substrates for starch phosphorylase. This could result in liberation of Glc1P as the 

substrate for plastidial AGPase to produces ADP-glucose (Takaha et al. 1993; Lin and Preiss 

1988; Lee and Whelan 1971). Therefore, D-enzyme might stimulate the phosphorolytic 

reaction route over the synthetic reaction of plastidial starch phosphorylase (Colleoni et al. 

1999). In Arabidopsis, knockout mutants of D-enzyme showed no alteration in amylopectin 

structure. However, mutants exhibited decreased rates of nocturnal starch degradation 

compared to wild-type, suggesting a role for this enzyme in chloroplast starch turnover 

(Critchley et al. 2001). Little is known about the precise function of D-enzyme in cereals 

endosperms. In vitro analyses on partially purified D-enzyme from wheat endosperm 

demonstrated the ability of this enzyme to elongate amylopectin and glycogen by utilizing 

malto-heptaose as a donor (Bresolin et al. 2006). Dong et al. (2015), have demonstrated a 

major role of D-enzyme in starch biosynthesis in this plant. In vitro experiments indicated that, 

in the presence of glucose, recombinant D-enzyme is able to produce malto-oligosaccharides 

by using amylose. In the absence of glucose, it can also transfer maltooligosyl groups (derived 

from malto-oligosaccharide) within and between amylopectin chains (Dong et al. 2015). 

Moreover, Hwang et al. (2016) showed that in rice endosperms, D-enzyme forms a complex 
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with PHO1. This assembly allows PHO1 to utilize glucose and maltotriose, products of 

transglycosylation reactions, the substrates that it is incapable of using by itself directly.  

1.4 Post-translational modification and regulatory mechanisms of starch biosynthesis 

In nature, many synthesized proteins are subjected to post-translational modifications 

(PTMs), in which, amino-acid residues undergo covalent alterations (Prabakaran et al. 2012; 

Walsh and Jefferis 2006). PTMs will affect proteins via processes such as proteolytic cleavage, 

disulfide bond formation or addition of a modifying group (e.g. phosphoryl, glycosyl, 

ubiquitin, acetyl, etc) to one or more amino acids, which consequently can influence their 

structural and functional properties (Blom et al. 2004; Mann and Jensen 2003). Protein 

phosphorylation modification might occur by phosphorylating one or multiple amino-acid 

residues within a target protein. Multi-site protein phosphorylation has been shown to regulate 

proteins properties (e.g. activity and stability) more efficiently (Jensen 2006; Yang 2005). In 

plants, PTMs play important roles in both starch biosynthesis and degradation by modifying 

the enzymes involved in these pathways. The major identified PTMs in the starch metabolic 

pathway include redox modulation and allosteric regulation, protein–protein interactions and 

protein phosphorylation (MacNeill et al. 2017). Identification of post-translational regulatory 

mechanisms of key starch biosynthetic enzymes may shed light on our understanding of the 

signal transduction system regulating amylopectin biosynthesis in plants.  
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1.4.1 Redox modulation and allosteric regulation 

Redox modulation is an essential PTM of the starch metabolic pathway in 

photosynthetic tissues. In Arabidopsis, several enzymes of starch metabolism are redox 

regulated. For example, AMY3, an α-amylase found in chloroplasts, is redox-regulated, and 

reduced thioredoxins reactivate the inactive, oxidised form of AMY3 (Seung et al., 2013). 

Starch excess 4 (SEX4), which is required for glucan dephosphorylation, is also activated by 

reduction whereas oxidation inactivates the enzyme (Silver et al. 2013). α-Glucan, water 

dikinase (GWD) is an enzyme involved in starch degradation through starch phosphorylation 

on the C6 position of glucosyl residues (Hejazi et al. 2009; 2008; Baunsgaard et al. 2005). In 

potato, it was shown that major fractions of GWD isolated from dark-adapted plants were 

starch granule bound and inactive due to oxidation, while reduction by thioredoxin enhanced 

GWD activity (Mikkelsen et al. 2005). All of the above-mentioned enzymes are involved in 

starch degradation in leaves (Hwang et al. 2010; Ritte et al. 2006).  

As mentioned previously, AGPase catalyzes the reversible formation of ADP-glucose, 

the substrate for starch biosynthesis, from glucose-1-phosphate (G1P) and ATP, and results in 

subsequent release of inorganic pyrophosphate (PPi) (Preiss and Ghosh 1966). AGPase activity 

in leaves and tubers is affected by redox modulation in numerous species, and by light and 

sugar concentration. This modification occurs through reversible disulphide bridge formation 

between conserved cysteine residues of the two small catalytic subunits of the AGPase hetero-

tetrameric enzyme complex. While reduction results in monomerization of the enzyme and 

subsequently its activation, disulphide bridge formation due to oxidation, produces 

homodimerized form of the AGPase small subunits, inhibiting enzyme activity. This influences 

the kinetic properties of the enzyme by modifying its substrate affinities and by altering its 
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sensitivity to allosteric effectors such as 3PGA and Pi (Hendriks 2003; Tiessen et al. 2003; Fu 

et al. 1998). In the presence of light and high concentrations of sucrose, monomerization 

occurs, which triggers enzyme activation, whereas in darkness dimerization of the enzyme 

causes its deactivation (Hendriks et al. 2003). The activity of AGPase is also regulated through 

redox regulatory mechanism in potato tubers (Tiessen et al. 2012). In potato, it was shown that 

the addition of a reducing agent dithiothreitol (DTT) increased the activity of AGPase 4-fold 

(Sowokinos and Preiss 1982), whereas its activity was partially inhibited following exposure to 

oxidized thioredoxin in potato tubers (Fu et al. 1998). However, unlike leaves and tubers that 

have plastidial AGPase, the predominant form is located in the cytosol of cereal endosperms 

(Hädrich et al. 2012). The role of the plastidial subunits of AGPase seems to be less 

significant, as their mutation causes much smaller effects on starch accumulation in seeds 

compared to their cytosolic subunits (Huang et al. 2014). Interestingly, the small subunit of 

cytosolic AGPase lacks the cysteine involved in redox modulation, implying that redox 

modulation mainly regulates the biosynthesis of transient starch rather than long-term storage 

starch in cereals.  

In photosynthetic tissues, plastidial AGPase is allosterically stimulated by increased 

levels of 3-phosphoglyceric acid (3-PGA; the primary product of CO2 fixation), while 

inorganic orthophosphate (Pi) inhibits the enzyme’s activity (Ghosh and Preiss 1966; Ball and 

Preiss 1994). The accumulation of 3-PGA in the plastid occurs when the concentration of 

triose-phosphate in the cytosol increases, leading to a decrease in their export from the 

chloroplast.  The ensuing high 3PGA:Pi ratio stimulates AGPase activity, favouring starch 

biosynthesis. Under dark conditions, carbon allocation to starch is inhibited at the level of 

AGPase by elevated levels of Pi in the chloroplast (Tiessen and Padilla-Chacon 2013). This 
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regulation is important for the precise partitioning of photosynthate in leaf cells (Sivak and 

Preiss 1998; Stark et al. 1992; Stitt et al. 1989). Compared to the leaf, the metabolic regulation 

of starch synthesis has been less well-characterized in cereals endosperm. However, it is clear 

that the plastidial form of AGPase is relatively less sensitive to 3-PGA and Pi (Tetlow et al. 

2003; Kleczkowski et al. 1993). 

1.4.2 Protein-protein interactions 

Protein–protein interactions are another important post-translational mechanism in 

starch biosynthetic pathway. There is now significant evidence that starch biosynthetic 

enzymes function through formation of protein complexes as well as acting independently. 

However, the precise role of these protein complexes in starch granule formation and structure 

is not fully understood (Liu et al. 2009).  

To date, various heteromeric enzyme complexes (HECs), including starch synthases 

and starch branching enzymes have been identified in the endosperms of different cereal 

species, such as maize (Liu et al., 2009; Hennen-Bierwagen et al., 2008), wheat (Tetlow et al. 

2008; 2004b), rice (Crofts et al. 2017; 2015) and barley (Ahmed et al. 2015). Two isoamylase-

type debranching enzymes (ISA1 and ISA2), together, form a functional hetero-oligomeric 

complex, which seems to be necessary for their proper function during starch biosynthesis in 

potato (Hussain 2003).  Studies in Arabidopsis indicate that the absence of any of the two 

enzymes, affects the stability of the other one. In vitro studies using recombinant proteins also 

revealed that ISA1 is the catalytic subunit, while co-expression of the both ISA1 and ISA2, for 

the formation of the active recombinant, is required (Sundberg et al. 2013). In cereals, 
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however, ISA1-ISAI homodimers also exist, which is sufficient for normal starch synthesis 

(Hussain 2003). 

Mutations of constituent enzymes in these protein complexes are also known to have 

pleiotropic effects on the other enzymes, suggesting that such regulatory mechanisms are 

responsible for the coordinated action of starch biosynthetic enzymes in the cereal endosperm 

(Liu et al. 2012a; 2009; Tetlow et al. 2008; 2004a). As an example, the sex6 mutant in barley 

(lacking SSIIa activity), causes a large reduction in the content of the branching enzymes 

(SBElla and IIb) and SSI in the starch granule, even though no significant changes in the 

expression of these proteins were observed (Utsumi et al. 2011; Kubo et al. 2010). 

Biochemical analyses in wheat endosperm identified a trimeric complex including SBEI, 

SBEIIb and SP (Tetlow et al. 2004b) and at least two other complexes including SSI, SSIIa, 

and either of SBEIIa or SBEIIb (Tetlow et al. 2008).  

While in the endosperms of normal maize, a trimeric complex of SSI, SSIIa and 

SBEIIb, was detected (Figure 1.11 B) (Hennen-Bierwagen et al. 2008), interestingly, in the 

amylose extender mutant, lacking SBEIIb (ae1.1), a different protein-protein interaction 

pattern was observed. In the absence of SBEIIb, soluble SSI and SSIIa were able to interact 

with SBEI, SBEIIa, and SP (PHO1) forming a larger complex, compensating for the loss of 

SBEIIb (Liu et al. 2009). As a result, the amylopectin of these mutants is composed of longer 

internal chains and less frequently branched outer chains (Klucinec and Thompson 2002), 

demonstrating B-type crystallinity compare to the A-type crystals observed in wild-type 

(Morell et al. 2003). In contrast, an ae1.2 mutant, possessing catalytically inactive SBEIIb, was 

still able to associate with SSI, SSIIa, SBEI, SBEIIa but not PHO1 (Kubo et al. 2008; Nishi et 

al. 2001), suggesting that the physical presence of SBEIIb might inhibit recruiting PHO1 into 
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the HEC. Although both ae- mutants showed reduced amylopectin branch point frequency, and 

longer glucan chains compared to the wild-type maize (Banks et al. 1974), ae1.2 possessed 

amylopectin with fewer intermediate glucan chains (DP 16-20) and therefore lower 

gelatinization temperature (GT) compared to that of ae1.1 (Liu et al. 2012a). Moreover, ae1.2 

exhibited significantly higher apparent amylose content compared with wild-type starch, with 

more irregular, and smaller starch granules than those produced in ae1.1 (Liu et al. 2012a; 

Saibene and Seetharaman 2006; Nishi et al. 2001). These observations suggest that the 

composition of HECs is important in starch accumulation. Different mutations could alter the 

protein structure and activity itself, which consequently could affect its interaction with other 

proteins within a HEC (Crofts et al. 2017). This indicates the important role of HECs in the 

starch architecture and crystallinity, reinforcing the important role of HECs in starch 

biosynthesis. The formation of enzyme complexes via protein-protein interactions may result 

in conformational modifications, which can directly affect the kinetic properties of any 

components within HECs (Tetlow 2011).  

1.4.3 Protein phosphorylation  

In eukaryotic cells, one of the most important mechanisms involved in the regulation 

of cell signaling pathways is post-translational modification of enzymes via reversible protein 

phosphorylation which can rapidly switch the activity of a protein from one state to another. 

This modification controls many primary cellular processes, including cell metabolism, 

apoptosis, proliferation and differentiation (Huber 2007; Hunter 1987). It is suggested that one-

third of all eukaryotic proteins are phosphorylated (Park et al. 2012; Olsen et al. 2006). Both 

phosphorylation and dephosphorylation result in conformational modifications, which cause 
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alterations in the properties of the target protein (Cieśla et al. 2011; Kalume et al. 2003). 

Phosphorylation is catalyzed by specific protein kinases that transfer the terminal phosphate 

group (ɤ) from ATP to a hydroxyl group (-OH) of a certain amino acid residue on the target 

protein (Ciesla et al., 2011), while dephosphorylation is catalyzed by protein phosphatases that 

catalyze the hydrolytic cleavage of phosphate from proteins, releasing orthophosphate (Pi) 

(Moorhead et al. 2009; Rodriguez 1998). Previous studies suggested that the phosphorylation 

of serine, threonine and tyrosine are predominant and play a critical role in cell regulation. 

Protein kinases (PKs) and protein phosphatases (PPs) are found to comprise 2-4% of the 

eukaryotic genome (Moorhead et al. 2009).  

Serine/threonine phosphorylation plays a significant role in the regulation of plant 

metabolism and development, while tyrosine phosphorylation seems to be less common in 

plants compared to animals (de la Fuente van Bentem and Hirt 2009; Luan 2002). Large-scale 

phosphoproteomic mapping revealed that the relative abundances of pSer, pThr, and pTyr to be 

84.8, 12.3, and 2.9% in rice and 82.7, 13.1, and 4.2% in Arabidopsis (Park et al. 2012; 

Nakagami et al. 2010; Sugiyama et al. 2008). There is increasing evidence indicating that 

protein phosphorylation is an essential posttranslational mechanism in regulating starch 

biosynthesis in plants. To date, different mass spectrophotometry approaches have identified 

the phosphorylation of several starch biosynthetic enzymes such as SS2 in Arabidopsis 

chloroplasts (Meyer et al. 2012), granule bound starch synthase I (GBSSI), starch synthase I 

and IIa (SSI and SSIIa) in wheat (Chen et al. 2016) and GBSSI, starch phosphorylase (SP) and 

SBEIIb in maize endosperms (Makhmoudova et al. 2014; Grimaud et al. 2008). However, the 

precise role of many of these detected modifications is not known yet. Tetlow et al. (2004b) 

showed that granule-bound SSIIa was phosphorylated in wheat endosperm. Moreover, 
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biochemical analyses showed that protein phosphorylation acts as a modulator of SBEII (a and 

b) activities in both chloroplasts and amyloplasts and dephosphorylation decreased their 

catalytic activity (Tetlow et al. 2004b).  

Studies on starch biosynthesis in endosperms indicated that HEC formation in 

amyloplasts is phosphorylation-dependent, which could imply an important role in regulation 

of starch biosynthesis in plants (Liu el al. 2009; Tetlow et al. 2004b). Several phosphorylation-

dependent protein complexes have been identified in the cereal starch biosynthetic pathway, 

including in wheat (Tetlow et al. 2008), barley (Ahmed et al. 2015) and maize endosperms 

(Liu et al. 2009). More details are provided in the following section.  

1.5 Phosphorylation-dependent protein complex formation in starch metabolism 

The structure of the plant starch granule, as an organized insoluble carbohydrate 

polymer, is highly conserved among species (Jenkins et al. 1993), which suggests the 

coordination and interaction of several starch biosynthetic enzymes with highly regulated 

activities. Starch biosynthetic enzymes form heteromeric enzyme complexes (HECs) (Hennen-

Bierwagen et al. 2008; Tetlow et al. 2008; 2004b) and, as mentioned earlier, the formation of 

these complexes is phosphorylation-dependent (Tetlow et al. 2008; 2004b). It was suggested 

that phosphorylation of one or more enzymes physically and functionally stabilizes the 

formation of protein complexes. Experiments with isolated amyloplasts from wheat endosperm 

detected different phosphorylation-dependent protein complexes (Figure 1.11 A and B), which 

demonstrated higher affinity towards glucan chains than their monomeric forms. In vitro, 

dephosphorylation resulted in dissociation of the protein complex into individual monomeric 

proteins, reinforcing the idea that phosphorylation is required to form the complexes (Tetlow et 
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al. 2008). In maize amyloplasts, SBEIIb, which can form a trimeric complex with SSI and 

SSIIa was found to be phosphorylated on at least three serine sites (Makhmoudova et al. 2014). 

In maize ae1.1 null mutant, SBEI and starch phosphorylase (SP) were both phosphorylated 

within the new protein complex formed in the absence of SBEIIb, (Liu et al. 2009), implying 

that, phosphorylation can occur on more than one enzyme within a heteromeric protein 

complex. A recent study on a second ae- allele, which expresses a catalytically inactive form 

of SBEIIb (ae1.2), showed that the enzyme in this mutant is unable to bind to amylopectin (Liu 

et al. 2012b).  It was also shown that the inactive SBEIIb was phosphorylated in the complex 

(as well as its monomeric form). Although the inactive SBEIIb was not able to bind to starch 

directly, it was found to be granule bound, which supports the hypothesis that its presence in 

the starch granules is a result of its interaction with other biosynthetic enzymes. It was also 

shown that HEC formation was enhanced in the presence of ATP in the both wild-type and 

ae1.2 lines, while dephosphorylation caused the disassembly of these HECs, signifying a role 

for protein phosphorylation in the protein complex formation (Liu et al. 2012b).  
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Figure 1. 11 Phosphorylation-dependent protein complex formation involved in starch biosynthesis. 

(A) The phosphorylation-dependent formation of a complex consisting of SBEI, SBEIIb and starch 

phosphorylase (SP) in wheat endosperm amyloplasts (Tetlow et al. 2004b). All components of this complex 

are phosphorylated (B) The trimeric protein complex (found in wheat and maize) occurring between SBEII, 

SSI and SSIIa. This assembly is also phosphorylation-dependent (Tetlow et al. 2008; Hennen-Bierwagen et 

al. 2008). SBEIIb was shown to be phosphorylated in maize amyloplasts (Liu et al., 2009). Abbreviations: 

P: phosphate; Pi: inorganic orthophosphate; SBE: starch branching enzyme; SP: Starch phosphorylase; SS: 

starch synthase. Image adapted from Emes and Tetlow (2012).  
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A general mechanism of enzymatic regulation in eukaryotes includes a protein 

complex formation with a class of regulatory proteins known as 14-3-3 proteins 

(approximately 30 kDa), following the phosphorylation of their related target proteins (Emes 

and Tetlow 2012). The binding motif for 14-3-3 is Arginine-X-X-pSerine/pThreonine-X-

Proline, which seems to be conserved in both plants and animals. Several studies have 

illustrated the role of 14-3-3 proteins in the starch biosynthetic pathway (Dou et al. 2015; 

Alexander and Morris 2006; Datta et al. 2002; Sehnke 2001). As mentioned earlier, starch 

synthase III contains a conserved 14-3-3 phosphoserine/threonine binding motif. Thus, after 

phosphorylation of serine/threonine residues on SSIII, protein complexes may be formed 

(Sehnke 2001). It was suggested that 14-3-3 proteins, as dimers, are able to bind to two 

different phosphorylated proteins simultaneously to act as a bridge between them. In a study 

conducted by Alexander and Morris (2006) in barley, the starch metabolic enzymes made up 

the largest class of proteins (31%) interacting with 14-3-3. Granule bound starch synthase 

(GBSSI), soluble SSs (granule bound forms of SSI and SSII) and SBEIIa were among those 

proteins able to bind to 14-3-3. Considering the important regulatory role of protein 

phosphorylation and protein complex formation in starch biosynthesis in cereals (Liu et al. 

2009; Hennen-Bierwagen et al. 2008; Tetlow et al. 2008; 2004b), there might be a possible 

role for 14-3-3 as a scaffold to hold two different starch biosynthetic enzymes jointly in a 

phosphorylation-dependent complex, and hence regulate their activity (Alexander and Morris 

2006). Figure 1.12 demonstrates a model for protein-protein interactions and protein complex 

phosphorylation during amylopectin biosynthesis in cereal endosperm. 
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Figure 1. 12 Model of phosphorylation-dependent protein-protein interactions during amylopectin 

biosynthesis in cereal endosperms. It is proposed that the granule initiation probably starts with 

production of glucan polymers by SSIV (and possibly SP and SSIII). Consequently, SSI–SSIIa–SBEII, 

together, build the ‘functional unit’ of amylopectin assembly, which utilizes the produced short glucan 

materials and produces short to intermediate glucan chains. This complex eventually becomes trapped in 

the granule. Isoamylase type branching enzymes (ISA1 and ISA2) form a complex and trim the poorly 

formed branches, while, SSIII forms a transient phosphorylation-dependent complex with SSII and SBEII, 

possibly involving 14-3-3 proteins, and will elongate the chains to connect the clusters within the glucan 

chains. Abbreviations: 14-3-3 – 14-3-3 protein; HD – homology domain; ISA – isoamylase; P – phosphate; 

Pi – inorganic orthophosphate; SBE – starch-branching enzyme; SP – starch phosphorylase; SS – starch 

synthase. Figure and legend reproduced from Emes and Tetlow (2012). 
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1.6 Importance of SSIIa in cereals 

Although SSIIa appears to be a minor component of the total measurable SS activities 

in cereal endosperms, its downregulation seems to have a major impact on both the quantity 

and composition of starch. The lack of SSIIa in the endosperm of several species results in 

major alterations in granule morphology, starch content and structure such as amylopectin 

crystallinity (Kosar-Hashemi et al. 2007; Nakamura et al. 2005; Morell et al. 2003) and an 

increase in the amylose: amylopectin ratio (Perera et al. 2001). 

Many mutational analysis approaches have elucidated the role of SSIIa in cereal 

endosperm amyloplasts. Loss of SSIIa in cereal endosperms results in loss of other proteins 

from the starch granules (Luo et al. 2015; Fushan et al. 2012b; Yamamori et al. 2000). Studies 

on SSIIa mutations in several plant species such as wheat, barley (sex6), rice and maize 

(sugary2) confirmed a common function for SSIIa in starch granule formation (Umemoto et al. 

2004; Zhang et al. 2004; Morell et al. 2003; Yamamori et al. 2000). All SSIIa mutants 

exhibited a dramatic increase in shorter glucan chain (DP 6-11) and a consistent decrease in the 

frequency of intermediate chains with DP 13-20 (Zhang et al. 2004).  

Studies on Arabidopsis and barley indicated that single and double mutants of SSII and 

SSIII stimulate the activity of SSI, which may suggest a negative regulation of SSI by SSII (Li 

et al. 2011; Szydlowski et al. 2011). The effect of single ss2 mutant and double ss1-ss2 

mutants in Arabidopsis leaf starch was characterized recently. Both mutants contained more 

amylose and exhibited modified amylopectin cluster structure (Zhu et al. 2015). Structural 

analysis of starch granules showed that ss2 mutants had an increased size of clusters, which 

could be due to an increase in the number of smaller building blocks per cluster. It was 
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suggested that this might be due to the pleiotropic effects on other starch biosynthetic enzymes 

rather than the direct effect of the absence of either of the SS enzymes (Zhu et al. 2015). 

In the starch biosynthetic pathway, mutations occurring in one enzyme have been 

found to have pleiotropic effects on other enzymes within a HEC (Tetlow et al. 2008). In 

maize endosperms, an allele of SSIIa in which there are two single amino acid substitutions, 

Asp146>Val and Gly522>Arg, gives rise to a sugary2 (su2) phenotype in which starch granules 

exhibited disordered morphology and altered physiochemical properties (Zhang et al., 2004). 

In this allele of su2, catalytically inactive SSIIa loses its glucan binding ability due to the 

Gly522>Arg mutation at the glucan-binding domain (Liu et al. 2012b). This also leads to a 

decrease/ absence of SSI and SBEIIb from the starch granule. However in su2, similar to the 

wild-type, the HEC of SSIIa-SSI-SBEIIb still exists in the amyloplast stroma. Chemical cross-

linking studies suggested that SSIIa interacts with SSI and SBEIIb within the trimeric HEC, 

whereas the latter two enzymes do not directly interact. Moreover, the catalytic activity of 

SBEIIb in the heteromeric complex of su2 was reduced more than 15-fold compared to wild-

type (Liu et al. 2012b).  These data reinforce the important role of SSIIa as a core enzyme in 

the trimeric complex in controlling the association of SSI and SBEIIb with the starch granule 

in order to synthesize a normal and organized starch structure (Liu et al. 2012b).   

In cereal endosperms such as maize, rice and barley, mutation of SSIIa, unlike SSI and 

SSIII mutations, causes major alterations to their amylopectin structure (Liu et al. 2012; Ryoo 

et al. 2007; Fujita et al. 2006; Morell et al. 2003). For example, maize sugary2 mutants 

exhibited great reduction in amylopectin content, a significant increase in chains of DP 7–10, 

and a reduction in the glucan chains of DP 12–22, with higher apparent amylose content and 

lower gelatinization temperature (GT) compared to wild type plants. Sugary2 starch also 
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showed altered granule morphology with irregularly shaped granules (Liu et al. 2012b), 

indicating the important role of SSIIa in determination of amylopectin fine structure (Figure 

1.13). 

 

 

 
 

Figure 1. 13 (A) Glucan chain length distribution (CLD) profiles of debranched sugary2 starches. The 

figure shows a significant increase in DP 7-10 chains and a major reduction in glucan chains of DP 12-22 in 

sugary2 mutants compared to wild type. (B) Purified starch granules display the normal “round” shape in 

wild type (wt) compared to irregularly-shaped granules in sugary2 (su2), isolated from maize endosperms. 

Figure adapted from Liu et al. (2012b). 
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While sugary2 mutants in maize have many industrial applications due to its unique 

physiochemical properties compared to wild-type (Zhang et al. 2004; Perera et al. 2001; Li and 

Corke 1999), the SSIIa mutation is also important in food production. For example, in rice two 

amino acid substitutions in SSIIa are responsible for differences between indica (active SSIIa) 

and japonica (inactive SSIIa) cultivars (Nakamura et al. 2005). Indica rice produces L-type 

(long chain-length) amylopectin while japonica rice produces S-type (short chain-length) 

amylopectin. The difference between the two types of cultivars is that the proportion of short 

chains of DP≤10 in L-type is significantly lower than in S-type (Nakamura 2002). The 

differences in amylopectin structure also alters their physiochemical properties such as 

gelatinization temperature (GT) (Fujita 2014; Fujita et al. 2011; Bao et al. 2009; Umemoto et 

al. 2002). Due to greater proportion of shorter glucan chains, the GT of japonica cultivars is 

lower than the indica rice (Nakamura 2002). In maize, the starch from sugary2 mutants also 

exhibits a lower GT than wild type starch (Liu et al. 2012b). In durum wheat, SGP-1 null 

mutant (an isoform of SSII encoded by genes SSIIa-A and B) has been produced that could be 

useful in producing pasta with increased firmness and reduced glycemic index (Hogg et al. 

2013).  

To date, beside Arabidopsis as a model plant (Patterson et al. 2018; Pfister et al. 2014; 

Szydlowski et al. 2011; Zhang et al. 2008), a great deal of mutational analysis of SSIIa has 

been performed in cereals such as wheat, barely, rice and maize  (Liu et al. 2012b; Hennen-

Bierwagen et al. 2008; Nakamura et al. 2005; Morell et al. 2003; Yamamori et al. 2000). 

However, little is known about the possible post-translational mechanisms, such as protein 

phosphorylation and protein-protein interaction, which regulate SSIIa. Recently, Patterson et 

al. (2018) demonstrated that Arabidopsis SS2 is phosphorylated at its N-terminal region and 
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this phosphorylation is not required for its HEC formation with SBE2.2 in chloroplasts. 

However, the formation of HEC between SSIIa-SSI-SBEIIb in barley, maize and wheat is 

phosphorylation-dependent (Ahmed et al. 2015; Liu et al. 2012a; Hennen-Bierwagen et al. 

2008; Tetlow et al. 2004b), and phosphorylated granule-bound-SSIIa has been detected in 

barely and wheat (Ahmed et al., 2015; Tetlow et al. 2004b). Although, it has been suggested 

that beside SBEIIb, SSIIa could be phosphorylated within maize amyloplasts (Rayirath 2014; 

Polack 2009), the role of phosphorylation on SSIIa catalytic activity and its interaction with 

other enzymes within HEC has yet to be determined. Thus, the focus of this thesis is to 

understand the role of these post-translational mechanisms on SSIIa in maize endosperms. 

1.7 Project hypothesis and objectives 

Hypothesis: Starch synthase IIa (SSIIa) contributes to starch biosynthesis through its 

interactions with other enzymes, mainly SSI and SBEIIb. It is hypothesized that the catalytic 

activity of SSIIa and its ability to interact with other starch biosynthetic enzymes (particularly 

SBEIIb) are regulated by protein phosphorylation.  

The above hypothesis was tested through the following approaches: 

1. Phosphorylation of endogenous maize amyloplast SSIIa and its effects on its 

catalytic activity was investigated in vitro.  

2. Potential phosphorylation and protein-protein interaction site(s) were predicted 

using bioinformatics approaches. Site-directed mutagenesis of SSIIa was used to 

investigate the predicted sites. Functional maize recombinant starch synthase enzymes 
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were produced and the activity of recombinant proteins determined under 

phosphorylation and dephosphorylation conditions. 

3. N-terminal and C-terminal truncations were produced to investigate the 

potential phosphorylation and protein-protein interaction domain(s) within recombinant 

maize SSIIa. 

Objectives: The results of this research are represented in the following chapters. This 

thesis aims to identify post-translational mechanisms that regulate SSIIa in maize endosperm 

amyloplasts. Results will be presented showing effects of phosphorylation on the catalytic 

activity of endogenous and recombinant forms of SSIIa and on SSIIa protein complex 

formation. The potential sites of phosphorylation and protein-protein interactions within SSIIa 

protein have been investigated by site-directed mutagenesis and by polypeptide truncation 

strategies (to create a series of N- and C-terminal truncations of recombinant maize SSIIa).  

The present study provides new insights into our understanding of regulation of 

amylopectin biosynthesis in plants. 

 

 

 

 

 



	 48 

 

 

 

CHAPTER 2 

	

	

	

	

	

	

	

	

	

	

	

	



	 49 

Chapter 2. Investigation of Post-translational Modification of Starch Synthase 

IIa in Maize Endosperm Amyloplasts 

 

2.1	Introduction	

Amyloplasts are the organelles responsible for starch synthesis in the developing 

endosperm, and biochemically they are an important source of endogenous starch biosynthetic 

enzymes and potential protein kinases. In plastids, starch synthase (SS) enzymes are 

responsible for catalyzing the transfer of the glucosyl moiety of ADP-glucose to the free non-

reducing end of a glucan chain via α-(1,4)-linkages in the synthesis of amylose and 

amylopectin, the two glucan polymers of starch (Jeon et al., 2010; James et al. 2003; 

Nakamura 2002). SSII is responsible for elongating intermediate glucan chains (DP 12-24) 

from shorter glucan chains produced by SSI (Imparl-Radosevich et al. 2003; Morell et al. 

2003). In monocots, SSII has two tissue-specific isoforms; SSIIa and SSIIb. SSIIa 

predominates in cereal endosperm, while SSIIb is mostly restricted to vegetative and 

photosynthetic tissues ( Jiang et al. 2004; Morell et al. 2003) . In maize endosperm the 

predicted molecular mass of SSIIa is about 86 kDa (Zhang, Colleoni, Ratushna, Sirghie-

Colleoni, et al. 2004). There is evidence that SBEII isozymes prefer the products of SSII 

(compared to other SSs) as their substrate during starch biosynthesis (Guan and Preiss 1993). 

SSIIa is also partitioned in both starch granules and as a soluble protein in the amyloplast 

stroma of starch storage organs (Li et al. 1999). In some species like pea (Denyer et al. 1993) 

and Arabidopsis, SSII is mostly granule-bound (Zhang et al. 2008b). 
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The importance of SSIIa in starch biosynthesis was discussed previously in Section 

1.6. Several studies using mutational analysis have demonstrated the important role of SSIIa 

activity in chain length distribution, granule morphology and crystal structure of amylopectin 

in cereals (Liu et al. 2012b; Nakamura et al. 2005; Zhang et al. 2004; Morell et al. 2003). 

Moreover, SSIIa mutants showed pleotropic effects on other starch biosynthetic enzymes in 

wheat, barley and maize (Liu et al. 2012b; Morell et al. 2003; Yamamori et al. 2000). In cereal 

endosperm, there is extensive evidence that starch biosynthetic enzymes function through 

formation of heteromeric enzyme complexes (HECs), the assembly of which depends on 

protein phosphorylation, though the precise role of HECs in starch granule formation is not 

fully clear (Tetlow 2011 ; Liu et al. 2009; Tetlow 2004a). SSIIa is in a trimeric protein 

complex, associated with SSI and SBEs in wheat and maize, and the formation of this trimeric 

complex was shown to be affected by the phosphorylation state of one or more of its 

components (Liu et al. 2012a; Hennen-Bierwagen et al. 2008; Tetlow et al. 2008; Tetlow 

2004b). Using gel permeation chromatography (GPC) of wheat endosperm amyloplast lysates, 

Tetlow et al. (2008) reported that there are at least two HECs (around 260 kDa), including SSI, 

SSIIa and either of SBEIIa or SBEIIb. In vitro phosphorylation assays using γ-[32-P]-ATP 

showed that SSIIa and SBEII within the SS-SBE assembly are phosphorylated while in vitro 

dephosphorylation using exogenous alkaline phosphatase (APase) caused dissociation of the 

HEC (Tetlow et al. 2008). Further, using the phosphorylase a stimulation assay, a four-fold 

reduction in the activity of SBE in the wheat stromal amyloplast lysates was detected 

following dephosphorylation (Tetlow 2004b). Likewise, in wild type maize endosperms 

several protein complexes between SSs and SBEs were detected (Table 2.1). GPC analysis 

detected two high and low molecular mass protein complexes based on the co-migration of the 
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participating enzymes (Hennen-Bierwagen et al. 2009; 2008); a 670-kDa complex consisting 

of SSIII, SSIIa, SBEIIa and SBEIIb, and a 300-kDa complex, containing the same enzymes 

except for SSIII. Formation of the high molecular weight HEC of 670-kDa was 

phosphorylation-dependent (Hennen-Bierwagen et al. 2009; 2008).  

Loss of any protein from the HEC, by mutation, could prevent the assembly or alter 

the components of the complex (Liu et al. 2009; Hennen-Bierwagen et al. 2009; 2008). Studies 

in maize, revealed a trimeric HEC of SBEIIb, SSI and SSIIa in which SBEIIb is 

phosphorylated (Liu et al. 2009). Studies on mutations of enzymes within this trimeric HEC 

were shown to affect their interacting components. For example, analysis of a sugary2 (su2) 

mutant (possessing catalytically inactive SSIIa) in maize amyloplasts suggested that within the 

trimeric HEC, SSIIa is responsible for the association of SSI and SBEIIb with the starch 

granule. This particular allele of SSIIa is catalytically inactive and unable to bind glucan and as 

a consequence the granules are devoid of the other two enzymes. Chemical cross-linking 

analysis also illustrated that SSIIa could separately interact with SSI and SBEIIb (Liu et al. 

2012b). SSIIa, therefore, appears to be at the “core” of the complex, interacting with SSI and 

SBEIIb and facilitates the granule binding ability of the trimeric complex (Figure 2.1). Maize 

su2 alleles cause less starch accumulation than wild-type and a significant increase in glucan 

chains of DP 7–10, and a reduction in the chains of DP 12–22 compared to wild-type maize. 

Consequently, starch granules produced in su2 background showed major morphological 

alterations with irregular shapes and reduced crystallinity, reinforcing the importance of SSIIa 

in starch synthesis (Liu et al. 2012b; Imparl-Radosevich et al. 2003; Cao et al. 1999). 
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Figure 2. 1 Role of SSIIa in formation of a trimeric protein complex during starch biosynthesis in 

maize endosperm amyloplasts. (A) In the endosperms of wild-type (wt) maize, a protein complex of SSI, 

SSIIa and SBEIIb, was detected in the amyloplast stroma. This trimeric complex was found to be actively 

involved in starch biosynthesis and as the starch granules form, the complex is trapped within the matrix of 

the synthesized glucan and becomes granule-bound (B) In the sugary2 (su2) mutant, SSIIa lacks a glucan 

binding site. Although the trimeric protein complex is still present in the amyloplast stroma, the starch 

granules of this mutant are devoid of SSI, SSIIa and SBEIIb, suggesting that SSIIa is responsible for 

granule binding ability of the whole complex. Su2 mutants exhibited a marked increase in shorter glucan 

chains and a decrease in the frequency of intermediate chains with DP 13-20, indicating the important role 

of SSIIa in amylopectin biosynthesis in cereals. Figure reproduced from Liu et al. (2012b). 
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In the endosperm of amylose extender null mutant of maize (ae1.1; lacking SBEIIb), a 

different protein-protein interaction pattern was observed compared to the common trimeric 

HEC in wild-type maize. Due to the absence of SBEIIb in ae1.1, the trimeric HEC appeared to 

be replaced by a larger complex including SSI and SSIIa interacting with SBEIIa, SBEI and SP 

(PHO1), in which the two latter enzymes were phosphorylated (Liu et al. 2009). Biochemical 

analysis of amyloplasts from a different allele, ae1.2, in which SBEIIb is present but inactive, 

demonstrated the presence of different HECs compared to wild type and ae1.1. Interestingly, 

the presence of inactive SBEIIb prevents PHO1 associating with SSIIa/SSI, but it did not 

prevent the incorporation of SBEI and SBEIIa in the HEC of ae1.2 allele (Table 2.1). The 

components of the complexes were reflected in the granule-associated proteins (Liu et al. 

2009). HEC formation in the amyloplasts of ae1.2 maize was also enhanced by 

phosphorylation, while APase treatment caused their dissociation. Moreover, it was shown that 

SBEIIb and SBEI in the starch granules were phosphorylated in ae1.2 (Liu et al. 2012a) even 

though SBEIIb was inactive.  

The phenotypic differences between amylose extender (ae-) mutants and wild-type 

maize are the results of loss of a functional SBEIIb in both allelic variants. Liu et al. (2012a) 

reported significant differences between ae1.1 and ae1.2 starch characteristics. Although both 

ae- mutants showed reduced amylopectin branch point frequency, and longer glucan chains 

compared to the wild-type maize (Banks et al. 1974), ae1.2 possessed amylopectin with fewer 

intermediate glucan chains (DP 16-20) compared to that of ae1.1 (Liu et al. 2012a). Moreover, 

the granules had significantly higher apparent amylose content compared to wild-type, with 

altered granule morphology and size. Starches synthesized in ae1.2 were more irregular, and 
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smaller than those produced in ae1.1 (Liu et al. 2012a; Saibene and Seetharaman 2006; Nishi 

et al. 2001). 

It was argued that the structural differences between starches produced in ae- mutants 

(ae1.1 and ae1.2) arise from the action of different HECs present in the amyloplast stroma, 

which are involved in amylopectin biosynthesis in these mutants. However, the mechanism 

that results in formation of various HECs in the absence or inactivation of SBEIIb is not yet 

fully understood (Emes et al. 2019). 

These results strongly support the hypothesis that phosphorylation-dependent 

formation of HECs is important in defining the fine structure of amylopectin in starch granules. 

Table 2.1 shows a summary of possible protein-protein interactions between starch 

biosynthetic enzymes and their phosphorylated status in maize wild type and mutants. 
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Table 2. 1 Summary of potential protein complexes and their phosphorylated members in different 
maize genotypes. Table modified from Liu et al. (2012a) 

Genotype Protein Complexes in Stroma Phosphorylated 
enzyme 

Granule-bound 
enzymes 

WT 

 

 

SSIIa, SSI, SBEIIb SBEIIb GBSSI 

SSI, SSIIa 

SBEIIb 

SSIIa, SSIII, SBEIIa, SBEIIb  

SSIIa, SBEIIa, SBEIIb  

SBE1, SBEIIb  

ae1.1  

 

 

 

 

 

 

SSI, SSIIa, SBEI, SBEIIa, SP  SBEI, SP SSI, SSIIa, SBEIIb 
GBSSI 
SSI, SSIIa, SBEI, 
SBEIIa, SP  

 

SSI, SSIIa, SBEI   

SSI, SSIIa, SBEI, SBEIIa  

SSI, SSIIa, SBEI, SP  

SSI, SSIIa, SBEIIa  

SSI, SSIIa, SBEIIa, SP  

SBEI, SBEIIa, SP  

ae1.2 

 

 

SSI, SSIIa, SBEI, SBEIIa, SBEIIb 
(inactive) 

SBEIIb (inactive), 
SBEI 

GBSSI 
SSI, SSIIa, SBEI, 
SBEIIa, SBEIIb   
(inactive)  

 

SSI, SSIIa, SBEI, SBEIIa  

SSI, SSIIa, SBEI, SBEIIb (inactive)  

SSI, SSIIa, SBEI, SBEIIa  

SSI, SSIIa, SBEIIb (inactive)  

SSI, SSIIa, SBEIIa  

 SSI, SSIIa, SBEI  

 SBEI, SBEIIb  

Su2 SSIIa, SSI, BEIIb SBEIIb  
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Using phosphoproteomics analysis, Chen et al. (2016) found five serine 

phosphorylation sites (Ser74, Ser200, Ser228, Ser251 and Ser776) within wheat SSIIa, of which one 

site (Ser776) was conserved within maize SSIIa (Ser647). However, the data presented in that 

study are limited and no further in vitro analysis was performed to confirm the involvement of 

these sites in phosphorylation. To date, no direct evidence has been found to confirm the 

regulation of maize SSIIa by protein phosphorylation during starch biosynthesis. Moreover the 

influence of phosphorylation on its interactions with other proteins in starch-synthesizing 

complexes, and on the catalytic activity of SSIIa itself, has not been determined.  

This chapter investigates the post-translational modification of SSIIa by protein 

phosphorylation, and the effects of phosphorylation and dephosphorylation on the catalytic 

activity of SSIIa in maize endosperm amyloplasts. This chapter also investigates the effects of 

phosphorylation on HEC formation between SSIIa, SSI and SBEIIb in maize amyloplast 

stroma. 

 

2.2 	Materials and Methods 

2.2.1 Plant materials 

Normal type maize plants (CG 102) (Zea mays) were grown under field conditions in 

Guelph, Ontario. Whole cobs were harvested 20-25 days after pollination (DAP) and kept at 

+4°C in a cold room and used to prepare endosperm amyloplasts within 6 hours of harvest.  
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2.2.2 Amyloplast isolation from maize endosperms  

Maize endosperm amyloplasts were isolated and purified from whole cell lysates using 

the methods previously described by Liu et al. (2009). The coats of the kernels (pericarp) were 

peeled off using a blade and 90-100 grams of fresh endosperm tissue were separated by spatula 

and finely chopped with a razor blade in 45 ml of ice-cold amyloplast extraction buffer 

consisting of 50 mM N-[2-hydroxyethyl] piperazine-N‟-ethanesulphonic acid (HEPES)/KOH, 

pH 7.5, 0.8 M sorbitol, 1 mM KCl, 2 mM MgCl2 in a glass petri dish on ice. The resulting 

uniform creamy solution was then filtered through four layers of cheesecloth (Fisher Scientific 

Cat No. 22055053) dampened in the same buffer to separate cell debris. 25 ml of the filtrate 

was then carefully layered onto 15 mL of 3% (w/v) Histodenz (Sigma-Aldrich, Cat No. 

D2158) dissolved in amyloplast extraction buffer and centrifuged at 100 g at 4°C for 25 

minutes in a Beckman Coulter Allegra X-22R Centrifuge and a SX4250 rotor. The supernatant 

was carefully decanted and the remaining pellet with yellow ring of intact amyloplasts layered 

on top was gently re-suspended with 0.5 mL of ice-cold rupturing buffer consisting of: 100 

mM N-tris (hydroxymethyl) methyl glycine (Tricine)/KOH, pH 7.8, 1 mM dithiothreitol 

(DTT), 5 mM MgCl2, and a plant protease inhibitor cocktail (10µl per/mL buffer of Plant 

Protease Arrest™[100X]) (G-Biosciences Cat No. 786-332). The amyloplast extracts were 

transferred into micro-centrifuge tubes (Eppendorf, Cat No. Z666505) and were quick frozen 

in liquid nitrogen and stored in -80° C for further use. The tubes were defrosted later and 

centrifuged at 16000 g for 15 minutes prior to use to separate starch from the plastid stroma. 
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2.2.3 Isolation of starch granule-bound proteins  

Granule-bound protein isolation was performed following the method described by 

Tetlow et al. (2004a). After amyloplast isolation (section 2.2.2) and centrifugation to separate 

the soluble fraction of amyloplasts (16000 g, 15 minutes), 1g of the remaining pellet was re-

suspended in 1 mL of cold washing buffer [50 mM Tris (hydroxymethyl) aminomethane 

(TRIS)-acetate, pH 7.5, 1 mM Na2 -EDTA, and 1 mM DTT] and a refrigerated centrifuge 5430 

R (Eppendorf, Cat No. 22620612) was used to re-centrifuge the pellet at 3,000 g for 1 minute 

at 4o C. After repeating the washing step eight times, the pellet was washed with 1 mL of 

acetone three times and centrifuged at 4° C at 3,000 g for 2 minutes.  The washed pellet was 

dried using speed vacuum, Vacufuge (Eppendorf, Cat No. 1256096-W18) at room temperature 

overnight. Subsequently, the pellet was washed three more times with 1 mL, 2% (w/v) sodium 

dodecyl sulphate (SDS) and centrifuged at 3000 g for 2 minutes at 4° C. Twenty five mg of 

washed starch was boiled in 1x SDS loading buffer (50 mM Tris-HCl, pH 6.8, 2% (w/v) SDS, 

0.001% (w/v) bromophenol blue, 10% (w/v) glycerol and 5% (v/v) β-mercaptoethanol) at 95° 

C for 5 minutes. After cooling, the boiled sample was centrifuged at 16,000 g for 10 minutes 

and the granule bound proteins in the supernatant were separated by SDS-PAGE gel 

electrophoresis. 

2.2.4 Protein concentration  

Concentration of total protein in isolated amyloplasts was determined using the 

Bradford Protein Assay reagent (Bio-Rad laboratories, Cat No. 5000205). In a 1 cm plastic 

cuvette, 800 µl dH2O was mixed with 200 µl Bradford dye reagent and used as a blank. In a 

separate cuvette, 5 µl of sample was mixed thoroughly with 795 µl of dH2O plus 200 µl dye 
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reagent. Assay mixtures were incubated at 25ºC for 5-10 min, and quantified by 

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

595 nm. A bovine serum albumin (BSA) standard curve was created based on the 

manufacturer’s instruction manual (Bradford, 1976) and absorbance at 595 nm was linear 

between 0.2- 0.9 mg/ml BSA. 

2.2.5 SDS polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE is a method used to separate proteins by molecular weight (Laemmli 

1970). Protein samples were mixed with SDS loading buffer (50 mM Tris-HCl, pH 6.8, 2% 

(w/v) SDS, 10% (w/v) glycerol, 5% (v/v) β-mercaptoethanol and 0.001% (w/v) bromophenol 

blue) and boiled at 90° C for 5 minutes prior to loading onto discontinuous 10% 

polyacrylamide gels. Gel components are shown in Table 2.2. The gel was electrophoresed in 

1X SDS running buffer (0.25M Tris, 192 mM Glycine, 0.1% SDS) at 110V for 2 hours until 

the dye front eluted from the bottom of the gel.  

Table 2. 2 Composition of 10% SDS-PAGE 

 

 

 

 

 

 

 

 

Stock Solution Composition of SDS PAGE gel (10ml) 

 Stacking gel (ml) Resolving gel (ml) 

(5% acrylamide) (10% acrylamide) 

Distilled water 7.0 3.8 

Acrylamide (30% w/v) 1.68 3.4 

1.5M Tris (pH 8.8) - 2.6 

0.5M Tris (pH 6.8) 1.28 - 

10% (w/v) SDS 0.1 0.1 

10% (w/v) ammonium persulfate (APS) 0.112 0.1 

TEMED 0.008 0.01 
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2.2.6 Coomassie Blue staining 

After electrophoresis, polyacrylamide gels were stained in Coomassie Brilliant Blue 

R250 (Sigma-Aldrich Cat No. 6104-59-2) (42% (v/v) methanol, 18% (v/v) acetic acid, 0.1% 

(w/v) Coomassie Brilliant Blue-R250) for 2-4 hours on a shaker and de-stained to remove the 

background in 42% [v/v] methanol/ 18% (v/v) acetic acid overnight on a rotator until the blue 

protein bands become visible. The gels were then washed in distilled water and images 

scanned using commercial scanners. 

2.2.7 Polyclonal antibody purification 

Anti-maize SSIIa peptide-specific antibodies were raised against commercially 

obtained synthetic peptides (http://www.anaspec.com/services/antibody.asp). Anti-SSIIa 

antibody was purified from crude rabbit antisera using a 1 mL peptide affinity column. To 

make this column, 2 mg of synthetic peptide (Table 2.3) was dissolved in 1 mL of Coupling 

Buffer: Tris-HCl, pH 8.5 (50 mM Tris-HCl, 5 mM EDTA). Two mL sulfolink Coupling Resin 

(ThermoFisher Scientific, Cat No. 20401) was centrifuged for 2 minutes at 100 g. Supernatant 

was discarded and the resin washed with 1 mL Tris-HCl, pH 8.5, six times. One ml of each of 

the dissolved peptide and washed resin were mixed in a falcon tube and incubated on a rotator 

for an hour at room temperature, and for an additional 30 minutes at 4°C without rotation. The 

peptide-resin mixture was then added to a Bio-Rad Poly-Prep® Chromatography column and 

washed with 3 mL Tris-HCl, pH 8.5. The resin slurry, coupled with the peptide, was blocked 

by adding 1 mL of 50 mM cysteine in the same washing buffer and incubated with rotation for 

15 minutes at room temperature to allow blocking of non-specific binding. After washing the 

column with 16 ml of 1 M NaCl in Tris-HCl, pH 8.5, 3 ml antisera containing the polyclonal 
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ZmSSIIa antibody diluted with 5 ml of PBS/0.01% (w/v) sodium azide was added to the 

column and mixed on a rotator at 4° C overnight. The next day, the sulfolink resin slurry-

antibody column was washed as below: 

- 10 ml of (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% (w/v) nonyl phenoxylpolyethoxyl 

ethanol (NP-40), 0.5% (w/v) Na-deoxycholate, and 0.1% (w/v) SDS). 

- 10 ml sarcosyl buffer (20 mM Tris-HCl, pH 8.0, 1 M NaCl, 1 mM Na2-EDTA, and 0.5% 

(w/v) NP-40). 

- 10 ml of 10 mM Tris-HCl pH 7.8.  

The antibody bound to the column was eluted with 0.5 mL 100 mM glycine pH 2.5 

into tubes containing 0.25 mL 1M Tris-HCl pH 7.8 in order to neutralize the elution buffer. 

The concentration of eluted antibodies was measured using Bradford assay.  

2.2.8 Immunoblot analysis  

Following gel electrophoresis, proteins separated on polyacrylamide gels were 

transferred to nitrocellulose membranes (Bio-Rad) using transfer buffer including 20% (v/v) 

methanol, 10%, 10X Tris-glycine (0.25 M Tris, 1.92 M glycine) running buffer and 70% 

distilled water, within XCell II Blot Module (ThermoFisher, Cat No. EI9051) run at 30V for 

90 minutes, followed by blocking in 1.5% bovine serum albumen (BSA) in 1X TBS buffer 

(150 mM NaCl, 20 mM Tris-HCl, pH 7.2) for 15 minutes at room temperature. The membrane 

was then incubated in primary antibody overnight at room temperature with shaking. The 

primary antibodies used in this study were either commercially purified protein tags antibodies 

(anti-S-tag and His-tag antibodies; Sigma-Aldrich) or were purified in the lab from sera raised 
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against specific peptides as described in the previous section. The antibodies used in this 

project are listed in Table 2.3. After incubation with primary antibodies, the membrane was 

washed three times with 1x TTBS (150 mM NaCl; 20 mM Tris-HCl, pH 7.2; 0.1% Tween 20 

[polyoxyethylene sorbitane monolaureate]), for 15 minutes per wash at room temperature with 

shaking. The membrane was then incubated for an hour in the secondary antibodies, which 

(depending on the primary antibodies) could be either alkaline phosphatase-conjugated anti-

rabbit IgG (Sigma-Aldrich, Cat No. A3687-1ML) or anti-mouse IgG (Sigma-Aldrich, Cat No. 

A3562-1ML), followed by three more washes with 1 X TTBS at room temperature with 

shaking. The immunoblot was developed at room temperature using a developer solution (5-

bromo- 4 chloro-3-indolyl phosphate/nitro blue tetrazolium liquid substrate system; Sigma-

Aldrich Cat No. B-1911). 

Table 2. 3 Epitopes derived from the amino acid sequences of maize starch biosynthetic enzymes 

Antibody Peptide sequence Epitope location on 
protein sequence 

GeneBank 
accession number 

Anti-2o 

antibody 

anti-ZmSSIIa GKDAPPERSGDAARLPRARRN   69-89 AAD13341   Rabbit 

anti-ZmSSI AEPTGEPASTPPPVPD    72-87 AAB99957    Rabbit 

anti-ZmSBEIIb PRGPQRLPSGKFIPGN   641-656  AAC33764   Rabbit 

anti-S-tag KETAAAKFERQHMDS   N-terminus Sigma-Aldrich Cat 
No. SAB2702204 

  Mouse 

anti-His-tag HHHHHH   C-terminus Sigma-Aldrich Cat 
No. SAB2702219 

  Mouse 
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2.2.9 SSIIa immunopurification from maize amyloplasts 

SSIIa from wild type maize amyloplasts was immunopurified using peptide-specific, 

anti-maize SSIIa antibodies. To produce 100 ul of 50% Protein-A slurry, 20 mg of Protein A-

Sepharose beads were incubated in 1 ml PBS, (137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, 

and 2 mM KH2PO, pH7.4) for 1 hour at room temperature. After centrifuging at 100 g for 2 

minutes, the supernatant was discarded. Thirty µg of purified maize SSIIa antibodies were 

added to the protein A-slurry and incubated at 4°C overnight. The next day the Protein A-

Sepharose beads were washed twice with 1XPBS. One ml of maize amyloplast stromal 

proteins (1-1.5mg/mL) was added to the beads and incubated for 1 hour at room temperature. 

The tube was then centrifuged at 100 g for 2 minutes. Subsequently, beads were washed five 

times with 1.5 mL of 1X PBS containing 1M NaCl, followed by five additional washes with 10 

mM HEPES/NaOH (pH 7.5) / 150 mM NaCl centrifuging at 100 g for 2 minutes between 

washes. Finally, the pellet of Protein A-Sepharose-antibody/protein was boiled in 2X SDS 

loading buffer at 95° C for 5 minutes prior to SDS-PAGE and western blotting as described in 

Section 2.2.8.  

2.2.10 Phosphorylation of maize SSIIa in amyloplast stroma 

To investigate in vitro phosphorylation of endogenous maize SSIIa, 1mL of amyloplast 

lysate (1-1.5mg protein/mL) was incubated at room temperature for 45 minutes on a rotator 

with 1 mM ATP, 10mM MgCl2, 1mM CaCl2 5mM DTT, plant ProteaseArrest protease 

inhibitor cocktail (G-Biosciences Cat No. 786-332) and PhosphataseArrest™ phosphatase 

inhibitor cocktail (G-Biosciences, Cat No. 786-450)(both 10µl per 1 mL lysates), respectively, 
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to minimize protein degradation and protein dephosphorylation of protein by amyloplast 

phosphatases.  

2.2.11 Dephosphorylation of maize SSIIa in amyloplast stroma 

For in vitro dephosphorylation, 1mL of amyloplast lysate (1-1.5 mg/mL) was 

incubated either with approximately 30 units of soluble APase (calf intestinal APase [CIAP]) 

(ThermoFisher Scientific, Cat No. 18009019) or 150 units of APase conjugated to agarose 

beads (Sigma-Aldrich, Cat No. P0762-1KU) for 45 minutes at room temperature with rotation. 

For consistency, all samples, including the untreated control, were incubated in the presence of 

1mM CaCl2, 10mM MgCl2, 5mM DTT and plant protease inhibitor cocktail (10µL /mL).  

2.2.12 SS zymogram analysis 

Zymogram analysis was performed to qualitatively and visually detect the activity of 

SSIIa in maize endosperm amyloplast stroma. As a control, untreated maize amyloplast 

proteins were electrophoresed at 4°C on a non-denaturing native polyacrylamide gel 

containing the glucan primer (0.3% (w/v) corn amylopectin). SS zymogram gel components 

are shown in Table 2.4 for 5% non-denaturing gels containing 0.3% (w/v) corn amylopectin 

(Sigma-Aldrich Cat No. 9037-22-3).  
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Table 2. 4 Composition of non–denaturing starch synthase zymogram gel 
 

Stock solution 
Resolving gel (10ml) 

(5% acrylamide) 

Distilled water 3.675 ml 

1.5M Tris-HCl, pH 8.8 2.5 ml 

30%Acrylamide 1.67 mL 

1.5% glucan stock (Corn amylopectin) 2 mL (0.3%) 

10% APS 100 µL 

Acarbose 40 µL 

TEMED 15 µL 

 

Loading buffer (50 mM Tris HCl pH 6.8, 10% glycerol, 0.001% (w/v) bromophenol 

blue) was added to the protein sample at a ratio of 1:10. Native gels were pre-cooled at 4°C 

and electrophoresed in 1X running buffer (Tris-glycine) at 4°C at 100 V for 2 hours. After 

electrophoresis, gels were incubated in SS zymogram incubation buffer (50 mM glycylglycine, 

pH 9.0, 100 mM sodium citrate, 20 mM DTT, 5 mM MgCl2, 0.5 mg/ml BSA, 2 mM ADP-

glucose), at 30° C for 48 to 72 hours and SS activity bands were detected by staining with 

Lugol's solution containing 0.2% (w/v) iodine and 2% (w/v) potassium iodide. To determine 

the effects of phosphorylation and dephosphorylation on SS activity, amyloplast lysates were 

incubated with ATP (1 mM) and APase beads (150 U) for 45 min (sections 2.2.10 & 2.2.11) 

prior to electrophoresis. To confirm the band of activity corresponding to SSIIa, proteins from 

an identical gel were transferred to a nitrocellulose membrane and imunoblotted against anti-

SSIIa antibodies. 
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2.2.13 Phosphorylation of maize SSIIa in maize amyloplast stroma using γ- [32-P] ATP 

Maize immunopurified-SSIIa (bound to Protein-A-Sepharose beads/ SSIIa antibody) 

(see section 2.2.9) was incubated with 1 ml of amyloplast lysate (1 – 1.5 mg/ml) as a source of 

protein kinases and 1 mM [γ-32P] ATP (20 µCi), 10 mM MgCl2, 1mM CaCl2, 5 mM DTT, 

plant protease inhibitor cocktail (Plant Protease Arrest™ [100X]) and phosphatasearrest™ 

phosphatase inhibitor cocktail (both 10 µL per 1 mL lysates) on a rotator for 45 minutes at 

room temperature. Following incubation, beads were washed five times with 1.5 mL of 1X 

PBS buffer containing 1 M NaCl, followed by five additional washes with 10 mM 

HEPES/NaOH, pH 7.5 / 150 mM NaCl  (centrifugation at 100 g for 2 minutes following each 

resuspension). Afterwards, the pellet was boiled in SDS loading buffer for 5 minutes at 95°C 

prior to SDS-PAGE (10% w/v) and western blotting. The immunoblot was exposed to Kodak 

BioMax light film (KODAK Cat No. 178 8207) within a BioMax cassette (Fisher Scientific 

Cat. No. 05-728-17) in darkness for two-four weeks at -80° C. Autoradiograms were 

developed using a Konica Minolta SRX101A tabletop X-ray film processor, and bands of 

radioactivity aligned to the corresponding western blot probed with anti-SSIIa antibodies.  

2.2.14 Co-immunoprecipitation 

This assay is used to detect the interactions between endogenous starch biosynthetic 

enzymes in maize amyloplasts. Endogenous SSIIa from maize amyloplasts was immobilized 

on Protein A-Sepharose beads using peptide-specific, anti-maize-SSIIa, antibodies (see table 

2.3). The protein A-Sepharose/antibody/protein complex was centrifuged at 100 g for 2 

minutes and the supernatant discarded. Beads were carefully washed five times with 1X PBS 

buffer, followed by five additional washes with 10 mM HEPES/NaOH (pH 7.5) /150 mM 
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NaCl, centrifuging at 100 g, 2 minutes between washes. The washed pellet was boiled in 2X 

SDS loading buffer at 95° C for 5 minutes. Co-immunoprecipitated proteins were analyzed by 

SDS-PAGE and western blotting using anti-maize SSI, SSIIa and SBEIIb antibodies (1:3000 

diluted in 1X BSA). 

2.2.15 Synthesis of radiolabeled [U-14C] ADP-glucose  

AGPase was used to produce radiolabeled ADP-glucose from [U-14C] glucose-1-

phosphate in vitro. The two-hundred microliter reaction included: 80 µl [U-14C] glucose-1-

phosphate (0.02 µmol, ~ 4 µCi) (PerkinElmer), 80 µg of purified E. coli AGPase (kindly 

provided by Dr. Zaheer Ahmed) 10 mM Tris-HCl (pH: 7.5), 1 mM MgCl2, 0.125 mM ATP and 

10 U inorganic pyrophosphatase (Inorganic Pyrophosphatase, E. coli, MCLAB). The reaction 

was allowed to proceed at 30°C for 5 hours, and was stopped by boiling at 95°C for 5 minutes 

followed by centrifugation at 16,000 g for 10 minutes. The AGPase protein was precipitated by 

adding 200 µl ice-cold acetone (99.5%; Sigma-Aldrich, Cat No. 179973) precipitation at -20°C 

overnight. The next day, following centrifugation at 16,000 g for 5 minutes, the supernatant 

was removed and lyophilized in a Vacufuge speed vacuum machine (Eppendorf, Cat No. 

1256096-W18) at room temperature until 80 µl solution was left. 

To investigate the conversion efficiency, following [U-14C] ADP-glucose synthesis, 1 

µl of the supernatant and [U-14C] glucose-1-phosphate were spotted onto a TLC (thin layer 

chromatography) plate and separated via a mobile solvent phase (ethyl acetate: isopropanol: 

distilled water, 65:25:10 v/v/v) in a glass chamber. Once the solvent had run to about 2 cm 

from the top of the TLC plate, it was removed from the chamber and the position of the solvent 

front was lightly marked with a pencil. The TLC plate was subjected to ultraviolet light to 
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visualize the ADP-glucose spots and marked with a marker, and exposed to an X-ray film in 

the dark at -80°C for two weeks. The newly synthesized [U-14C] ADP-glucose migrated to the 

same position as the standard ADP-glucose (≥95% pure, Sigma-Aldrich) (Figure 2.2). Using a 

blade, the ADP-glucose spot from the TLC plate was cut out and transferred into a translucent 

plastic vial containing 5 ml of scintillation liquid and 14C-radioactivity measured in a Beckman 

LS6500 Liquid Scintillation counter (Beckman Coulter, Cat No. 8043-30-1194). Radioactivity 

was determined as 0.031 µCi/µl. The synthesized radiolabelled ADP-glucose was stored at -

20°C before using in SS assays. 

 

Figure 2. 2 Synthesis of radiolabeled [U-14C] ADP-glucose from [U-14C] glucose-1-phosphate. 

Following the radiolabeled [U-14C] ADP-glucose synthesis, the conversion efficiency was tested using 

TLC. (A) Samples visualized as separate spots on TLC plate under UV light (B) Autoradiogram from TLC 

plate incubated on an X-ray film in the dark for two weeks at -80°C. 
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2.2.16 Determining the catalytic activity of SSIIa using [U-14C] ADP-glucose 

Endogenous SSIIa catalytic activity in maize amyloplast lysates was estimated by 

measuring the incorporation of 14C from [U-14C] ADP-glucose as a source of glucan substrate 

into methanol-insoluble glucan chains. Immunopurification of SSIIa from maize amyloplasts, 

was performed as described in section 2.2.9, and the amount of SSIIa protein on Protein A-

Sepharose beads quantified. To a 200 µl assay containing, 100 mM Bicine pH 8.5 NaOH, 50 

mM potassium acetate, 200mM Na citrate, 10 mM Na-EDTA, pH 8.0, 20 mM DTT and corn 

amylopectin (5 mg/ml), immunopurified SSIIa was added. The reaction was initiated by 

adding 15.5 µCi/µmol [U-14C] ADP-glucose synthesized from [U-14C] glucose-1-phosphate 

(Section 2.2.15) and incubated at 25° C for 25 minutes. The reaction was stopped by heating at 

95° C for 5 minutes. 1 ml of 75% (v/v) methanol-1% (w/v) KCl was added to the 200 µl of 

assay to precipitate the 14C- labelled glucan chain, at room temperature for 10 minutes. 

Supernatant was removed after centrifugation at 14,000 g for 10 minutes. 0.3 ml of dH2O was 

added to the pellet and resuspended by vortexing. 1 ml of methanol/KCl was added again and 

the sample incubated at room temperature another 10 minutes. Following centrifugation at 

14,000 g and removal of the supernatant, 0.5 ml dH2O was added to the precipitate and the 

sample resuspended by vortexing to release the 14C- labelled products into the supernatant. 4.5 

ml of scintillation liquid was added to the suspension in a translucent plastic vial and 14C 

radioactivity measured in a Beckman LS6500 Liquid Scintillation counter (Beckman Coulter, 

Cat No. 8043-30-1194). 
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2.2.17 Gel permeation chromatography (GPC) 

Wild type maize amyloplast lysates pretreated with ATP (1 mM) or APase (150 U) 

were separated through a Superdex 200, 10/300GL column (Amersham Pharmacia Biotech, 

USA) connected to an AKTA fast protein liquid chromatography (FPLC) system (Amersham 

Biosciences) at 4°C, controlled by UNICORN manager software (GE Healthcare Cat No. 29-

0187-51).  Rupturing buffer (see section 2.2.2) was used to equilibrate the column and 500 µl 

amyloplast lysates (1-1.5 mg/ml) were injected onto the GPC column at a flow rate of 0.25 

mL/min. Fractions of 0.5 ml were collected using a Frac 950 fraction collector (Amersham 

Pharmacia Biotech). The GPC column was calibrated using commercially available gel 

filtration calibration kits from Amersham Biosciences (low molecular weight kit (Cat No. 17-

0442-01) and high molecular weight kit (Cat No. 17-0441-01). Standard proteins used from the 

low molecular weight kit included: ribonuclease A (13.7 kDa) and conalbumin (75 kDa) and 

from the high molecular weight kit: aldolase (158 kDa), ferritin (440 kDa) and thyroglobulin 

(669 kDa) following the manufacturer’s instructions, 500 µl of each calibration protein was 

loaded onto the column in rupturing buffer and eluted at a flow rate of 0.25 ml /min, collecting 

0.5 ml fractions. The proteins were detected via UV light absorption at 280 nm.  

Following GPC, 20 µl of each fraction (was boiled in 2X SDS loading buffer for 5 

minutes and proteins separated by SDS-PAGE, followed by western blotting using specific 

antibodies. Forty-five µl of the fractions were mixed with 5 µl native loading dye (10X) and 

electrophoresed on non-denaturing gel and immunoblotted with peptide specific antibodies for 

SSIIa and other SSI and SBEIIb. The intensity of the bands on the western blots was analyzed 

using ImageJ software (http://rsb.info.nih.gov/ij/index.html). 
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2.3  Results 

2.3.1 Detection of starch synthase IIa in maize amyloplasts  

Maize SSIIa was detected in whole cell lysates, amyloplast stroma and starch granules. 

While Coomassie Blue staining visualized sample proteins, western blotting, using anti-SSIIa 

antibodies, confirmed the presence of SSIIa in both the soluble and granule matrix 

compartments. Log10 of the molecular weights of standard proteins was plotted against their 

relative mobility (Rf.) on SDS-PAGE gel. The molecular weight of SSIIa was estimated from 

the plot based on its relative mobility on the gel (Rf.: 0.25). The approximate molecular weight 

of SSIIa, based on its migration in SDS-PAGE, is 86 kDa (Figure 2.3 C).  
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Figure 2. 3 (A) Coomassie Blue staining and (B) immuno-detection of SSIIa protein in maize endosperm. 

Total proteins were stained by Coomassie Blue and SSIIa was detected in both amyloplast lysate as well as 

the starch granules by western blotting, probed with anti-SSIIa antibodies. Red arrow indicates SSIIa. (C) 

Log10 of the molecular weights of standard proteins was plotted against their relative mobility (Rf.) on SDS-

PAGE gel. Line of best fit was used to create the standard curve to estimate the molecular weight of SSIIa 

based on its Rf. value (red square). The standard molecular weights used in this plot, include: 25 kDa, 50 

kDa, 75 kDa, 100 kDa, 150 kDa and 250 kDa. 
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2.3.2 [γ -32P] ATP labeling to detect phosphorylation of maize endogenous SSIIa in 

amyloplasts  

Maize amyloplast lysates were subjected to SSIIa immunopurification using anti-SSIIa 

specific antibodies conjugated to Protein-A-Sepharose beads (IP-SSIIa). The immobilized 

SSIIa on beads was analyzed by gel electrophoresis followed by immunoblotting using SS-

specific antibodies (SSI, SSIIa and SSIII), to confirm the absence of other SS enzymes on the 

beads (Figure 2.4 A).  

In vitro phosphorylation using [γ-32P] ATP was utilized to examine the 

phosphorylation of immunopurified SSIIa (IP-SSIIa) from maize amyloplast stroma followed 

by auto-radiographic analysis. Immunopurified-SSIIa was incubated with amyloplasts as a 

source of protein kinase(s) and [γ-32P] ATP (1mM) for 45 minutes at room temperature. The 

Protein-A-Sepharose beads-SSIIa complex was washed several times with 1X PBS buffer in 

the presence of 1M NaCl followed by five additional washes with 10 mM HEPES/NaOH, pH 

7.5  (section 2.2.13). The immunopurified sample was boiled to release the proteins, which 

were electrophoresed (SDS-PAGE) followed by trans-blotting to nitrocellulose membrane. The 

membrane then was exposed to an X-ray film in the dark at -80°C for two to four weeks. 

Western blotting, using anti-SSIIa antibodies, confirmed that the 32P-phosphorylation signals 

detected on the autoradiograms, corresponded to phosphorylated maize SSIIa (Figure 2.4 B). 
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Figure 2. 4 (A) Immunopurification of maize SSIIa from amyloplast lysates. Immunopurified SSIIa 

was analyzed by SDS-PAGE, immunoblotted and probed with anti- SSI, SSIIa, SSIII and SBEIIb peptide-

specific antibodies. (B) Endogenous maize SSIIa can be phosphorylated in vitro using amyloplasts as a 

source of protein kinases. SSIIa in amyloplast lysates was phosphorylated using [γ-32P] ATP (1mM), and 

immunoprecipitated before western blotting and autoradiography. Red arrows indicate the SSIIa protein 

bands in both the immunoblot (left) and autoradiogram (right) compared to the standard protein molecular 

marker (MW). ZmSSII: maize SSIIa MW: molecular weight markers (kDa). 
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2.3.3 Effects of phosphorylation and dephosphorylation on the electrophoretic mobility and 

catalytic activity of maize endogenous SSIIa  

Zymogram analysis was used to visualize starch synthase (SS) activity in the 

endosperms of wild-type maize. Amyloplast stromal samples were treated with ATP (1mM) or 

alkaline phosphatase (immobilized APase; 150U) and electrophoresed in non-denaturing gels 

containing 0.3% (w/v) corn amylopectin as glucan substrate (Figure 2.5). For comparison, 

amyloplast lysates from sugary2 (su2), amylose extender (ae1.1 and ae 1.2) maize mutants 

were also analyzed. The allele of Su2 produces a catalytically inactive SSIIa due to a single 

amino acid mutation (Gly522>Arg) in the protein sequence (Liu et al. 2012b). ae1.1 is a null 

mutant of SBEIIb, which as noted previously has a different HEC profile from wild-type 

maize, whereas ae1.2, allele produces an inactive form of SBEIIb (lacking 28 amino acid), and 

still can form the trimeric complex with SSIIa and SSI as seen in the wild-type maize.  

Compared to the untreated and APase treated samples, SSIIa in the wild-type ATP-

treated sample, migrated further in the gel (Figure 2.5 WT panel A), as shown by western 

blotting using anti-maize SSIIa antibodies (Figure 2.5 WT panel B). Amongst the other three 

maize mutant backgrounds, ae1.1 and ae1.2 also showed a similar enhanced mobility-shifts of 

SSIIa upon ATP treatment. The su2 sample, as expected, did not show any activity on the 

zymogram gel (Figure 2.5 ae1.1 and ae1.2 panel A).  

The activity bands of SSIIa on zymograms are labeled alphabetically as “b”, “c” and 

“d” (Figure 2.5 panel A), which correspond to the SSIIa protein bands in the related 

immunoblots (Figure 2.5 panel B). This strongly suggests that those SS activities visualized in 

the zymogram gels are actually due to the activity of SSIIa protein in the maize amyloplast 

stroma. Additionally, a dark active band of starch synthase (SS) activity was detected near the 



	 76 

top margin of the zymogram gels (yellow arrow “a”) in all three samples (untreated, ATP and 

APase treatments) (Figure 2.5 panel A), which did not align with any of the SSIIa protein 

bands in their respective immunoblot (Figure 2.5 panel B). However, immunoblotting using 

anti-SSI antibodies confirmed these bands being due to SSI activity (Figure 2.5 WT panel C).  

In wild-type samples, a considerable alteration in the electrophoretic mobility of active 

SSIIa (band c and d) was observed upon ATP treatment compared to untreated and APase-

treated samples (band b) (Figure 2.5 WT). Both of these bands (c and d) showed similar 

activities compared to the relative amount of proteins detected in the corresponding 

immunoblot (Figure 2.5 WT panels A and B). 

Likewise, in the ae1.1 background, upon ATP treatment, while the two activity bands 

(c and d) were still observed with the same migration patern as seen for WT, an extra activity 

band “b” was also visible (Figure 2.5 ae1.1 panel A, lane 2), which was not detected in the 

ATP-treated wild-type samples. Interestingly, although the intensity of both activity bands (c 

and d) appeared similar, comparison with immunoblots indicated the presence of markedly 

more SSIIa protein in band “d” rather than band ”c” (Figure 2.5 ae1.1 panel B, lane 5), 

suggesting possible differences in specific activity between the two bands. It must be 

emphasized that this is an entirely qualitative assessment. 

Interestingly, in the ae1.2 background, ATP-treated SSIIa migrated notably further in 

the gels compared to the untreated and the APase treated samples (Figure 2.5 ae1.2 panel A). 

However, unlike WT and ae1.1 backgrounds, in this background only a single prominent band 

“c” was detected (Figure 2.5 ae1.2 panel B, lane 2). The immunoblot of untreated ae1.2 

detected three different protein bands (“b”, “e” and “f”), of which, only one band (b), appeared 

to be active (Figure 2.5 ae1.2 panel B, lane 6).  
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None of the activity bands detected in the zymograms of wild-type and both ae- 

mutants were detected in the su2 mutant (lacking SSIIa activity) (Figure 2.5 su2 panel A), 

whereas bands of SSIIa protein were detected on western blots but migrated much further 

(Figure 2.5 su2 panels A and B). Clear bands on the top and bottom of the zymograms 

probably represent amylolytic enzyme activities. 

Another activity band on the top of zymogram gels (labelled with red arrow) did not 

correspond to any of the SSIIa protein bands from the immunoblots (Figure 2.5 panel A), and 

could perhaps suggest an activity band of SSIII. Due to lack of reliable SSIII and SSIV 

peptide-specific antibodies, immuno-detection using maize anti- SSIII and SSIV antibodies 

was not possible for native-PAGE. 
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Figure 2. 5 ATP treatment of maize amyloplasts alters electrophoretic mobility of active endogenous 

maize SSIIa under non-denaturing conditions. (A) Zymogram using ADP-glucose (4 mM) and 0.3% 

(w/v) amylopectin as substrates (B) anti-ZmSSIIa immunoblots (C) anti-ZmSSI immunoblot. Green arrows 

indicate SSIIa activity and protein bands. Yellow arrows indicate SSI activity and protein bands. Results 

shown here are representative of three replicates. ae1.1: amylose extender mutant lacking SBEIIb; ae1.2: 

amylose extender mutant with catalytically inactive SBEIIb; su2: sugary2 mutant with catalytically inactive 

SSIIa; WT: wild type maize.  
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2.3.4 Effect of phosphorylation and substrate concentration on the electrophoretic mobility 

of maize SSIIa under non-denaturing condition 

The mobility of maize SSIIa was analyzed using amyloplast stroma in the absence and 

presence of 0.2% (w/v) amylopectin as glucan substrate under three treatments (untreated, 

ATP and APase-treated). The proteins from amyloplast stroma before and after ATP (1mM) 

and APase (150U; insoluble beads) treatments, were separated by electrophoresis in non-

denaturing gels (with and without 0.2% corn amylopectin) followed by immunoblots probed 

with peptide specific anti-SSIIa antibodies to detect their mobility of SSIIa. The mobility of 

maize SSIIa in all three treatments was reduced in the presence of 0.2% (w/v) amylopectin in 

the gel (Figure 2.6 B). However, in the both gels, as was seen in the previous section, ATP-

treated SSIIa migrated markedly further in the non-denaturing gels in comparison with the 

untreated and the APase-treated samples (Figure 2.6 A and B). In the absence of glucan 

substrate, in the ATP treated lane in addition to the sharp band “c” with the highest mobility, 

the anti-SSIIa antibodies detected the faint band “a” which exhibited the same mobility as 

APase and untreated samples. Moreover, there was another band with slightly different 

mobility just below the band “a” referred as band  “b” (Figure 2.6 A). However, in the 

presence of 0.2% (w/v) amylopectin the two bands “a” and “b” could not be distinguished in 

the ATP-treated sample (Figure 2.6 B). 
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																				(A)																																(B)	

Figure 2. 6 Electrophoretic mobility of SSIIa in maize amyloplasts (A) no glucan and (B) 0.2% (w/v) 

amylopectin in the gel. Amyloplast stroma pre-treated with ATP (1mM) or APase beads (150 U) was 

separated on 5% non-denaturing gel, with and without 0.2% (w/v) corn amylopectin. The gels were 

immunoblotted probed with maize anti-SSIIa antibodies; red arrows indicate SSIIa protein. Immunoblots 

shown here are representative of three replicates. 

	

2.3.5 Effect of phosphorylation and dephosphorylation on the catalytic activity of 

immunopurified maize SSIIa  

Maize amyloplast lysates, pre-treated with ATP (1mM) or APase (150U; 

immobilized), were subjected to SSIIa immunopurification using anti-SSIIa specific antibodies 

conjugated to Protein-A-Sepharose beads (IP-SSIIa). The immobilized SSIIa on beads was 

analyzed by gel electrophoresis followed by immunoblotting using SS-specific antibodies 

(SSI, SSIIa and SSIII), confirming that SSIIa was the only purified SS isoform (Figure 2.7). 

However, using SBEIIb specific antibodies, a very faint band of SBEIIb protein in the ATP-

treated samples was detected (Figure 2.7). 
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Figure 2. 7 Immunopurification of maize SSIIa from amyloplast lysate. Immunopurified SSIIa from 

maize amyloplast lysates was treated with ATP (1mM) or APase (150U), in the presence of amyloplast 

stroma as a source of protein kinase(s). After washing, the immunopurified SSIIa protein was analyzed by 

SDS-PAGE, immunoblotted and probed with anti- SSI, SSIIa, SSIII and SBEIIb peptide-specific 

antibodies. Immunoblots shown here are representative of three replicates. MW = molecular weight 

markers (kDa).  

	

As described in Section 2.2.16, ADP-[U-14C]-glucose and maize amylopectin (0.5% 

(w/v)) were used to measure the catalytic activity of immunopurified SSIIa (IP-SSIIa). The 

catalytic activity of immunopurified SSIIa was increased (2.75 fold) upon ATP treatment of 

maize amyloplast stroma, whereas pre-treatment with APase decreased the activity by 1.75 

fold (Figure 2.8). In order to determine whether the effect of ATP or APase on the catalytic 

activity of SSIIa is reversible, the APase treated samples were retreated with ATP and the 

catalytic activity of SSIIa was measured. For this experiment, maize amyloplast stroma was 

incubated with agarose- conjugated APase (150U), which was subsequently removed from the 
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reaction by low speed centrifugation (100 g) before treating the stromal sample with ATP 

(1mM); this sample is termed “APase-ATP” hereafter. Removing APase from the reaction 

mixture ruled out the possibility of its residual activity affecting the starch synthase (SS) 

activity assay. The measured catalytic activity of untreated IP-SSIIa (5.5 µmoles/h/mg protein) 

in this study was similar to that reported by Liu et al. (2012b) (4.3 µmoles/h/mg protein) and 

Rayirath (2014; 2.3 µmoles/h/mg protein). The activity of “APase-ATP” treated samples was 

around 2.7 times higher (8.15 µmoles/h/mg protein) than APase-treated samples (2.98 

µmoles/h/mg protein) and approximately half the activity of ATP-treated sample (15.1 

µmoles/h/mg protein) (Figure 2.8). The differences in catalytic activity values between IP-

SSIIa-ATP and IP-SSIIa-APase were statistically significant at P≤ 0.05 (=3.30477E-06).  

 

Figure 2. 8 Effect of ATP and APase treatment on the catalytic activity of immunopurified maize 

SSIIa. The catalytic activity of IP-SSIIa before and after ATP and APase treatments was measured at 25° C 

using 2mM ADP-[U-14C] glucose and 0.3% (w/v) maize amylopectin as the glucan substrate and primer. 

APase-ATP treated samples were used as control to investigate the reversibility of phosphorylation. Boiled 

proteins at T0  were used as negative controls. n= 3±SD. Vertical bars indicate standard errors. Difference in 

catalytic activities between ATP-, APase- and ATP-APase- treated samples compared to untreated sample 

were statistically significant at P≤ 0.005.  
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2.3.6 Effects of protein phosphorylation on co-immunoprecipitation of SSIIa with other 

starch biosynthetic enzymes 

Following pre-treatment with ATP (1mM) or APase (150U), SSIIa was co-

immunopurified from maize amyloplast lysates using a peptide-specific antibody conjugated to 

Protein-A-Sepharose beads, as described previously. After washing the beads, the 

immunoprecipitated proteins were boiled, and proteins separated by SDS-PAGE, 

immunoblotted and probed with anti-SS (SSI and SSIIa) and anti-SBEIIb antibodies. As 

shown in Figure 2.9, ATP treatment enhanced the interaction between SSIIa and SBEIIb, while 

the effect of APase reduced interaction compared to the ATP and untreated samples (Figure 

2.9). However, phosphorylation and dephosphorylation did not elicit any obvious effects on 

the interaction between SSIIa and SSI (Figure 2.9). 

 

Figure 2. 9 Co-immunoprecipitation of SSIIa with SSI and SBEIIb following treatment with ATP 

and APase. Protein-phosphorylation enhances interactions between SSIIa with SBEIIb, whereas ATP 

showed no influence on its interaction with SSI in maize amyloplast stroma. Maize immunopurified-SSIIa 

was immobilized as bait to bind amyloplast proteins pretreated with either ATP (1mM) or 

dephosphorylated with APase (150U). Bound proteins were separated via SDS-PAGE and immunoblotted 

using maize anti- SSIIa, SSI and SBEIIb antibodies. Immunoblots shown here are representative of three 

replicates. 
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2.3.7 Detection of protein-protein interactions by GPC of amyloplast lysates  

Gel permeation chromatography (GPC) was also utilized to investigate interactions 

between stromal SSIIa (86 kDa), SSI (74 kDa) and SBEIIb (87 kDa). The GPC column was 

calibrated using commercial protein standards (low and high molecular weight) prior to use 

(Figure 2.10). Wild-type maize amyloplast lysates pre-treated either with ATP (1mM) or 

APase (150U) were injected into the Superdex 200 10/300GL GPC. The eluted protein 

fractions were further resolved using both discontinuous SDS-PAGE (Figure 2.11) and non-

denaturing PAGE (Figure 2.12). The elution profiles of SSI, SSIIa and SBEIIb from the GPC 

column were analyzed by immunoblotting using their corresponding peptide-specific 

antibodies.  

Scanning the blots with ImageJ software (https://imagej.nih.gov/ij/), and comparing 

the relative intensity of the protein bands, it was found that in untreated samples, SSIIa eluted 

predominantly in fractions 16-24 with a peak elution at high molecular weight fractions of 17 

and 18 corresponding to approximately 550 kDa-446 kDa (based on the elution of protein 

standards) (Figure 2.11). Following treatment of amyloplast lysates with ATP, there was a shift 

in the peak elution profile of SSIIa (peaking in fractions 18-19 and 24-25), and the elution of 

SSIIa extended up to fraction 28, corresponding to lower molecular weight (possibly 

monomeric) proteins (~ 75 kDa) (Figure 2.11).  

Using untreated amyloplast lysates, SSI eluted between fractions 16-23 with two 

elution peaks at fractions 19 and 22. Following ATP treatment, there was a shift in elution 

profile of SSI and two peaks of elution was observed at fraction 21 and fraction 27 (Figure 

2.11).  
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SBEIIb eluted between fractions 16-25 in untreated samples, showing two elution 

peaks at fractions 18 and 23  (Figure 2.11). Interestingly, in the ATP pre-treated samples, 

SBEIIb showed a marked alteration in elution pattern with far more protein eluted in lower 

molecular weight fractions (24-29) compared to untreated samples with a peak eluting at 

fraction 26, which, based on the standard curve corresponds to monomers (~95 kDa). However 

it should be noted that in previous studies by Hennen-Bierwagen et al. (2008), monomeric 

forms of maize SBEIIb did not elute from GPC according to its expected size but eluted at later 

fractions with a molecular mass peak at C10-C12 (~44 kDa). This might make the 

interpretation of the actual size/oligomeric state of the protein challenging. 

SSI, SSIIa and SBEIIb co-eluted predominantly in fractions 16-24 (669-158 kDa) 

under untreated conditions. Under ATP-treatments, SSI co-eluted with SSIIa in fractions 18-

27, while SBEIIb mostly co-eluted with SSIIa in lower molecular weight fractions (24-28). 

SSIIa co-eluted with SSI and SBEIIb between fractions 25-27 (Figure 2.11).  

	

Figure 2. 10 Calibration of GPC with standard proteins to determine molecular weights. GPC was 

calibrated using commercial protein standards of high and low molecular weights, ranging from 13.7 kDa 

to 669 kDa. The log10 values of the commercial protein standards were plotted against their corresponding 

fraction numbers in which eluted. Line of best fit was used to create the standard curve for estimation of the 
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molecular weight of proteins in different GPC fractions. The standard proteins used for this calibration 

included: thyroglobulin (669 kDa), ferritin (440 kDa), aldolase (158 kDa), conalbumin (75 kDa) and 

ribonuclease A (13.7 kDa). 

	

	

Figure 2. 11 Effect of ATP on GPC elution profile of SSIIa, SSI and SBEIIb. Maize amyloplast lysates 

(1-1.5 mg/ml), untreated or pretreated with 1mM ATP, were separated through a Superdex 200 10/300GL 

gel permeation column. Denaturing SDS-PAGE was used to separate the fractions followed by 

immunoblotting using anti-SSIIa (86 kDa), anti-SSI (74 kDa) and anti-SBEIIb (87 kDa) antibodies. GPC 

fraction numbers, 16-30, are shown at the top of each blots and blue arrows indicate the range of estimated 

molecular weight across different fractions, based on the standard curve of high and low molecular weight 

protein standards (Figure 2.9) ranging from 13.7 - 669 kDa. MW = molecular weight markers (kDa).  
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Analyzing the elution profile of SSI, SSIIa and SBEIIb on non-denaturing gels (Figure 

2.12) was in agreement with the observations from the denaturing SDS-PAGE results shown in 

Figure 2.11. In the absence of any pre-treatment, SSIIa eluted predominantly at higher 

molecular weights fractions 16-23 with a peak elution at fractions of 17-18 (Figure 2.12 SSIIa 

panel A). However, upon ATP treatment, the SSIIa elution profile shifted towards lower 

molecular weight fractions (24-28) giving rise to two peaks at fraction 19 and fractions 24-25 

respectively (Figure 2.12 SSIIa panel B), consistent with earlier SDS-PAGE results (Figure 

2.11). Overall comparison between the untreated and ATP-treated fractions indicates that 

unlike untreated fractions, upon ATP treatment, there is one or more additional bands of SSIIa 

in almost all of the fractions (16-29), which could suggest different quaternary states of SSIIa 

following phosphorylation (Figure 2.12 SSIIa panels A and B). 

SSI showed two different elution peaks on non-denaturing gels (fractions 16-17 and 

fractions 22) (Figure 2.12 SSI panel A), while after ATP treatment two additional peaks were 

apparent in fractions 17-20 (~550-300 kDa) and 25-27 (~115-79 kDa) (Figure 2.12 SSI panel 

B). Likewise, in the absence of pre-treatment, SBEIIb eluted in two peaks, one at fractions 16-

17 (~669-550 kDa) and the other at fractions 23 (170 kDa) (Figure 2.12 SBEIIb panel A). 

However, treatment with ATP caused a marked shift towards lower molecular weight fractions 

(24-29) with two peaks at fractions 19-20 (~375-300 kDa) and 26-27 (~95-79 kDa) under non-

denaturing condition (Figure 2.12 SBEIIb panel B).  

Interestingly, the electrophoretic migration of all three SSI, SSIIa and SBEIIb proteins 

was increased in lower molecular weight fractions (24-30; ~140-45 kDa) compared to high 

molecular weight fractions (16-20; ~669-300 kDa) under both untreated and ATP-treated 

conditions in non-denaturing gels (Figure 2.12 panels A and B).  
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Consequently, following GPC, the fractions referred to as “high and low” molecular 

weight (HMW and LMW) were used to study the effects of phosphorylation on the 

electrophoretic mobility of SSI, SSIIa and SBEIIb in non-denaturing gels and is described in 

the following section. 

 

Figure 2. 12 Effects of phosphorylation on GPC elution profile of starch biosynthetic enzymes (SSI, 

SSIIa and SBEIIb) from maize amyloplast lysates subjected to non-denaturing PAGE.  Prior to GPC, 

amyloplast lysates were incubated with 1mM ATP. Forty-five µl of each GPC fractions was mixed with 5 

µl native loading buffer and electrophoresed on 5% non-denaturing polyacrylamide gels. SSIIa, SSI and 

SBEIIb from each fraction were detected by immunoblotting using their respective peptide-specific 

antibodies. Fraction numbers are shown at the top of each blot. Red arrows indicate the location of the 

protein bands cross-reacting with each corresponding antibody. Green arrow indicating protein markers, 

used as a reference. Non-denaturing gel electrophoresis does not separate proteins based on size alone. 
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2.3.8 Effect of ATP treatment on the SSIIa high and low molecular weight protein 

complexes following GPC of amyloplasts 

To further investigate whether SSIIa co-migrates as complexes with other starch 

biosynthetic enzymes (SSI and SBEIIb) and the effects of ATP on formation of heteromeric 

complexes, the relative mobility of each enzyme was determined following GPC. Maize 

amyloplast stroma was treated with ATP (1mM) or APase (150U, immobilized) prior to GPC 

and untreated sample used as a control. The high molecular weight (HMW: 670-440 kDa, 

fractions: 16-18, pooled) and low molecular weight (LMW: 250-140 kDa, fractions 21-24, 

pooled) fractions from each of the three conditions were electrophoresed on non-denaturing 

polyacrylamide gels, followed by immunoblot-detection using SSI, SSIIa and SBEIIb 

antibodies (Figure 2.13).  

The relative mobility factor (Rf.) of each protein band was measured under different 

treatment conditions. Three different bands with similar Rf. values within all three treatments 

for each enzyme were detected: band “a” indicated by red arrow (in HMW lanes), with Rfa: 

0.41; band “b” with Rfb: 0.73 and band “c” with Rfc: 0.9, both indicated with green arrows (in 

LMW lanes).  

In the absence of pre-treatment, all three antibodies detected SSI, SSIIa and SBEIIb in 

both high (red arrow) and low (green arrows) molecular weight fractions co-migrating 

together, with roughly similar distribution in the both HMW and LMW fractions (Figure 2.13 

panel A, lanes 1-6), whereas, SSIIa and SBEIIb appeared to be evenly distributed between 

HMW and LMW fractions (Figure 2.13 panel A, lanes 5 and 6). In untreated amyloplasts, 

SSIIa within LMW fractions co-migrated with SSI in two different positions (b and c) on the 

gel (Figure 2.13 panel A; lane 2 and 4, green arrows). In untreated LMW fractions, SSIIa and 
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SSI co-migrated with SBEIIb, to only one common position “c” (Figure 2.13 panel A, lane 6). 

In HMW fractions of untreated samples there is an additional band of SBEIIb (blue arrow, b), 

whereas, detection of SSIIa and SSI did not show bands coincident with this in the same 

samples (Figure 2.13 panel A, lane 5). 

Under ATP-treated conditions, SSI, SSIIa and SBEIIb appeared to co-migrate in 

HMW fractions (red arrow; Figure 2.13 panel B, lanes 1, 3 and 5) while in LMW fractions the 

three proteins co-migrated at two different positions on the gel (green arrows; b and c). this 

might be suggestive of different protein complexes, or different aggregation states (including 

monomers) (Figure 2.13 panel B, lanes 2, 4 and 6). Moreover, in ATP-treated amyloplasts, 

SSIIa, SSI and SBEIIb appeared to be more prominent in the LMW fractions compared to 

HMW fractions (Figure 2.13 panel B, lanes 1-6).  

In APase-treated amyloplasts, SSI, SSIIa and SBEIIb, still co-migrated in HMW 

fractions, as was observed in untreated and ATP-treated conditions (red arrows; Figure 2.13 

panel C, lanes 1, 3 and 5). In LMW APase-treated amyloplasts, SSI co-migrated with SSIIa to 

position “b”, whereas it co-migrated with SBEIIb to position “c” (Figure 2.13 panel C, lanes 2, 

4 and 6). Interestingly, under APase treatment, unlike ATP-treated conditions, more SSIIa 

appeared to be in HMW complexes (red arrow; a) than LMW fractions (green arrow; b) 

(Figure 2.13 panel C, lane 1 and 2). However, the intensity of SSIIa bands was not readily 

distinguishable for “untreated” samples (Figure 2.13 panel A, lane 1 and 2). Immunoblots 

probed with anti- SSI and SBEIIb in APase-treated samples, did not exhibit any significant 

difference in the protein band intensity between HMW and LMW fractions (Figure 2.13 panel 

C, 3 and 4).  
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Figure 2. 13 Effect of ATP and APase on migration of SSI, SBEIIb and SSIIa in HMW (670-440 kDa) 

and LMW (250-140 kDa) GPC fractions of maize amyloplast stroma. ATP causes loss of proteins from 

slowly migrating complexes detected in maize amyloplasts. Untreated, ATP- and APase-treated amyloplast 

stromal proteins were subjected to gel permeation chromatography (GPC). Following GPC separation, high 

molecular weight (HMW) (670-440 kDa) and low molecular weight (LMW) (250-140 kDa) fractions from 

the untreated, ATP- and APase-treated samples were electrophoresed in non-denaturing polyacrylamide 

gels. Endogenous maize SSIIa, SSI and SBEIIb were detected by probing immunoblots of GPC fractions 

with their respective maize, peptide-specific antibodies. Red and blue arrows indicate the protein bands 

detected in HMW, while green arrows represent protein bands in LMW fractions. The relative mobility (Rf) 

of the protein bands was measured under different conditions. The least mobility belonged to band “a” in 

HMW fractions, with Rfa: 0.41, the next band “b” with Rfb: 0.73 was present in both HMW and LMW 

fractions and band “c” with Rfc: 0.9 only detected in LMW fractions indicative of faster migration in the 

native-PAGE. 
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Overall, comparison of SSIIa, SSI and SBEIIb indicated that all three were more 

prominent in HMW fractions in untreated compared to ATP-treated samples. The intensity of 

each protein band was notably reduced when samples were pre-treated with ATP (Figure 2.13 

A and B 1, 3 and 5). Interestingly, a marked amount of SBEIIb observed in position “a” (red 

arrow) of untreated HMW fractions (Figure 2.13 A, lane 5) shifted to a lower position “b” 

(blue arrow) in the same HMW fractions upon pre-treatment with APase (Figure 2.13 panel C, 

lane 5). 

Following ATP-treatment less SSIIa and SBEIIb were detectable in HMW fractions 

compared to LMW fractions (Figure 2.13 panel B). If co-migration of different proteins can be 

regarded as circumstantial evidence for their physical interaction, then these findings support 

the Co-IP data, indicating that the various interactions between these proteins are 

phosphorylation dependent. It seems that pre-treatment of amyloplasts with ATP led to 

dissociation of proteins from HMW fractions (Figure 2.13 panel B lanes 1 and 5). APase-

treated samples exhibited more SSIIa in HMW fractions compared to their LMW counterparts 

(Figure 2.13 panel C lanes 1 and 2). However, a firm conclusion on the effect of APase-

treatment on SSI and SBEIIb in HMW and LMW fractions is not possible in this experiment 

(Figure 2.13 panel C lanes 3-6). Interestingly, the relative electrophoretic migration of SSIIa in 

LMW and HMW fractions under all three experimental conditions, mirrors the mobility shift 

of SSIIa in ATP-treated and untreated samples respectively, as previously observed in section 

2.3.4 (Figure 2.13 lanes A1&A2; lanes B1&B2; lanes C1&C2). 
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2.4 Discussion 

The main focus of this chapter was to test the hypothesis that SSIIa in maize 

endosperm can be regulated post-translationally. The results provide direct evidence that SSIIa 

from maize amyloplast stroma can be phosphorylated, significantly affecting its apparent 

catalytic activity, electrophoretic mobility and interaction with other starch biosynthetic 

enzymes (SSI and SBEIIb). In order to study the regulatory effects of phosphorylation of SSIIa 

in maize amyloplast stroma, immunopurification of SSIIa from maize amyloplast lysates was 

performed using peptide-specific, anti-SSIIa antibodies as described previously by Liu et al. 

(2012b). In vitro phosphorylation using γ- [32-P] ATP was utilized to directly examine the 

phosphorylation of immunopurified-SSIIa from maize amyloplast stroma. The results 

confirmed that stromal SSIIa could be phosphorylated in maize endosperm amyloplasts (Figure 

2.4). The precise stoichiometry of the phosphorylation of SSIIa in the amyloplasts is not clear, 

however, based on the average period (3-4 weeks) for detecting the phosphorylation band on x-

ray film, it could be speculated that SSIIa is phosphorylated at a low level. Phosphorylation of 

endogenous SSIIa was previously shown in maize by Pro-Q® diamond phospho-protein gel 

staining as well as phosphate affinity Mn2+ Phos-tagTM gel electrophoresis (Rayirath, 2014). 

32P-labelling of SSIIa in wheat endosperm amyloplasts and SS2 in Arabidopsis chloroplasts, 

has been previously observed by Tetlow et al. (2004b) and Patterson et al. (2018), respectively. 

Exogenous ATP and APase were used to test the effects of phosphorylation and 

dephosphorylation, respectively, on SSIIa activity.  

While in wild-type maize, zymogram analysis following incubation of amyloplasts 

with ATP gave rise to multiple bands of SSIIa activity compared to the untreated and APase-

treated samples (Figure 2.5), zymogram analysis of SSIIa did not suggest substantial 
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differences in activity whether samples were untreated or pre-treated with APase (Figure 2.5). 

This suggests that in preparations of amyloplasts, SSIIa is largely dephosphorylated. The 

possibility that the phosphorylation state of the protein might be modified during the process of 

amyloplast isolation cannot be ruled out. 

The catalytic activity of SSIIa was investigated using [U-14C] ADP-glucose as 

substrate. SSIIa activity increased more than 5-fold following ATP treatment 

(phosphorylation) when compared to pre-treatment with APase (dephosphorylation) (Figure 

2.8). This result strongly suggests that the catalytic activity of maize stromal SSIIa is enhanced 

via post-translational modification and involves phosphorylation. Previous studies 

demonstrated the stimulatory effect of phosphorylation on the catalytic activity of SBE 

isozymes in wheat (Tetlow et al. 2008; 2004) and maize endosperm amyloplasts (Liu et al. 

2012a; 2009).  

It was also found that in maize amyloplasts, stromal protein kinase(s) are responsible 

for phosphorylation of SBEIIb (Makhmoudova et al. 2014). Interestingly in a previous study, 

using protein kinase inhibitors such as K252a and 5′-(4- fluorosulfonylbenzoyl) adenosine 

(FSBA), the ATP-induced mobility shift of SSIIa on non-denaturing gels was prevented, 

consistent with a role for protein phosphorylation in eliciting this phenomenon (Rayirath, 

2014).  

When measuring the catalytic activity of SSIIa, it is important that the sample is free of 

other starch synthase isoforms following immunopurification. The lack of other detectable SS 

isoforms (for which antibodies were available) attached to the immunopurified-SSIIa 

confirmed that the alterations in activity, before and after ATP and APase treatments, are 

solely the result of SSIIa activity (Figure 2.7). However, while no other starch synthase 
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enzymes were present in the immunopurified samples in this study, immunoblotting indicated 

a very faint band of SBEIIb present in the ATP-treated samples (Figure 2.7). This might imply 

that part, if not all, of the increase in the SSIIa activity might be due to the branching activity 

of SBEIIb, improving the function of SSIIa in elongating the non-reducing ends of newly-

branched glucans. The positioning of a HEC on the glucan may influence the SBE reaction; 

SBEs could cleave an α-1,4-glucan chain and reattach it to the same chain (intra-chain 

transfer), or transfer the cleaved glucan to a neighboring glucan chain (inter-chain transfer). 

However, glucan chains resulting from either type of branching activity will provide more 

substrate for SSs. The mechanism that results in preference for the inter-chain over intra-chain 

transfer may depend on the intimate association of adjacent linear glucan chains (Borovsky et 

al. 1979). There is evidence that SBEs can stimulate SS activity in spinach (Hawker et al. 

1974) and Arabidopsis (Brust et al. 2014). Brust et al. (2014) demonstrated that the presence of 

Arabidopsis SBE (either SBE2 or SBE3) is required for detection of SSI activity in non-

denaturing PAGE. However, the electrophoretic mobilities of SSI, SBE2, and SBE3 suggested 

that this effect on the activity was not necessarily due to a direct physical interaction of these 

enzymes (Brust et al. 2014). Liu et al. (2012b) also observed an increase in catalytic activity of 

SSs in the trimeric HEC in maize amyloplast stroma.  

Non-denaturing zymogram analysis of SSIIa activity following ATP and APase pre-

treatments demonstrated substantial alterations in the protein’s mobility following ATP 

treatment (presumably phosphorylation), which was not observed upon dephosphorylation by 

APase (Figure 2.5). Indirectly, these results could support the idea that the observed mobility 

shift was actually due to phosphorylation of SSIIa. During non-denaturing electrophoresis, 

protein migration through the gel is not solely based on molecular weight as it can also be 
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affected by other factors including surface charge (for example due to addition of negatively 

charged phosphate groups), shape and association with other proteins. Hence, post-

translational modifications such as phosphorylation and/or protein-protein interactions may 

influence electrophoretic migration of the undenatured protein (Tetlow et al. 2008, 2004b; 

Hennen-Bierwagen et al. 2009; 2008; Liu et al. 2012b; 2009).  

Following phosphorylation with ATP, two additional SSIIa activity bands (c & d) were 

detected in zymograms of amyloplast lysates from wild type and ae1.1. The lower band “d” 

showed relatively little activity compared to the amount of SSIIa protein detected by western 

blotting in ae1.1 genetic background (Figure 2.5 ae1.1). Unlike WT and ae1.1, in zymograms 

from the ae1.2 mutant, upon ATP treatment only one band of activity was detected (Figure 2.5 

ae1.2 panel A, lane 2). Moreover, immunoblots of ae1.2 detected three different SSIIa bands 

(b, c and f) (Figure 2.5 ae1.2 panel A, lane 6), whereas, only band “b” appeared to be 

catalytically active (Figure 2.5 ae1.2 panel A, lane 3). The differences in the catalytic activity 

observed in wild-type and ae- mutants could be due to the presence of different proteins within 

the altered HECs compared to wild-type. In the endosperm of amylose extender null mutant of 

maize (ae1.1; lacking SBEIIb protein), the trimeric HEC observed in wild type is replaced by a 

larger HEC composed of SSI, SSIIa, SBEIIa, SBEI and SP (PHO1) (Liu et al. 2009). While the 

reason for the presence of SP (PHO1) in the new HEC in the ae1.1 mutant is not clear, 

interestingly, SP (PHO1) was not found to interact with the trimeric HEC in the ae1.2 allele 

(expressing an inactive SBEIIb) (Liu et al. 2012a). The components of the new HEC were 

reflected in starch granule proteins (Liu et al. 2009; Grimaud et al. 2008). This alteration in the 

number of proteins potentially involved in complexes with SSIIa, and each protein’s 

phosphorylation state, could also affect SSIIa mobility in non-denaturing gels. For example, 
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substitution of one protein with another, or phosphorylation of one of the partners in SSIIa-

containing HECs, could have a pleotropic effect on SSIIa, influencing its substrate binding 

ability or changing it conformation and affecting its interaction with other proteins. The precise 

role of HECs in starch biosynthesis is not understood. It is also unclear in cases of absence or 

inactivation of one protein (e.g. SBEIIb in ae- maize), what factors regulate the formation of 

new HECs. It has been suggested that HECs could function more efficiently than individual 

enzymes in amylopectin biosynthesis by their ability to perform repeated actions (Emes et al. 

2019).  

In the amyloplast stroma of the sugary2 mutant (su2; expressing inactive SSIIa), the 

same trimeric HEC detected in wild-type was observed; however, there was a marked 

reduction in SSI and SBEIIb catalytic activity within this trimeric complex (Liu et al. 2012b). 

While SSI activity was enhanced by ATP treatment, ATP did not stimulate the activity of 

SBEIIb in the su2 mutant (Liu et al. 2012b). As was expected, SSIIa from the su2 mutant 

background did not exhibit any catalytic activity in the zymogram gel. Interestingly, the 

corresponding immunoblot did not show any ATP-induced mobility shift, suggesting that the 

alteration in the mobility of SSIIa may be dependent on its catalytic activity or its glucan 

binding ability (Figure 2.5 su2).   

Comparison of SSIIa mobility on a non-denaturing gel, in the presence or absence of 

glucan primers, showed that ATP-treated SSIIa migrates further in the gel when compared to 

untreated and APase-treated samples (Figure 2.6 A). However, this ATP-induced mobility shift 

was considerably retarded after the inclusion of 0.2% (w/v) corn amylopectin in the non-

denaturing gel (Figure 2.6 B). The results are consistent with previous studies (Padmavathi and 

Keeling, 2001; Commuri and Keeling, 2001), who also reported retardation of the SS isoforms 
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in non-denaturing gels containing α-glucan primers occurring due to the different affinity of 

the enzymes for glucan substrates. These data suggest that ATP might create conformational 

alterations of SSIIa (alone, or in its association with other proteins), resulting in its mobility 

shift both in the presence and absence of the glucan substrate.  

Maize stromal SSIIa was successfully immunopurified using SSIIa-specific antibodies 

and purification was shown to be unaffected by ATP- or APase- treatments (Figure 2.9). As 

reported previously by Liu et al. 2012b and confirmed in this study, phosphorylation enhances 

the interaction between immunopurified-SSIIa and SBEIIb in maize amyloplast stroma while 

APase has an opposite effect (Figure 2.9). However, it seems that ATP or APase treatments did 

not affect the interaction between SSIIa with SSI (Figure 2.9). In wheat endosperm a trimeric 

complex including SBEI, SBEIIb and starch phosphorylase (SP) (Tetlow 2004b) and at least 

two other complexes including SSI, SSIIa, and either of SBEIIa or SBEIIb were identified 

(Tetlow et al. 2008). Formation of the latter complex was found to be phosphorylation-

dependent (Tetlow et al. 2008). Considering the importance of SSIIa in starch biosynthesis, 

and given the fact that SS isoforms share similar structures and have a conserved C-terminal 

region in cereal endosperms, it is possible that SSIIa is phosphorylated within the trimeric 

HEC in maize amyloplasts, but the evidence presented here is circumstantial.  In the 

endosperms of wild-type maize, SBEIIb can be phosphorylated on at least three different 

serine residues (Makhmoudova et al. 2014). Together with the results shown in Figure 2.9, this 

might suggest that the increased interaction between SSIIa and SBEIIb involves 

phosphorylation of one or both enzymes.  

GPC of ATP-treated amyloplast lysates indicated that co-elution of SBEIIb with SSIIa 

occurred predominantly in the lower molecular weight range (fractions 24-27; 140-79 kDa), 
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which seems likely to represent monomeric or dimeric forms of each protein or the presence of 

SSIIa-SBEIIb dimers. However, SSIIa mostly co-eluted with SSI in the higher molecular 

weight fractions (19-22; 375-206 kDa) (Figure 2.11). The co-elution of all three enzymes (SSI, 

SSIIa and SBEIIb) after ATP treatment happened at a wider range from mid-to smaller 

molecular weight fractions (fractions 21-27) compared to untreated conditions (Figure 2.11), 

suggesting that these proteins could be associated in different complexes. Moreover, the co-

migration of SSIIa with SSI and SBEIIb were examined following GPC separation on non-

denaturing gel without glucan substrate. Investigation of the elution profile of SSI and SBEIIb 

relative to SSIIa confirmed their association in HMW (670-440 kDa) complexes (Figure 2.13 

panels A, B, C; lane 1, 3 and 5). While co-migration of the three proteins was observed in 

LMW (250-140 kDa) fractions of untreated and ATP-treated samples (Figure 2.13 panel B; 

lane 2, 4 and 6), SBEIIb did not co-migrate with SSIIa in LMW fractions of APase-treated 

samples (Figure 2.13 panel C; lane 6). 

Interestingly, following GPC of the LMW fractions (Figure 2.13), all three proteins 

migrated electrophoretically much further than those from the HMW fractions on non-

denaturing gels (Figure 2.13 panels A, B, C; lane 2, 4 and 6). Co-migration of SSIIa with SSI 

and SBEIIb happened at least in two different complexes (Figure 2.13 panel B; lane 1, 3 and 5) 

in the ATP-treated amyloplasts in the LMW fractions. The results observed in Figure 2.12, 

indicated that beside the known trimeric HEC (SSI-SSIIa-SBEIIb), there could be other larger 

and smaller HECs in maize amyloplast stroma. GPC separation and evidence of their co-

migration on non-denaturing gels provide circumstantial evidence for their association. 

Rayirath (2014) showed that SSI and SBEIIb co-precipitated with SSIIa in some of the HMW 
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and LMW fractions (Rayirath, 2014), reinforcing the conclusion that these observed co-

migrations are due to their physical interactions. 

Several previous studies have highlighted the importance of phosphorylation-

dependent HEC formation during starch biosynthesis in cereal endosperms (Hayashi et al. 

2018; Crofts et al. 2015; Fushan Liu et al. 2012a&b; Liu et al. 2009; Hennen-Bierwagen et al. 

2009; 2008; Tetlow et al. 2008; 2004b). GPC of rice endosperm lysates detected two active 

large and small SSIIa-containing HECs (Crofts et al. 2015). SSIIa, SSIIIa, SSIVb, SBEI, 

SBEIIb and PUL were found in HMW (>700 kDa) and SSIIa, SSI, SBEIIb, and SSIIIa were 

present in different LMW (200-400 kDa) complexes (Crofts et al. 2015). GPC analysis of 

maize endosperms also detected two high and low molecular mass protein complexes based on 

the co-migration of the participating enzymes. These included a predominant 670 kDa high 

molecular weight complex, including SSIIa, SSIII, SBEIIa /IIb, and a lower molecular weight 

complex of 300-kDa, that includes all of the above-mentioned enzymes except SSIII (Hennen-

Bierwagen et al. 2009; 2008). Elimination of any of the proteins from the 670 kDa HEC 

prevented the others from associating to form this large HMW complex. For example, null 

mutations of SSIIa (su2) and SSIII (du1) resulted in a substantial alteration in the GPC elution 

profile of SBEIIb in these mutants compared to the wild-type (Hennen-Bierwagen et al. 2009). 

SSIII interacted with SSIIa and SBEII enzymes within the high molecular weight complex in a 

phosphorylation-dependent manner (Hennen-Bierwagen et al. 2009; 2008). Given the 

likelihood that associations of SS and SBE enzymes in heteromeric complexes is conserved in 

cereal endosperms (Hennen-Bierwagen et al. 2008; Tetlow et al. 2008; Crofts et al. 2015), this 

could suggest that other starch biosynthetic enzymes, such as SSIII interact with either of 

SSIIa, SSI and SBEII enzymes to form the larger HECs incorporating SSIIa.  
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There is evidence for the involvement of 14-3-3 proteins in regulating starch 

biosynthesis. 14-3-3 proteins may be in the large SSIIa complexes within amyloplast stroma. 

14-3-3 proteins could play a role as a scaffold to associate two different starch biosynthetic 

enzymes in a phosphorylation-dependent complex, and hence regulate their activity. In a 

proteomic study in barley, it was reported that 31% of carbohydrate metabolic enzymes 

interact with 14-3-3 proteins. GBSSI, SSI, SSIIa, and SBEIIa were amongst the starch 

biosynthetic enzymes found to be physically interacting with the 14-3-3 in barley endosperm 

amyloplasts (Alexander and Morris 2006). Sehnke (2001) showed that recombinant maize 14-

3-3 could physically associate with SSIII from maize endosperms. 14-3-3 isoforms were also 

detected in starch granules of Arabidopsis plants (Sehnke 2001). In vitro studies indicated that 

two recombinant isoforms of maize endosperm-specific 14-3-3 (ZmGF-14-6 and ZmGF14-4) 

were able to interact with GBSSII, SBEIIb and ISA from maize endosperm lysates (Dou et al. 

2015).  

However, due to lack of reliable maize peptide specific anti- SSIII and 14-3-3 

antibodies, immuno-detection of these proteins was not possible for any of the described 

experiments here, such as GPC and non-denaturing PAGE gels. Beside SSs-SBEs in rice 

endosperms, Crofts et al. (2015) also detected other interacting partners such as PUL-SBEI and 

SBEIIa-PHO1, which could also suggest a possibility for other partners being indirectly 

associated with SSIIa in HECs.  

In this study, comparing band intensities of SSI, SSIIa and SBEIIb in HMW and LMW 

fractions before and after ATP treatment revealed that these proteins appeared to be more 

abundant in HMW fractions prior to ATP treatment. However, upon ATP treatment, a 

substantial shift in the SSIIa elution profile from HMW (670-440 kDa) towards LMW (250- 
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140 kDa) was detected (Figure 2.13). These observations could suggest that phosphorylation 

might dissociate the HMW complexes of maize SSIIa and instead, produce comparatively 

smaller HECs or homodimers. In this scenario, SSIIa from untreated and APase-treated 

samples might interact with other enzymes (or with itself) to form HMW complexes. Thus, 

protein phosphorylation could result in conformational modifications of SSIIa protein, 

affecting its association with other starch synthesizing enzymes in the heteromeric protein 

complexes.  

Given the potential role of ATP on dissociation of SSIIa-containing HECs, and the 

results showing a low signal of phosphorylation using 32P-labelling (Figure 2.3), it is possible 

that SSIIa may be in a predominantly dephosphorylated state in the maize amyloplast stroma. 

Based on the results attained from the present study, Figure 2.14 shows a proposed 

model on the effect of phosphorylation on SSIIa-containing protein complexes in maize 

amyloplast stromal preparation used here. 
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Figure 2. 14 Proposed model for phosphorylation-dependent protein-protein interactions of stromal 

SSIIa during starch biosynthesis in maize endosperm amyloplasts. This model was derived from the 

GPC experiments. HMW represents high molecular weight (670-440 kDa) and LMW denotes low 

molecular weight GPC fractions (250-140 kDa). Upon ATP treatment, HMW SSIIa complexes dissociate, 

(A) forming LMW complexes (B). LMW complexes could be the trimeric protein complex of SSI, SSIIa 

and SBEIIb or any pairwise protein complexes of SSIIa-SSI, SSIIa-SBEIIb, SSIIa-SSIIa dimers. ATP 

treatment can also cause protein complex assemblies from monomeric forms of starch biosynthetic 

enzymes (C). Under untreated and APase-treated conditions, other enzymes could be associated in SSIIa 

HMW complexes, shown as “?”. These unknown enzymes could be any other proteins involved in starch 

biosynthesis in maize endosperm amyloplasts such as SSIII, 14-3-3, SBEI/ IIa or SP. 
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In summary, the experimental results described in this chapter indicate that SSIIa is 

phosphorylated in amyloplast stroma and its catalytic activity is influenced by phosphorylation 

and dephosphorylation. SSIIa interacts with SSI and SBEIIb in a trimeric protein complex in a 

phosphorylation-dependent manner.  

The physical interactions of SSIIa with other proteins could contribute to their altered 

electrophoretic mobility under other phosphorylating or dephosphorylating conditions. While 

ATP treatment enhanced the interactions between SSIIa and SBEIIb (Figure 2.9), the results 

from the present study also demonstrated that ATP treatment (phosphorylation) could cause 

dissociation of HMW complexes (670-440 kDa range) including SSIIa, and lead to formation 

of smaller complexes (250-140 kDa range) (Figure 2.13). These results indicate a dual role for 

phosphorylation in association and dissociation of SSIIa-containing heteromeric complexes in 

the amyloplast stroma, and might suggest the involvement of multiple phosphorylation sites on 

SSIIa. 

The experimental evidence in this chapter suggests an important role for post-

translational modification of SSIIa by protein phosphorylation and through protein-protein 

interactions. Investigations of potential protein-protein interaction domains and protein 

phosphorylation sites within maize SSIIa are discussed in the following chapters. 
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Chapter 3. Investigation of Protein-Protein Interactions Using Recombinant 

Maize Starch Synthase IIa 
 

3.1 Introduction 

Protein-protein interactions are essential to the functions of many cellular 

processes, including some of those occurring in plastids (Fukao 2012). Plastids are unique 

organelles present in the cells of plants and algae (Lopez-Juez and Pyke 2005) in which 

many essential cellular chemical compounds are manufactured, stored and utilized. 

Identification and characterization of protein-protein interactions within plastids not only 

contributes useful information on the relevant protein function and their interactions, but 

also increases our understanding of metabolic processes in these important organelles 

(Maple and Møller 2010). 

Heteromeric enzyme complexes (HECs) play key roles in governing diverse 

processes within plastids (Lopez-Juez and Pyke 2005). For example, they are involved in 

translocating nuclear-encoded proteins from cytoplasm into plastids via the protein import 

machinery, and are also important in the organelle division machinery (Maple and Møller 

2010). One of the most important roles of HECs is in the process of photosynthesis in 

chloroplasts (Maple and Møller 2010; Lopez-Juez and Pyke 2005). Photosynthetic tissues 

are able to harness the energy of sunlight and utilize it for carbon fixation through the 

energy-converting process of photosynthesis (Barber 2009). The light reactions of 

photosynthesis in chloroplasts of green plants occur in the thylakoid membrane via formation 

of large protein complexes such as PSI (Photosystem I) and PSII (Photosystem II) (Mazor et 

al. 2015; Dekker and Boekema 2005). While PSI interacts with LHCI (Light-harvesting 
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complex) proteins, PSII associates with trimeric LHCII to form a “supercomplex” (Dekker 

and Boekema 2005; Rokka et al. 2005). PSI forms HECs with ferredoxin for efficient 

electron transfer, whereas, in PSII, electrons derived from the splitting of H2O are transferred 

to a specialized molecule called plastoquinone. PSII is known to be the only protein complex 

that releases oxygen (O2) into the atmosphere.  

Sequential actions of enzymes in complexes (metabolons) can sequester metabolic 

intermediates, channel them between the participating enzymes within a complex (Srere 

1987). This can prevent the diversion of intermediate products into other rival metabolic 

pathways (Miles et al. 1999). Such HECs have been identified in a variety of plant metabolic 

pathways such as glycolysis and the tricarboxylic acid cycle (Graham et al. 2007; Plaxton 

and Podestá 2006), and carotenoid biosynthesis (Shumskaya and Wurtzel 2013). It was found 

that glycolytic enzymes interact with cytoskeletal structures. For example, in maize, enolase, 

glyceraldehyde 3- phosphate dehydrogenase (GAPDH) and aldolase are found to be 

associated with each other and with actin (Sweetlove and Fernie 2013). The glycolytic 

pathway in yeast (S. cerevisiae) consists of eleven enzymes functioning stepwise to catalyze 

the conversion of glucose to ethanol and CO2. Moreover, this HEC also associates with 

filamentous actin (F-actin), which results in stabilization of the various enzymes’ interactions 

(Araiza-Olivera et al., 2013). It was suggested that the existence of a glycolytic HEC 

increases the efficiency of this pathway (Araiza-Olivera et al. 2013; Graham et al. 2007).  

Interactions between proteins within HECs might vary based on their specific 

function under different cellular conditions. However, characterization of the functional 

significance underlying the formation of these HECs is far from complete (Graham et al. 

2007). A protein might interact with other enzymes, or self- associate to form homo- or 
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hetero-oligomeric complexes. Such protein-protein interactions could be either transient (to 

allow a protein modification) or be a more stable protein complex (Maple and Møller 

2010). For example, SS2 (Patterson et al. 2018) and SS4 (Raynaud et al. 2016) each form 

homodimers in Arabidopsis, and in the case of SS4 this homodimerization is essential for its 

interaction with fibrillin (a membrane associated protein) (Gámez-Arjona et al. 2014; 

Raynaud et al. 2016). In various species, regulation of ISA1 and ISA2 depends on the 

formation of either homo- or hetero-dimeric forms of these enzymes (Delatte et al. 2005; 

Wattebled et al. 2005).  

Starch is the main carbon reserve in plants with several significant physiological 

functions (MacNeill et al. 2017). In photosynthetic tissues, starch accumulates in chloroplasts 

during the day and is consumed at night to maintain respiration and growth in the darkness 

(Geiger and Servaites, 1994). In storage organs, such as seeds, starch is stored as a source of 

carbohydrate for the next generation (MacNeill et al. 2017; Martin and Smith 1995). 

Data from a number of studies indicates that the highly organized crystalline 

structure of starch granules is the result of the coordination of several starch biosynthetic 

enzymes that function through heteromeric enzyme complexes (HECs) in plastids (Tetlow 

2011; Tetlow et al. 2008; Dinges et al. 2003; Morell et al. 2003). The post-translational 

regulation of individual enzymes involved in these HECs might also affect the activation or 

inactivation of the complexes, and regulation of activity of individual enzymes within the 

HECs (Colleoni et al. 2003; Morell et al. 2003; Tetlow et al. 2004; 2008). The emerging 

information on the pathway of starch synthesis indicates HECs play roles from initiation to 

granule assembly. In Arabidopsis leaves, coiled-coil domains of three isoforms of a non-

catalytic plastidial protein referred to as “PROTEIN TARGETING TO STARCH” (PTST) 
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are involved in amylose biosynthesis (PTST1) and starch granule initiation (PTST2 and 3). 

Interaction of PTST1 with GBSS is essential for amylose biosynthesis in Arabidopsis (Seung 

et al. 2015). Moreover, microarray data analysis indicated a strong correlation in expression 

of PTST1 with several other starch metabolic enzymes such as ISA1, ISA2, DPE, GWD1 

and AMY3 (Lohmeier-Vogel et al. 2008), which could suggest an important regulatory role 

for this enzyme during starch metabolism (Emes et al. 2019). 

SSIV is important for granule initiation in Arabidopsis (D’Hulst and Mérida 2010; 

and references within). A recent study by Seung et al. (2017) showed that PTST2 interacts 

with SSIV, and is also involved in controlling granule initiation in Arabidopsis leaves. 

Intriguingly, although co-immunoprecipitation experiments indicated interaction between 

PTST2 and PTST3, no interactions were detected between PTST3 and SSIV. Further, 

Vandromme et al. (2018) discovered the interaction between a coiled-coil containing protein 

referred to as “PROTEIN INVOLVED IN STARCH INITIATION1” (PII1) with SSIV in 

chloroplasts of Arabidopsis leaves, and this complex formation was suggested to be 

important in starch priming, granule number and size (Vandromme et al. 2018). PTST2 also 

interacts with PII1 (also referred to as MRC: MYOSIN-RESEMBLING CHLOROPLAST 

PROTEIN) and another chloroplast coiled-coil containing protein, named, thylakoid-

associated MAR-BINDING FILAMENT-LIKE PROTEIN (MFP1). The latter is likely 

involved in normal localization of PTST2 and its association to the thylakoid membrane, as 

well as starch granule initiation within Arabidopsis chloroplasts (Seung et al. 2018). 

In plants and green algae, two isoforms of an isoamylase type of debranching 

enzyme, ISA1 and ISA2, form a functional HEC. ISA1 is catalytically active, while ISA2 is 

inactive and has been suggested to have a regulatory role for ISA1 catalytic properties 
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(Sundberg et al. 2013; Hussain 2003). Studies in Arabidopsis, suggested that the 

hetermomeric debranching enzyme requires both ISA1 and ISA2 isoforms for an active and 

stable protein complex (Sundberg et al. 2013). In cereal endosperms such as rice and maize, 

in addition to an ISA1-ISA2 HEC, ISA1-ISAI homomeric complexes also exist. While in 

maize either the ISA1-ISA2 or ISA1-ISAI complexes are sufficient for normal amylopectin 

biosynthesis (Kubo et al. 2010), interestingly in rice, over-expressed ISA2 mutants 

stimulated the formation of the ISA1-ISA2 HECs and impaired starch biosynthesis. This 

could imply the critical role of ISA1-ISAI homomeric complexes in starch biosynthesis in 

rice (Utsumi et al. 2011).  

The first identified HEC associated with starch metabolism was between SBEIIb, 

SBEI and starch phosphorylase (SP), and was detected in wheat endosperm amyloplasts 

(Tetlow et al., 2004). Since then more protein complexes have been identified in different 

cereals. Nakamura et al. (2012) reported an interaction between rice plastidial starch 

phosphorylase (PHO1) and recombinant starch branching enzymes (SBEI, SBEIIa or IIb). 

These complexes function cooperatively to produce maltodextrin, which could be used as a 

primer for amylopectin synthesis. This result was consistent with other studies reporting a 

physical interaction between PHO1 with SBEs in cereals (Crofts et al. 2015; Subasinghe et 

al. 2014; Tetlow et al. 2004b).  

In maize, SSIII possesses a long N-terminal extension referred to as a homology 

domain (HD), which is suggested to play a role as a scaffold with which other starch 

biosynthetic enzymes can interact (Hennen-Bierwagen et al. 2008; Gao et al. 1998). A study 

with maize SSIII using a recombinant truncated SSIII containing the HD domain showed that 

the SSIII-HD could co-immunoprecipitate SBEIIa and SBEIIb isoforms from amyloplast 
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lysates. Moreover, the SSIII-HD interacted with the large subunit of AGPase, pyruvate 

phosphate dikinase (PPDK) and sucrose synthase (SuSy) (Hennen-Bierwagen et al. 2009). 

Using gel permeation chromatography (GPC) and co-immunoprecipitation, a very large HEC 

(~670 kDa) was detected in maize amyloplasts, in which SSIII was physically associated 

with SSI, SSIIa, SBEII isoforms (Hennen-Bierwagen et al. 2008). Moreover, in vitro 

experiments showed that SSIIa and SBEIIb were both co-immunoprecipitated with 

recombinant maize SSI, and recombinant SBEIIa and SBEIIb were shown to be in a complex 

with SSI and SSIIa (Fushan Liu et al. 2009; Hennen-Bierwagen et al. 2008).  

Studying mutants of starch biosynthetic enzymes in cereal endosperms has elucidated 

the important role of HECs in starch biosynthesis (Emes et al. 2019). In maize, studies of an 

ae_ mutant background (ae1.1; null, lacking SBEIIb protein) revealed a new HEC, including 

SSI, SSIIa, SBEI, SBEIIa and starch phosphorylase (PHO1), in place of the trimeric complex 

found in wild-type (Liu et al. 2009). This new HEC produces a modified amylopectin with 

reduced branches and increased chain length that consequently affects the nature of 

synthesized starch, producing the so-called “high amylose” starch (Klucinec and Thompson 

2002; Ikawa et al. 1978). Studies with a mutant expressing a catalytically inactive SBEIIb 

(ae1.2) (Nishi et al. 2001; Hedman and Boyer 1982) exhibited a different starch phenotype 

compared with the null (ae1.1) mutant (Liu et al. 2012a). In ae1.2, the inactive form of 

SBEIIb still could physically associate with SSI, SSIIa and SBEI, SBEIIa but no interaction 

with PHO1 was observed (Liu et al. 2012a). 

As has been discussed in previous chapters, SSIIa, which elongates intermediate 

glucan chains, is a key enzyme in starch biosynthesis, since loss of SSIIa activity in cereal 

endosperms results in a marked starch phenotype. Analysis of mutants lacking functional 
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SSIIa in wheat (Yamamori et al. 2000), barley (sex6) (Morell et al. 2003) and rice (Umemoto 

and Aoki 2005) showed a reduced starch content in the endosperm, enhanced 

amylose/amylopectin ratio, with altered morphology of starch granules. While SSI, SSIIa and 

SBEIIb are partitioned between the stroma and the growing starch granules in cereal 

endosperms, the SSIIa mutation was devoid of SSI and SBEIIb enzymes in the starch 

granules or at least showed reduced amount of these granule-associated proteins (Fushan Liu 

et al. 2012; Kosar-Hashemi et al. 2007; Morell et al. 2003).  

Chemical cross-linking studies suggest that in maize, SSIIa interacts with both SSI 

and SBEIIb, and is probably the “core” or central component of a trimeric protein complex 

with SSI and SBEIIb, affecting the ability of the latter two enzymes to associate with the 

starch granule (Liu et al. 2012b). However, results in chapter 2 are also consistent with 

independent heterodimers of SSIIa-SSI and SSIIa-SBEIIb. While the components of 

complexes including SSI, SSIIa and SBEIIb were detectable in both amyloplast stroma and 

starch granules of wild-type maize, the granules of the sugary2 mutant (with catalytically 

inactive SSIIa) were devoid of each of the three proteins, suggesting an important role for 

catalytically active SSIIa in determining granule-binding ability of SSI and SBEII enzymes 

(Liu et al. 2012b). The mechanisms that regulate the interaction of SSIIa with other starch 

biosynthetic enzymes remain unresolved, and are therefor the focus of the work discussed in 

this chapter. Based on current evidence, Figure 3.1 demonstrates a model for functional 

protein-protein interactions involved in the starch biosynthetic pathway. 
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Figure 3. 1 Model of functional protein-protein interactions between major starch biosynthetic 

enzymes during amylopectin biosynthesis. (1) Starch granule initiation probably requires the 

involvement of SSIV and starch phosphorylase (PHO1). PTST2 and PTST3 interact with SSIV and are 

involved in controlling granule initiation. While interaction of PII1 with SSIV is important in starch 

priming and controlling normal granule number and size, PII1 also interacts with PTST2, which is likely 
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to be involved in normal localization of PTST2 and its association with thylakoid membranes and proper 

starch granule initiation within Arabidopsis chloroplasts. (2, 3) The three enzymes, SSI–SSIIa–SBEII, 

together, build the “functional unit” of amylopectin termed the cluster, utilizing the short glucan units to 

elongate and branch the clusters in the growing granule. (4) ISA is responsible for trimming the 

disordered branches, while inactive ISA2 may stabilize the DBE complex and target it to the polymer. 

SSIII (through its HD domain), possibly acts as a scaffold, transiently interacting with ISA2 (5) SSIII 

elongates the longer linear glucan chains (C-chains) while interacting with the  “functional unit” and will 

transport the trimeric complex for a new cluster synthesis. (6) A new round of amylopectin biosynthesis 

begins again. Figure modified from Tetlow et al. (2015). 

 

In the previous chapter, the physiological significance of post-translational 

modification of SSIIa by protein phosphorylation and its effect on the catalytic activity of 

SSIIa, and HEC formation with SSI and SBEIIb in maize amyloplast stroma was 

demonstrated. The objective of this chapter is to investigate the molecular interaction 

between SSIIa and SBEIIb both in vitro and in vivo. Briefly, the following approaches were 

employed; 

• Affinity-bait assays, using maize recombinant SSIIa, were employed to study interactions 

with SBEIIb in vitro. 

• Bimolecular Fluorescent Complementation (BiFC) in tobacco leaves was used for direct 

visualization of maize SSIIa-SBEIIb interactions in planta. 

• Bioinformatics approaches were applied to predict potential interaction sites within the 

SSIIa protein sequence.  

• Site-directed mutagenesis (SDM) of candidate sites was employed to manipulate the 

predicted amino acids sequences to examine their role in protein-protein interactions.  
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• Point mutations and N-terminal and C-terminal truncated versions of maize SSIIa were 

produced in order to identify the site(s)/region(s) of protein-protein interactions with 

SBEIIb. 

• Activity of wild-type and truncated recombinant maize SSIIa was measured in vitro. 

 

3.2 Materials and Methods 

3.2.1 Bioinformatic analyses 

3.2.1.1 Prediction of potential protein binding sites within recombinant maize SSIIa 

The online server, PredictProtein (PP) (https://www.predictprotein.org), was used to 

predict the putative protein interaction sites within maize SSIIa. PP uses protein interaction 

sites identified sequence (ISIS) method (Yachdav et al. 2014), which employs a combination 

of predicted structural characteristics with evolutionary information (acquired from PSI-

BLAST searches) for presenting a strong prediction. 

3.2.1.2 Coiled-coil domain  

Alpha-helical coiled-coil structures of proteins are involved in protein-protein 

interactions (Burkhard et al. 2001). To investigate whether coiled-coil domain within the 

maize SSIIa protein sequence are involved in its interaction with SBEIIb, such domains were 

investigated and predicted using COILS web-based service 

(https://embnet.vitalit.ch/software/COILS_form.html). 
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3.2.1.3 Three-dimensional and secondary structure prediction of maize SSIIa 

Phyre2 (Protein Homology/Recognition Engine), a server for protein structure 

prediction, was used to predict the three-dimensional (3-D) structure of maize SSIIa protein 

using default setting (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index). The 

Phyre2 server also combines PSI-BLAST, which scans the submitted protein sequence 

against the huge protein sequence database with PSIPRED server used to predict the 

secondary structure and the protein disordered regions. 

3.2.1.4 Prediction of protein-protein interaction interface between SSIIa and SBEIIb 

Three-dimensional (3-D) structures of maize SSIIa predicted in the previous section 

by Phyre2 server, and the predicted SBEIIb 3-D structure by Makhmoudova et al. (2014), 

were applied in the Rosetta Online Server (http://rosie.rosettacommons.org/docking) to 

identify the potential protein-protein interaction interface between these two proteins. 

3.2.2 Polymerase chain reaction-based site-directed mutagenesis (SDM) 

Recombinant expression vectors, including maize SSIIa and SBEIIb full-length 

sequences ligated into the pET29b and pET29a plasmids (Novagen, Cat No. 69872-3 & 

69871-3) respectively, were kindly supplied by Dr. Usha Menon and Dr. Fushan Liu, 

University of Guelph. The pET29 vectors carry a T7 expression region, an N-terminus S-tag 

(K-E-T-A-A-A-K-F-E-R-Q-H-M-D-S) for S-agarose-bead purification and an optional C-

terminus His-tag (H-H-H-H-H-H) for metal affinity (Ni2+-NTA) purification of the expressed 

recombinant proteins with a thrombin digestion site (Figure 3.2). Polymerase chain reaction 

(PCR) based site-directed mutagenesis (SDM) was employed to perform point mutations in 
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the recombinant maize SSIIa and SBEIIb  (cloned in pET29b and pET29a vectors) to test 

hypotheses on putative predicted protein-protein interaction sites. The putative sites of 

interest were replaced by alanine (as shown in Table 3.3) using the QuikChange XL Site-

Directed Mutagenesis Kit Instruction Manual protocol (Agilent Technologies, Cat No. 

200516) (Figure 3.3) with slight modifications. PCR was performed using iProof High-

fidelity DNA Polymerase kit (Biorad Cat No. 172-5331) instead of Pfu Turbo DNA 

Polymerase. The PCR reaction mixture and the thermal cycler setting are shown in the Table 

3.1 and Table 3.2. SDM was performed using specific primers containing desired mutations 

at sites of interest (Table 3.3). The wild-type control and mutant pET29b vectors were then 

transformed into E. coli DH5-α competent cells as described in the next section. 
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Figure 3. 2 Annotated map of pET29b expression vector including N-terminal S-tag, C-terminal 

His-tag, a T7 promoter and multiple cloning sites. Image derived from www. snapgene.com.  
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Table 3. 1 PCR reaction mixture for SSIIa site-direct mutagenesis 

PCR mixture per 50µl reaction Volume (µl) 

5x iProof buffer  10 
10mM MgCl2  1 
10mM dNTPs  1.25 
Forward primer (100 ng/µl) 1 
Reverse primer (100 ng/µl) 1 
DNA template (50 ng/ µl) 1 
iProof polymerase      1 
DMSO                        1.5 
Distilled water 32.25 

 
Table 3. 2 PCR cycle protocol for SSIIa site-direct mutagenesis 

Initial Denaturation 30 s 98°C 

 Denaturation 15 s 98°C 

Annealing 1 min 60°C 

Extension 5 min 72°C 

Final Extension 10 min 72°C 
 

Table 3. 3 Primers sequences for Site-direct mutagenesis PCR of potential protein-protein 
interaction sites 

Protein Residue Site of interest Mutation PCR primers 

SSIIa 137 Pr. int. site K>A F: TGGGATTTCAAGGCATACATCGGTTTTG 
R: AACCGATGTATGCCTTGAAATCCCAAG 

272-274 Pr. int. site DIY>AAA F: ACCGTCAAGATGCAGCAGCTGGGGGAAGTAGG 
R: TACTTCCCCCAGCTGCTGCATCTTGACGGTG 

269-274 Pr. int. site RQDDIY>
AAAAAA 

F: TTTCCGGCACGCTGCAGCTGCAGCAGCTG 
R: AGCTGCTGCAGCTGCAGCGTGCCGGAAAAG 

333 Pr. int. site D>A F: ATCTGAAGGCATATTACAGAGCCCATGGGTTAATGCAG 
R: TGTACTGCATTAACCCATGGGCTCTGTAATATGCCTTC 

535-536 Pr. int. site RE>AA F: TG CAG CAC TTG GAG GCGGCGCATCCCAACAAGG 
R: ACCTTGTTGGGATGCGCCGCCTCCAAGTGCTG 

667-668 Pr. int. site KYQW>A
AQW 

F: TCCTTGTCAAGGCC GCG GCC CAGTGG    
R: CCACTGGGCCGCGGCCTTGACAAGGA 

523-528 Coiled coil domain RADLER>
AAALAA 

F: TGGGCACCGGGGCCGCCGCCCTGGCAGCAATGCTGCAGC  
R: CTGCAGCATTGCTGCCAGGGCGGCGGCCCCGGTGCCCAG 

534-536 Coiled coil domain ERE>AAA F: TGCAGCACTTGGCGGCGGCGCATCCCAACAAGG   
R: ACCTTGTTGGGATGCGCCGCCGCCAAGTGCTG 

 
SBEIIb 
 

663 KCRRR >KARRR F: AGTTATGACAAAGCTCGTCGAAGATTTGACC 
R: AATCTTCGACGAGCTTTGTCATAACTGTTG 

664 KCRRR >KCARR F: ACAACAGTTATGACAAATGTGCTCGAAGATTTGACCTGG 
R: CATCACCCAGGTCAAATCTTCGAGCACATTTGTCATAAC 

665 KCRRR >KCRAR F: ACAACAGTTATGACAAATGTCGTGCAAGATTTGAC 
R: TCAAATCTTGCACGACATTTGTCATAACTGTTG 

663-664 KCRRR >KAARR F: ACAGTTATGACAAAGCTGCTCGAAGATTTGACC 
R: ACCCAGGTCAAATCTTCGAGCAGCTTTGTCATAAC 

662-666 KCRRR >AAAAA F: ACAACAGTTATGACGCAGCTGCTGCAGCATTTGACCTGG 
R: ATCACCCAGGTCAAATGCTGCAGCAGCTGCGTCATAACTG 
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Figure 3. 3 Overview of the QuikChange™ site-directed mutagenesis method. Image derived from 

QuickChange, (Agilent Technologies, Cat No. 200519).  

	DH5-α 
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3.2.3 Escherichia coli transformation 

One hundred µl of DH5α competent cells (ThermoFisher Scientific, Cat No. 18265-

017) were thawed on ice and 10 µl of the SDM reaction mixture (from previous section) was 

added to the competent cells and incubated on ice for 30 minutes. Heat shock of cells was 

performed by placing the tubes in a water bath at 42°C for 90 seconds and then quickly 

placing them back on ice for 5 minutes. 500 µl of LB medium was added to the cells and then 

incubated on a rotator, set at 250 rpm for 1 hour at 37°C. Cells were then centrifuged at 

1000g for three minutes and about 400 µl of the medium was discarded. The cells were 

gently suspended in the rest of the medium by tapping the tube. The suspension (~ 100 µl) 

was evenly plated on 25 ml solid LB agar plates (10mg/ml tryptone, 5 mg/ml yeast extract, 

10 mg/ml NaCl and 15 mg/ml agar) containing kanamycin (50 µg/ml) and incubated 

overnight at 37°C. From each plate, six colonies were picked and separately incubated in 5ml 

LB broth culture (10 mg/ml tryptone, 5mg/ml yeast extract, 10 mg/ml NaCl; containing 

kanamycin) at 37°C overnight. The overnight cultures were centrifuged at 10,000 g at 4°C 

for 5 minutes using an Eppendorf centrifuge 5430 R and FA-45-30-11 rotor. High-Speed 

Plasmid Mini Kit (Geneaid, Cat No. JM31603) was used to collect the DNA plasmids from 

the overnight bacterial cultures following the manufacturer’s instructions. After measuring 

the optical density (OD) at 260 nm, the mutated plasmids were sent to the Advanced 

Analysis Centre (University of Guelph) for sequencing by T7 promoter and T7 terminator. 

Sequence analyses were performed using “Gene Runner” software (version 3.05). 
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3.2.4 Production of truncated versions of SSIIa 

Double digestion of DNA fragments and pET29b plasmid followed by ligation and 

transformation 

Truncated constructs of maize SSIIa were produced with both S-tag at the N-

terminus and His-tag sequence at the C- terminus. PCR amplifications were performed using 

the pET29b vector containing the full-length SSIIa sequence as the template (as described in 

Table 3.1). The forward and reverse primers included extra base pairs for HindIII and EcoRV 

restriction sites and are listed in Table 3.2, and the PCR thermo-cycling program is shown in 

Table 3.4. After PCR purification, both PCR products and the empty pET29b vector were 

subjected to HindIII /EcoRV double digestion, using a reaction mixture containing 1 µl of 

each HindIII and EcoRV, 1 µl of 10X FastDigest buffer and 7µl PCR reaction/vector, 

incubated for 1 hour at 37°C. The digested products were then electrophoresed on a 1% 

agarose gel containing ethidium bromide for visualization under UV light. DNA bands 

excised from the gel and extracted using a Gel/PCR Extraction Kit (Geneaid, Cat No. 

FN33909), following the manufacturer’s instructions. Ligation of truncated DNA fragments 

into the pET29b expression vector was performed using T4-DNA ligase kit (BioLabs, Cat 

No. M0202S). Ten µl of total reaction contained 1 µl 10X buffer, 1 µl T4 DNA ligase, 2 µl 

double-cut empty vectors (50 ng/µl) and 6 µl truncated DNA fragments (50 ng/µl). The 

reactions were incubated at 16°C overnight.  All 10 µl of the reaction was then transformed 

into the 100 µl DH5-α competent cells as described in Section 3.2.3. Following plasmid 

isolation, all vectors were sent to the University of Guelph Laboratory Services for 

sequencing using T7 promoter and T7 terminator, followed by PCR screening using “Gene 

Runner” (version 3.05).  
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Table 3. 4 PCR cycle protocol 

Initial Denaturation 30 s 98°C 

 Denaturation 15 s 98°C 

Annealing 1 min 55°C 

Extension 3 min 72°C 

Final Extension 7 min 72°C 

 
 

Table 3. 5 List of truncation primers 

Residue Site of interest Mutation PCR primers 

33-670 N terminus Trunc. ΔN1 F: ATGGCGATATCGAGGGATCCTCTTCAGC 
R: AGTGCGGCCGCAAGCTTCCACTGGTACTTGGC 

153-670 N terminus Trunc. ΔN2 F: ATGGCGATATCGAGGGTTGGTGCAGATGC 
R: AGTGCGGCCGCAAGCTTCCACTGGTACTTGGC 

201-670 N terminus Trunc. ΔN3 F: ATGGCGATATCGGTGGGAGCTTTACCCAAG 
R: AGTGCGGCCGCAAGCTTCCACTGGTACTTGGC 

249-670 N terminus Trunc. ΔN4 F: ATGGCGATATCGTTCCATGCATTTATTGATGGAGTC 
R: AGTGCGGCCGCAAGCTTCCACTGGTACTTGGC 

281-670 N terminus Trunc. ΔN5 F: ATGGCGATATCGATCATGAAGCGCATGATTTTG 
R: AGTGCGGCCGCAAGCTTCCACTGGTACTTGGC 

1-639 C terminus Trunc. ΔC1 F: GGTTCCATGGCGATATCGGCTGAGGCTGAGGC 
R: AGTGCGGCCGCAAGCTTCTTCCAGCTCTCCCC 

1-668 C terminus Trunc. ΔC2 F: GGTTCCATGGCGATATCGGCTGAGGCTGAGGC 
R: AGTGCGGCCGCAAGCTTGGCGTCGCCGAACGG 

1-453 C terminus Trunc. ΔC3 F: GGTTCCATGGCGATATCGGCTGAGGCTGAGGC 
R: AGTGCGGCCGCAAGCTTGTAGCCGTCCGACCG 

1-433 C terminus Trunc. ΔC4 
 

F: GGTTCCATGGCGATATCGGCTGAGGCTGAGGC 
R: AGTGCGGCCGCAAGCTTGTTCACGATGCCATTG 

1-280 N-terminus Domain TRUNC1 F: GGTTCCATGGCGATATCGGCTGAGGCTGAGGC 
R: AGTGCGGCCGCAAGCTTTTCCTGCCTACTTCC 

281-433 Central Domain TRUNC2 F: ATGGCGATATCGATCATGAAGCGCATGATTTTG 
R: AGTGCGGCCGCAAGCTTGTTCACGATGCCATTG 

434-670 C-terminus Domain TRUNC3 F: ATGGCGATATCGGGCATCGACCACCAGGAGTG 
R: AGTGCGGCCGCAAGCTTCCACTGGTACTTGGC 
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  1 MSSAAVSSSS STFFLALASA SPGGRRRARV GSSPFHTGAS LSFAFWAPPS PPRAPRDAAL     
 61 VRAEAEAGGK DAPPERSGDA ARLPRARRNA VSKRRDPLQP VGRYGSATGN TARTGAASCQ    
121 NAALADVEIK SIVAAPPTSI VKFPAPGYRM ILPSGDIAPE TVLPAPKPLH ESPAVDGDSN    
181 GIAPPTVEPL VQEATWDFKK YIGFDEPDEA KDDSRVGADD AGSFEHYGDN DSGPLAGENV    
241 MNVIVVAAEC SPWCKTGGLG DVVGALPKAL ARRGHRVMVV VPRYGDYVEA FDMGIRKYYK    
301 AAGQDLEVNY FHAFIDGVDF VFIDAPLFRH RQDDIYGGSR QEIMKRMILF CKVAVEVPWH    
361 VPCGGVCYGD GNLVFIANDW HTALLPVYLK AYYRDHGLMQ YTRSVLVIHN IAHQGRGPVD    
421 EFPYMDLPEH YLQHFELYDP VGGEHANIFA AGLKMADRVV TVSRGYLWEL KTVEGGWGLH    
481 DIIRSNDWKI NGIVNGIDHQ EWNPKVDVHL RSDGYTNYSL ETLDAGKRQC KAALQRELGL    
541 EVRDDVPLLG FIGRLDGQKG VDIIGDAMPW IAGQDVQLVM LGTGRADLER MLQHLEREHP    
601 NKVRGWVGFS VPMAHRITAG ADVLVMPSRF EPCGLNQLYA MAYGTVPVVH AVGGLRDTVA    
661 PFDPFGDAGL GWTFDRAEAN KLIEALRHCL DTYRKYGESW KSLQARGMSQ DLSWDHAAEL    
721 YEDVLVKAKY QW 

Figure 3. 4 Maize SSIIa amino acid sequence. The 62 amino-acid predicted transit peptide (deleted in 

the recombinant SSIIa protein sequences) is highlighted in green. The N-terminal and C-terminal 

truncated regions are color-coded. The N-terminal truncations included ΔN1 (pink), ΔN2 (pink and 

violet), ΔN3 (pink to yellow), ΔN4 (pink to brown) and ΔN5 (pink to red). The C-terminal truncations 

include ΔC1 (grey), ΔC2 (grey and dark green), ΔC3 (grey to blue) and ΔC4 (grey to orange). The black 

underlined region indicates the central domain (TRUNC2). 

 

 

3.2.5 Expression of recombinant maize SSIIa protein in Escherichia coli 

After sequencing analysis (Section 3.2.3), the mutated/truncated recombinant 

plasmids (pET29b) and wild-type SSIIa were transformed into E. coli strains of 

ArcticExpress (DE3) (Agil1ent Technologies, Cat No. 230192) as well as BL21 (DE3) 

(Sigma-Aldrich, Cat No. CMC0014) competent cells. Except for two minor differences, the 

rest of the transformation procedure has been followed exactly as described in Section 3.2.3. 

First, the heat shock duration at 42°C for ArcticExpress was 20 seconds whereas for BL21 it 

was 45 seconds, and secondly, due to the presence of chaperones in ArcticExpress cells, in 

addition to kanamycin (50 µg/ml), gentamycin (20 µg/ml) was also added to the LB agar and 

broth cultures. After plating, an individual colony from each plate was cultured in a 50 ml of 

LB broth medium containing kanamycin (50 µg/ml) for BL21 and both kanamycin (50 
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µg/ml) and gentamycin (20 µg/ml) antibiotics for ArcticExpress and incubated at 37°C 

overnight. The overnight cultures were sub-cultured in a flask of 1 L of LB broth and the 

optical density was measured until it reached an OD595: 0.4-0.6. Cultures were then allowed 

to cool to room temperature and the expression of the recombinant proteins was induced by 

1mM IPTG (isopropyl β-D-1-thiogalactopyranoside). IPTG induces the activation of the 

bacteriophage T7 RNA polymerase expression, which consequently binds to the T7 promoter 

sequence in the pET29 vectors (upstream of the recombinant protein sequences) to transcribe 

these target genes. The optimal overexpression temperature for ArcticExpress cells for IPTG 

induction is between 10-16°C, which is much lower than BL21 (37°C). This low temperature 

is one of the important factors in preventing formation of recombinant protein aggregation. 

Therefore, the ArcticExpress and BL21 cell cultures were separately incubated overnight at 

10°C and 37°C, respectively, and the cells collected by centrifugation at 16,000 g for 25 

minutes. After washing the pellets with 1X PBS and centrifugation at 10,000 g for 10 

minutes, the pellets were stored at -80°C until needed. 

3.2.6 Bacterial protein extraction 

The Bacterial Protein Extraction Kit (Bio Basic Inc., Cat No. BS596) was used to 

extract recombinant SSIIa from the bacterial pellets with slight modifications. The E. coli 

cell pellets (from approximately 50 ml of cell culture) produced in Section 3.2.5 were 

allowed to thaw on ice, and lysed at room temperature in 1ml of 1X Cell Lysis Buffer (Bio 

Basic Inc.), with addition of 15% (v/v) glycerol and 10 µl/ml protease inhibitor cocktail 

(Sigma Cat No. P8465) and 30 µl of the lysozyme solutions (Bio Basic Inc.). The mixtures 

were then incubated on ice for 30 minutes followed by 10 minutes on a rotator. Five µl 
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DNase/RNase Solution (Bio Basic Inc.) was then added to the mixture and incubated for 

extra 15 minutes on the rotator.  The resulting protein lysates were centrifuged at 16,000 g 

for 30 minutes at 4°C in a refrigerated centrifuge (Eppendorf 5430 R; Eppendorf, Cat No. 

22620612) to separate soluble proteins from the insoluble pellets and cell debris. 

3.2.7 Purification of soluble, His-tagged, recombinant SSIIa proteins by immobilized 

metal affinity chromatography (IMAC) 

COHISR-RO-Complete His-Tag Purification Resin (Sigma-Aldrich, Cat No. 

5893682001) is supplied as a 50% (w/v) suspension in 20% (v/v) ethanol. Hundred 

microliters of “Complete His-Tag Purification Resin” was equilibrated in 10 ml of ice-cold 

Buffer A (50 mM NaH2PO4, pH 8.0; 300 mM NaCl). Approximately 1 ml of the clarified 

recombinant, His-tagged, SSIIa soluble fraction (2 mg protein/mL) was added to the washed 

beads and incubated on a rotator at 4°C overnight. The sample was centrifuged at 100 g for 5 

minutes at 4°C and the supernatant discarded. The slurry containing recombinant SSIIa 

bound to Ni-NTA beads was washed with 1 ml of Buffer B (50 mM NaH2PO4, pH 8.0; 300 

mM NaCl, 10 mM imidazole) and the supernatant aspirated after centrifugation at 100 g for 2 

minutes at 4°C. Washing was repeated 10 times. The His-tagged protein was then eluted 

from the Ni-NTA beads with Buffer C (50 mM NaH2PO4, pH 8.0; 300 mM NaCl; 250 mM 

imidazole). A NAP5 desalting column (GE Healthcare, Cat No. 17-0853-01) was used to 

replace the imidazole buffer with 20 mM Tris-HCl buffer (pH 8.0) following the 

manufacturer’s instructions. The eluent was then boiled in SDS loading buffer and its purity 

checked by Coomassie Blue staining, and immunoblotting using anti-His-tag antibodies. 
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3.2.8 S-tag purification of recombinant protein using S-agarose beads 

In a 1.5 ml centrifuge tube, 50 µl of 50% (w/v) S-protein agarose beads (Millipore, 

Cat No. 69704-4) were washed with 1 ml of 1X S-tag Wash Buffer (20 mM Tris-HCl, pH 

7.5; 150 mM NaCl; 0.1% (v/v) Triton-X100) for 5 minutes to remove the storage buffer, and 

centrifuged at 100 g for 2 minutes at room temperature. The supernatant was discarded and 

the beads were equilibrated in 1ml of 1X cell lysis buffer (Bio Basic Inc.), on a rotor for 10 

minutes followed by centrifugation at room temperature to collect the S-agarose beads. After 

removing the supernatant, 1 ml of soluble fraction of E. coli cell lysates (Section 3.2.6) were 

added to the equilibrated S-agarose beads in the presence of 10 µl ProteaseArrest protease 

inhibitor cocktail (G-Biosciences, Cat No. 786-332) and incubated overnight at 4°C, with 

rotation, to immobilize the recombinant SSIIa proteins on the S-agarose beads. After that, the 

S-agarose beads-SSIIa complex was collected by centrifugation at 100 g at 4°C for 2 minutes 

and the supernatant decanted. The S-agarose beads were then washed five times with 1.2 ml 

of 5X S-tag Wash Buffer (100 mM Tris-HCl, pH 7.5; 750 mM NaCl; 0.5% (v/v) Triton-

X100), followed by three times washing with 1X S-tag Wash Buffer to remove non-

specifically bound bacterial proteins. Each wash was performed with rotation for at least 20 

minutes followed by centrifugation at 100 g for 2 minutes at room temperature. The beads 

were subsequently boiled in SDS loading buffer (50 mM Tris-HCl, pH 6.8, 2% (w/v) SDS, 

0.001% (w/v) bromophenol blue, 10% (w/v) glycerol and 5% (v/v) β-mercaptoethanol) for 5 

minutes followed by SDS-PAGE. The gels were either stained with Coomassie Blue or 

immuno-blotted using anti- S-tag or maize SSIIa specific primary antibodies to check the 

presence of the recombinant protein. 
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3.2.9 Protein-protein interaction assay 

Immobilized recombinant SSIIa proteins on S-agarose beads were used as an affinity 

bait to reconstitute HECs between SSIIa and amyloplast stromal proteins. Following S-tag 

purification, the washed S-agarose beads containing the recombinant SSIIa were incubated 

with 1 ml of amyloplast lysate (1-1.5 mg protein/mL) as a source of protein kinase(s) and 

other starch biosynthetic enzymes, at room temperature for 45 minutes on a rotator in the 

presence of ATP (0.05 mM), MgCl2 (10 mM), CaCl2 (1mM), DTT (5mM), plant 

ProteaseArrest protease inhibitor cocktail (G-Biosciences, Cat No. 786-332) and 

Phosphatasearrest™ phosphatase inhibitor cocktail (G-Biosciences, Cat No. 786-450)(10 µl 

per 1 mL lysates from each). Reactions were stopped by centrifugation at 100 g at 4°C for 2 

minutes and the supernatant was discarded. The S-agarose beads were washed five times 

each with 1.2 ml of 5X S-tag Wash Buffer for 20 minutes with rotation and centrifuged at 

100 g for 1 minute at 4°C, followed by three washes with 1X S-tag Wash Buffer, and the 

supernatants discarded. To dephosphorylate samples, 150 units of alkaline phosphatase 

conjugated to agarose beads (APase beads) (Phosphatase, Alkaline−Agarose from calf 

intestine, Sigma-Aldrich, Cat No. P0762-1KU) was added to the amyloplast lysates (1-1.5 

mg protein/mL) and incubated for 45 minutes. The APase beads were then removed by 

centrifugation at 100 g for 1 minute, and the supernatant mixed with recombinant SSIIa, 

attached to S-protein agarose beads, and incubated for 45 minutes at room temperature in the 

presence of DTT (5mM) and plant ProteaseArrest protease inhibitor cocktail (G-

Biosciences). The reaction was stopped by centrifugation at 100 g at 4°C for 2 minutes and 

the supernatant was discarded. The washing steps were performed exactly as for ATP-treated 

samples (see above). Proteins attached to S-agarose beads (from both treatments) were eluted 
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by boiling in SDS loading buffer, followed by SDS-PAGE and immunodetection using anti- 

S-tag antibodies for SSIIa and other peptide-specific antibodies. 

3.2.10 SDS-PAGE, immunoblotting and gel staining 

SDS polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate proteins 

by molecular weight. The gels were stained with Coomassie Brilliant Blue- R250 (Sigma-

Aldrich, Cat No. 6104-59-2) or the separated proteins on the gels were subjected to 

transblotting onto nitrocellulose membranes as described in sections 2.2.6 and 2.2.8 

respectively. Another method for detecting total proteins, on membranes, is to stain the 

nitrocellulose membrane with Ponceau-S solution (0.1% (w/v) Ponceau-S, 5% (v/v) acetic 

acid) prior to immuno-detection. After blotting, the membrane was incubated with 10 ml of 

Ponceau-S for 15-30 seconds and rinsed with deionized distilled water to remove excess dye 

and images scanned using commercial scanners. 

3.2.11 Removing ATP from amyloplasts using PD-10 gel filtration column 

To test the hypothesis that phosphorylation of either or both SSIIa and SBEIIb is 

crucial for their interaction, PD-10 Desalting Column (GE Healthcare, Cat No. GE17-0851-

01) was used to remove ATP from samples following ATP treatment. PD-10 Desalting 

Columns are designed for rapid and efficient clean-up (such as buffer exchange, low-

molecular weight compounds removal and desalting) of macro-molecules (>5000 Mr) such 

as proteins. To make sure that the column could remove all of the ATP, the efficiency of the 

column was examined using [γ-32P] ATP. The PD-10 column was prepared prior to use. The 

column storage solution was removed by de-capping the column and washing twice with 
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distilled water. The column was then equilibrated with rupturing buffer (RB; 100 mM Tricine 

/KOH, pH 7.8, 1 mM DTT, 5 mM MgCl2) and a plant protease inhibitor cocktail (10µl 

per/mL buffer of Plant Protease Arrest™[100X]) (G-Biosciences, Cat No. 786-332)), 

allowing the buffer to enter the packed bed completely and the flow-through was discarded. 

This was repeated four times. [γ-32P] ATP (0.05 mM; 10 µCi) was added to 2.5 ml of RB 

buffer and the mixture was transferred to a PD-10 Desalting Column and allowed to enter the 

packed bed completely, and the flow-through discarded. For elution, 7 ml (2X 3.5 ml) of RB 

buffer was added to the column and the 1.5 ml microfuge tubes were used to collect the 0.5 

ml fractions. In a translucent vial, 4.5 ml of scintillation liquid was added to each 0.5 ml 

fraction. A “negative control” contained 0.5 ml RB only, and a “positive control” included 

0.5 ml of RB buffer containing 0.05 mM [γ-32P] ATP added to the 4.5 ml of scintillation 

liquid to calculate the specific radio-activity of the [γ-32P] ATP. The radioactivity was 

determined by counting the [γ-32P]- labelled products in a Beckman LS6500 Liquid 

Scintillation counter (Beckman Coulter, Cat No. 8043-30-1194) (Figure 3.6). 

To remove ATP from ATP-treated amyloplasts, 2.5 ml of amyloplast lysates (2 

mg/ml) were incubated with 0.05 mM ATP in the presence of Plant Protease and 

Phosphatase Arrest™ (each 10 µl/ 1 mL lysates; G Biosciences), MgCl2 (10 mM), CaCl2 (1 

mM) and DTT (5 mM), pH: 7.4 for 45 minutes at room temperature with rotation. 

Amyloplast lysates (2.5 ml) were transferred to an equilibrated PD-10 Desalting Column 

(with RB buffer) using the procedure described above. Based on the manufacturer’s 

instruction, 3.5 ml of RB buffer was added to the column and the first 2 ml of the eluted 

fractions were pooled and the optical density at 595nm was measured. To make sure that 

there were no traces of ATP in the amyloplasts, this procedure was repeated one more time 



	
	
	

131 

followed by OD595 measurement. The recovery of protein was approximately 85% after each 

column application for the first 2 ml eluent. These phosphorylated, desalted amyloplasts were 

used in two separate affinity-bait assays, incubating with either recombinant SSIIa or SBEIIb 

immobilized on S-agarose beads, and the experiments followed as described in Section 3.2.9.  

 

 

Figure 3. 5 Removal of ATP by desalting through a PD-10 desalting column. Radioactive counts of 

[γ-32P] ATP (0.05 mM) indicated that, after applying the ATP-treated buffer to the PD-10 column, only 

~0.7% of ATP remained in the first 2 ml eluent (the volume that was used later as a source of desalted 

amyloplasts in the actual experiment).  The specific activity of [γ-32P] ATP was 10,070 cpm/nmol. 
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3.2.12 Measuring starch synthase activity using a coupled, spectrophotometric 

glycosyltransferase assay 

Starch synthase activity assay was measured by coupling the release of ADP from 

ADP-glucose to NADH oxidation, using pyruvate kinase (PK) and lactate dehydrogenase 

(LDH) (Figure 3.7) following a protocol adapted from (Cuesta-Seijo et al. 2016). Briefly, the 

assay was prepared in a final volume of 1 ml in a cuvette with the final concentrations as 

shown in Table 3.6. 

Table 3. 6 Reaction mixture for SSIIa coupled spectrophotometric assay 
	

Assay mix Final concentrations 

Bicine, pH 8.5  50 mM 
KOAc, 0.1% (w/v)  25 mM 
Bovine serum albumin (BSA) 1% (w/v) 
MgCl2  2 mM 
DTT 10 mM 
NADH 0.375 mM 
Phosphoenolpyruvate (PEP)  0.7 mM 
Pyruvate kinase (PK; Sigma, rabbit muscle - type II) 4 U/ml 
Lactate dehydrogenase (LDH; Sigma, rabbit muscle - type II)  6 U/ml 
Corn amylopectin*  1 mg/ml 
ADP-glucose (Sigma-aldrich) 1 mM 

 

*The stock solution (10 mg/ml) was boiled at 95°C for 10 minutes and cooled to room temperature 
shortly before use. 

 

The protein concentration of soluble, His-tag purified, recombinant SSIIa (wild-type and 

mutated) was estimated by the Bradford method and 3-10 µg of protein was added to each assay 

mix to initiate the reactions. The oxidation of NADH was monitored by a decline in absorbance 

at 340 nm, measured on a DU 800 spectrophotometer (Beckman Coulter). 
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Figure 3. 6 Coupled starch synthase spectrophotometric activity assay. Glucose units from ADP-

glucose are utilized by starch synthase (SS) to elongate linear glucan chains. The released ADP becomes 

substrate for excess pyruvate kinase (PK) to convert phosphoenolpyruvate (PEP) to pyruvate and liberate 

ATP. Pyruvate is then converted to lactate by excess lactate dehydrogenase (LDH), releasing NAD+ from 

NADH, which is monitored at 340nm.  

	
	
3.2.13 Gel permeation chromatography (GPC) 

Gel permeation chromatography (GPC) was performed, using a Superdex 200, 

10/300GL column (Amersham Pharmacia Biotech, USA) connected to an AKTA fast protein 

liquid chromatography (FPLC) system (Amersham Biosciences) at 4°C controlled by 

UNICORN manager software (GE Healthcare Cat No. 29-0187-51) as described in section 

2.2.17. Following bacterial cell lysis (Section 3.2.6), 0.5 ml of each lysate was filtered using 

Millex syringe filter units, 0.45µm (Sigma-Aldrich, Cat No. F8273) and the recombinant 

SSIIa proteins (wild-type, N1, N2, C1 and C2) fractionated using GPC to analyze their 

oligomerization state. The GPC column was equilibrated with 20 mM Tris-HCl, pH 8.0, 15% 

(v/v) glycerol, 5mM DTT, and the fractions collected using the same buffer. Eluted fractions 

were boiled in SDS loading buffer for 5 minutes at 95°C, and 40 µl of each fraction was 
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separated on 10% SDS-PAGE gels, followed by immunoblotting probed with either anti-S- 

or anti-His- tag antibodies. 

3.2.14 Cloning maize SSIIa into expression vectors for in planta BiFC transient expression 

To test the interaction between maize SSIIa and SBEIIb in vivo, Bimolecular 

Fluorescence Complementation (BiFC) was performed using co-expressed maize SSIIa and 

SBEIIb, each fused to yellow fluorescent protein (YFP) fragments in tobacco leaves. The 

first step was to clone the DNA sequence into expression vectors using the Gateway cloning 

system (Liang et al. 2013). An empty pDONR221 vector, containing the plastidial transit 

peptide as well as the maize SBEIIb sequence, previously cloned into the pDONR221 entry 

vector using BP Clonase, was kindly provided by Dr. Fushan Liu. CloneEZ® PCR Cloning 

Kit (GenScript, Cat No. L00339) was used to clone the maize SSIIa DNA sequence into the 

pDONR221 entry vector effectively. 

3.2.14.1 Production of cDNA fragment of maize SSIIa by PCR and preparation of 

linearized donor vector 

To achieve a successful CloneEZ® PCR cloning reaction, complete linearization of 

the vector is critical. The first step required to proceed to BiFC is to transfer the SSIIa cDNA 

fragment from the pET29b vector to a donor vector (pDONR221) to produce an entry vector. 

The pET29b vector, including full length SSIIa, was used as the PCR template.  The primers 

were specially designed for the CloneEZ PCR Cloning Kit (GenScript, Cat No. L00339) with 

a 15 bp overhang sequence from the vector system, pDONR221, from both sides of the 

primers (Forward: 5’ AAGGCGGTCATGGTTCGCGCTGAGGCTGAG 3’; Reverse: 5’ 
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CAAGAAAGCTGGGTCCCACTGGTACTTGGC 3’). Components of the PCR reaction and 

the PCR cycling steps are shown in Table 3.7 and Table 3.4. The APal restriction enzyme 

was used to linearize the pDONR221 vector. 1 µl of APal fast digest and 1 µl 10X Fast digest 

buffer was added to 8 µl of pDONR221 vector and incubated at 37°C for 2 hours. Both of the 

PCR and digested fractions were then cleaned up using Gel/PCR DNA Fragments Kit 

(Geneaid, Cat No. DF300), following the manufacturer’s instructions. 

Table 3. 7 PCR reaction mixture to produce cDNA for CloneEZ cloning 
	

PCR mixture per 25µl reaction Volume (µl) 

5x iProof buffer  5 
10mM MgCl2  0.5 
10mM dNTPs  0.75 
Forward primer (100 ng/µl) 0.5 
Reverse primer (100 ng/µl) 0.5 
DNA template (50 ng/µl) 1 
iProof polymerase      0.5 
DMSO                        0.75 
Distilled water 15.5 

 

 

3.2.14.2 CloneEZ® recombination procedure 

The CloneEZ® reaction was set up by mixing the components, shown in Table 3.8, in 

a 1.5 ml Eppendorf tube. Each reaction was then incubated at 22°C for 30 minutes, followed 

by incubation on ice for 5 minutes. The reactions were used for transformation into DH5α 

competent cells as described in Section 3.2.3. After sequencing using M13 forward and 

reverse, the successful transformed colonies were used for the LR cloning reaction below. 
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Table 3. 8 CloneEZ® reaction mix 
	

Reaction mix Volume (µl) 

Linearized pDONR221vector (100-200 ng/µl) 6 

Purified PCR products (50-100 ng/µl) 2 

10X CloneEZ® Buffer 2 

CloneEZ® Enzyme 2 

Deionized water 8 
Total volume 20 

 

 

3.2.14.3 LR Clonase reaction 

For transient expression, the wild-type SSIIa sequence ligated into the pDONR221 

was cloned into two destination vectors (pEarlyGate 201 and 202 (pEG); kindly provided by 

Dr. Fushan Liu), which, respectively, possess the N-terminus and a C-terminus of yellow 

fluorescent protein (YFP). This procedure was performed using LR Clonase II kit (Thermo 

Fisher Cat No. 11791-020). The following components were mixed at room temperature (in a 

1.5 ml tube): Entry clone (150 ng) 1 µl, Destination vector (100 ng/ µl) 1 µl, TE buffer, (10 

mM Tris-HCl, pH 8.0, 1 mM EDTA) to a final volume of 8 µl. The LR Clonase ™ II enzyme 

mix was thawed on ice for about 2 minutes and, after mixing gently by pipetting, 2 µl of LR 

Clonase ™II enzyme was added to the reaction and mixed well by vortexing briefly. 

Reactions were incubated at 25°C for 1 hour and then 1 µl of the Proteinase K solution was 

then added to each sample to terminate the reaction. After vortexing for 10 seconds, the 

samples were incubated at 37°C for 10 minutes. The vectors were transformed into 100 µl 

DH5α competent cells. 500 µl LB media was added to the reaction and the tube was 

incubated at 37°C for 1 hour. Two hundred microliters of the reaction was spread on the 

plates containing 50 µg/ml kanamycin and incubated at 37°C overnight. Colonies were 
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picked from each plate and grown separately in 5 ml LB broth at 37°C overnight followed by 

plasmid isolation. The vectors were sequenced at the University of Guelph Laboratory 

Services using SSIIa-specific primers (Forward: 5’ AACCAGCTCTACGCGATGGC 3’ 

Reverse: 5’ TCCCCAGAGGGAAGGATCATC 3’).     

 

 

 
 

 
 
 

(A)	
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Figure 3. 7 Maps of (A) entry (pDONR221) and destination (pEG201/202) vectors; used in 

Agrobacterium transformation. (B) LR clonase reaction transforms a desired DNA fragment (such as 

ZmSSIIa) from an entry vector into a destination vector, resulting in an expression clone as well as a 

lethal by-product including the toxic ccdB gene, which serves as a positive selection marker. 
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3.2.14.4 Agrobacterium transformation by electroporation 

The pEG201-SSIIa, pEG202-SSIIa, pEG201-SBEIIb and pEG202-SBEIIb 

expression vectors were separately transformed into chemically competent Agrobacterium 

tumefaciens GV3101 (kindly provided by Dr. Fushan Liu) prior to N. benthamiana leaf 

infiltration. On ice, 50 µl of Agrobacterium cells (GV3101) were thawed and 1-2 µl (~10-20 

ng) of each plasmid (including YFP fragment) added to the cells. The reaction was 

transferred into the Gene Pulser®/MicroPulser™ Electroporation Cuvettes (Bio-Rad Cat No. 

1652089) and Agrobacterium transformation was performed by electroporation using the 

Gene Pulser II electroporation system (Bio-Rad, Berkeley, USA) with the following settings: 

voltage 1.8KV, resistance 200Ω, capacitance extender 250µFD, and capacitance 25µFD. 

Subsequently, 1 ml of YEB media (13.3 mg/ml nutrient broth, 1 mg/ml yeast extract, 240 

µg/ml MgSO4.7H2O, 200 µl NaOH (2N), 5 mg/ml sucrose) was added to the cuvettes and 

mixed gently by pipetting. The mixtures were transferred back to 1.5 ml centrifuge tubes and 

incubated at 28°C for 2 hours with shaking. One hundred µl of transformed cells were spread 

on 25 ml YEB agar plates (13.3 mg/ml nutrient broth, 1 mg/ml yeast extract, 240 µg/ml 

MgSO4.7H2O, 200 µl NaOH (2N), 5 mg/ml sucrose and 15mg/ml agar) containing 10 µg/ml 

rifampicin, 30 µg/ml gentamicin, and 75 µg/ml kanamycin. The LB agar plates were 

incubated at 28°C for 48 hours. 

3.2.14.5 Agrobacterium-mediated infiltration of tobacco leaves  

Seeds of N. benthamiana plants for Agrobacterium infiltration were placed at 4ºC in 

darkness for 48 hours and then grown at 24°C under long-day conditions at a light intensity 

of 150 µmol photon/m2sec (for 16-hours light and 8-hours dark) in a growth chamber with 
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60% humidity. The growing plants were watered twice/week at the University of Guelph 

Phytotron facilities.  

In 1.5 ml microfuge tubes, one colony from each YEB plate (Agrobacterium-SSIIa/ 

Agrobacterium-SBEIIb) was picked with a sterile pipette tip and mixed gently with 1 ml of 

Agrobacterium infiltration media (500 µl 0.5M 2-(N-morpholino) ethanesulfonic acid (MES) 

buffer, 500 µl 1M MgCl2 and 7.5 µl 1M acetosyringone in 50 ml dH2O), incubated for 2 

hours at room temperature, and the optical density measured. Infiltration media was then 

used to dilute the bacterial suspension to OD600 ~0.8. For transient co-expression, 500 µl of 

each infiltration mediums (N-YFP- and C-YFP- constructs) were pooled together and a 1 ml 

plastic syringe (needleless) used to infiltrate the bacterial suspension into the lower (abaxial) 

epidermis of 4-6 week-old Nicotiana benthamiana leaves. The infiltrated areas on the leaves 

were marked and the plants maintained under constant light (400 µmol photon/m2sec) for 48 

hours at room temperature.  

Following infiltration, the fluorescence signal was detected using a confocal electron 

microscope (under supervision of Dr. Michaela Strüder-Kypke) at the Molecular & Cellular 

Imaging facility, University of Guelph. Briefly, an area of 1 cm from the infiltrated leaf was 

cut with a blade and placed in an Eppendorf tube containing distilled water. A needleless 

syringe was used to degas the leaf samples prior to placing them in a depression slide 

covering with water and placed a glass coverslip on top of it. To investigate the protein-

protein interactions, an upright Leica DM 6000B microscope connected to a Leica TCS SP5 

system with eight visible laser excitations and a Radius 405nm laser, was used to observe the 

leaf samples. The Leica LAS AF Imaging software (Leica MICROSYSTEMS, Wetzlar, 

Germany) was used for capturing and processing the images. The wavelength range of 525-
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560 nm was used for detection of the YFP signal, and wavelengths of 670-700 nm applied 

for detection of chlorophyll autofluorescence. Leaf samples infiltrated with nYFP-ZmSSIIa-

cYFP-emptyPEG202 and cYFP-ZmSSIIa-nYFP-emptyPEG201 were used as negative 

controls, whereas, nYFP-AtSSIIa-cYFP-ZmSSIIa was used as positive control. 

 
 

 
 

Figure 3. 8 Agrobacterium-mediated infiltration of Nicotiana benthamiana leaves. (A) A five week-old 

tobacco plant ready for infiltration (B) Infiltration of the Agrobacterium is performed on the abaxial 

surface. Image adapted from Schütze et al. (2009).  
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3.3  Results 

3.3.1 Recombinant maize SSIIa protein expression and purification  

Recombinant maize SSIIa proteins (WT, mutated and truncated) with N-terminal S-

tag and a C-terminal His-tag, ligated in pET29b vectors, were expressed in both BL21 and 

ArcticExpress systems. One millimolar IPTG (1 mM) was used to induce protein expression 

at 10°C for ArcticExpress or 37°C for BL21, respectively.  

Analysis of the expression of recombinant proteins was performed by SDS-PAGE 

and Coomassie Blue staining and immuno-detection. Using BL21 cells, expressed 

recombinant SSIIa protein (rec-SSIIa) was readily detected in the pellet (Figure 3.10 A), 

whereas relatively small amounts were observed in the soluble fraction. Due to the presence 

of a leaky promoter (lac) in the pET29 vector, Coomassie Blue staining showed a low level 

of rec-SSIIa expression occurred in non-IPTG-induced soluble cell lysates (Figure 3.10 A).  

However using ArcticExpress cells, similar amounts of expressed rec-SSIIa protein 

were detected following electrophoresis of the soluble cell lysate fraction and pellet (Figure 

3.10 A). A relatively highly expressed protein with an approximate molecular weight of 50 

kDa (green arrow) was also detected by Coomassie Blue staining, which is likely to be one of 

the chaperonin proteins expressed in the Arctic-expressed cell lysates (Figure 3.10 A). The 

immunoblot detected a single band of the expected size for maize rec-SSIIa (~76 kDa) using 

peptide-specific ZmSSIIa, S-tag and His-tag antibodies (Figure 3.10 B). Recombinant SSIIa 

proteins from ArcticExpress cell lysates were purified using both His- and S-protein agarose 

beads (section 3.10 C). The beads were then boiled in SDS buffer to release bound protein. 

Although Coomassie Blue Staining detected relatively pure rec-SSIIa protein using both His- 
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and S- tag purification methods, a few minor protein bands could be detected non-

specifically bound to the S-agarose beads (Figure 3.10 C).   

 

	
 

Figure 3. 9 Expression of maize recombinant SSIIa protein in E. coli cells. (A) BL21 and 

ArcticExpress strains were induced with 1mM IPTG at 37°C and 10°C respectively. After bacterial cell 

lysis, the expressed proteins (from both pellets and soluble fractions) were separated by SDS-PAGE 

followed by Coomassie Blue staining. (B) Expressed soluble SSIIa from ArcticExpress cells was 

immunoblotted and probed with anti-SSIIa, anti-His- and anti-S- tag antibodies. (C) Recombinant soluble 

SSIIa was affinity-purified on S-agarose beads (S-tag) and Ni2+-NTA (His-tag) and after separation by 

SDS-PAGE, stained with Coomassie Blue staining were used to check purity. The red arrows indicate the 

recombinant proteins.  MW: molecular weight markers. 
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3.3.2 Bioinformatic analysis of SSIIa structure 

Secondary structure characteristics play an important role in protein folding and can 

affect post-translational modification of proteins. The secondary structure of maize SSIIa was 

predicted using the Phyre2 online server. The first 176 amino acids of the N-terminal domain 

in the mature SSIIa protein sequence were predicted as “disordered” with very little sequence 

conservation among starch synthase enzymes, whereas the C-terminal domain was conserved 

and consists of alpha-helices and beta-sheets (Figure 3.11).  

Since tertiary folding of a protein is important in determining functionality, the three-

dimensional (3-D) structural of maize SSIIa was also investigated using Phyre2. The first two 

predictions were based on sequence homology modeling with barley starch synthase I 

(HvSSI) and bacterial glycogen synthase (GS) (Figure 3.12). Due to the lack of sequence 

conservation at the N-terminal domain of SSIIa, the disordered N-terminal region was not 

included in any of the 3-D predictions (Figure 3.12). While, blue, red and green colors 

correspond to the N-terminus, Central region and C-terminal region of SSIIa, respectively, a 

predicted coiled-coil domain located in the C-terminus, residues 523-536, (see Section 3.3.8), 

is illustrated as a yellow helix (Figure 3.12). 
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Figure 3. 10 Secondary structure of maize SSIIa predicted by Phyre2. Green spirals indicate alpha-

helices accounting for approximately 33% of the protein whereas blue arrows exhibit the beta-strands 

(15%).  However, 25% of the protein in the N-terminal region showed little conservation among starch 

synthase enzymes and was predicted as highly disordered. The red color represents a high confidence 

(score: 9) while the dark blue color indicates the least confidence (score: 0). 

 

 

 
Figure 3. 11 Tertiary structure of maize SSIIa predicted using Phyre2. Prediction was based on 

homology modeling with (A) barley starch synthase I, with 48% identity, 73% coverage, 473 aligned 

residues, with 100% confidence and (B) bacterial glycogen synthase isoform 2; exhibiting 16% identity, 

72% coverage, 438 aligned residues, was modelled with 100% confidence by the single highest scoring 

template. Three colors indicated the N-terminus (blue) Central region (red) and C-terminus (green) of 

SSIIa protein. Yellow alpha helices indicate a coiled-coil domain.  

 

(A)																																																																																			(B)	
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3.3.3 GPC elution of recombinant wild-type and truncated SSIIa proteins 

To determine whether N- and C-terminal truncations affect the oligomerization state 

of recombinant SSIIa, ArcticExpress E. coli cell lysates containing SSIIa proteins (wild type 

and truncated) were fractionated by gel permeation chromatography (GPC) (Figure 3.13). 

Examining the bands intensity using ImageJ software (https://imagej.nih.gov/ij/) showed that 

wild-type SSIIa eluted mostly in higher molecular weight fractions (1250-370 kDa), with a 

peak at fractions 15-16, suggesting it could be tetrameric or a higher aggregation state. ΔC1 

and ΔC2 truncations eluted as HMW oligomeric fractions but extending to include dimeric 

forms (140-115 kDa) (Figure 3.13). While the peak elution for ΔC1 was at fraction 16 and 

fractions 18-20, ΔC2 produced two elution peaks at fractions 14-15 and fractions 25-26 

(Table 3.9). Moreover, ΔN1 and ΔN2 truncations also eluted across a broader range than 

wild-type, including all oligomeric states from high molecular weight oligomers (>1200 

kDa) to monomers (~75 kDa) (Figure 3.13). ΔN1 was eluted in two broad peaks at fractions 

14 and 19-23, whereas, ΔN2 eluted in two peaks at fractions 15-17 and another at fractions 

26-28 (corresponding to monomers) (Table 3.9). 
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Figure 3. 12 GPC of maize SSIIa. After protein expression of wild-type (WT: 76 kDa), N-terminal 

(ΔN1: 66 kDa, ΔN2: 52 kDa) and C-terminal (ΔC1: 73 kDa, ΔC2: 69 kDa) truncations, cell lysates were 

filtered and injected into a Superdex 20/300 GL column. Following GPC, the collected fractions were 

separated on SDS-PAGE followed by western blotting probed with anti S-tag antibodies. See Figure 3.5 

for explanation of truncations. The numbers on the top indicate the estimated molecular weights of 

fractions based on the standard curve developed by calibrating the GPC column using commercial HMW 

and LMW protein standards (see Figure 2.10).  
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Table 3. 9 Results from ImageJ software scanning. Highlights indicate the fractions with highest 

scores in wild-type (WT), ΔN and ΔC samples. 

Fraction No. WT ΔN1 ΔN2 ΔC1 ΔC2 
13 1434.142 1500.506 44.778 1336.971 2281.092 
14 1415.142 3161.163 366.728 1300.435 2711.799 
15 1589.385 2642.527 2150.213 1541.556 2796.627 
16 1510.435 2472.577 1704.627 2387.385 1811.092 
17 1453.142 2051.456 1608.284 954.849 831.849 
18 1168.263 2293.698 1469.627 1802.385 305.021 
19 1043.314 2545.163 1220.506 1826.092 276.021 
20 597.728 2618.042 1332.971 1648.678 671.142 
21 106.192 2536.284 1092.263 1049.971 679.971 
22 22.536 2482.113 1239.971 579.435 647.556 
23 14.121 2439.941 1040.556 515.728 1139.385 
24 9.471 1795.749 1280.678 729.556 1226.556 
25 2.637 1747.456 1437.335 450.435 1461.849 
26 0.0 1303.092 1951.627 126.192 1480.556 
27 0.0 738.849 1948.506 0.0 928.142 
28 0.0 497.556 2255.506 0.0 418.607 
29 0.0 0.0 1594.849 0.0 155.192 
38 0.0 0.0 1231.556 0.0 0.0 
31 0.0 0.0 302.899 0.0 0.0 
32 0.0 0.0 10.121 0.0 0.0 
33 0.0 0.0 0.0 0.0 0.0 
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3.3.4 Effect of N-terminal and C-terminal truncations on SSIIa catalytic activity 

To examine whether truncations of SSIIa affect the catalytic activity of the enzyme, 

the soluble proteins of wild-type and N- and C-terminal truncation products (ΔN1, ΔN2, 

ΔN3, ΔC1 and ΔC2) were purified using Ni-NTA affinity purifications, desalted to remove 

imidazole (250 mM), and protein concentration determined. Purified proteins were separated 

on SDS-PAGE and transblotted into nitrocellulose membrane followed by PonceauS staining 

to check their purity (Figure 3.14 B). Enzyme activity was measured by coupling starch 

synthase-dependent production of ADP to NADH oxidation (see Section 3.2.12). Since the 

ΔN3-truncation does not possess the putative “K193TGG”, ADP-glucose binding motif 

(Figure 3.14 A), this was used as a control. As shown in Figure 3.15, the activities of ΔN1, 

ΔN2, ΔC1 and ΔC2 were not statistically different (P≤ 0.05) from wild-type. The ΔN3 

truncation SSIIa, which lacks the “K193TGG” motif, showed a significant decrease in enzyme 

activity (~83%). To examine whether any activity from the bacterial extract might interfere 

with the SSIIa activity, empty Ni2+-NTA beads were incubated with bacterial cell lysate 

expressing empty pET29b vector. After washing, the beads were incubated with 250 mM 

imidazole followed by desalting. The assay did not show any catalytic activity for the control 

upon addition of ADP-glucose (data not shown).  
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Figure 3. 13 PonceauS staining of wild-type and truncated forms of SSIIa to check the purity of 

proteins. (A) Schimatic representation of the full-length (FL) sequence of maize SSIIa including the 62-

amino acid transit peptide (orange) and the location of KTGG motif, and the range of N- and C-terminal 

truncations (ΔN1-3 and ΔC1-2) (B) After bacterial cell lysation, the lysates were immobilized on Ni2+-

NTA beads and after washing, proteins were eluted from the beads with 250 mM imidazole. Purification 

efficiency was examined by separating the proteins on SDS-PAGE followed by trans-blotting into 

nitrocellulose membrane and staining with PonceauS. -ve ctrl: negative control, including empty S-

agarose beads incubated with amyloplast lysates; MW: molecular weight markers.  
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Figure 3. 14 Activity of N-terminal and C-terminal truncations of maize SSIIa. The catalytic 

activities of recombinant soluble wild-type and N- and C- terminal truncations (ΔN1-3, ΔC1-2) were 

measured by coupled enzyme assay. Oxidation of NADH was measured spectrophotometrically at 340 

nm, and amylopectin used as a primer. (A) Represents OD340 vs. time and (B) histograms representing the 

catalytic activity of Wt and N- and C- terminal truncated forms of SSIIa. n=3±SD. In each experiment a 

blank without SSIIa (blnk) and a negative control (boiled protein; -ve ctrl) were included. ΔN3 at P≤ 0.05 

showed a significant decrease in the enzymes activity compared to wild-type. **** P≤ 0.001. 

(A)	

(B)	
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3.3.5 Phosphorylation-dependent interaction of recombinant maize SSIIa with SBEIIb 

Recombinant wild-type SSIIa immobilized on S-agarose beads was used as an 

affinity ligand and incubated with maize amyloplast lysates in the presence of ATP or APase. 

After washing (see Section 3.2.9), immobilized proteins were boiled and separated by SDS-

PAGE, transblotted and stained with ponceauS and probed with anti-SBEIIb antibodies. As 

shown in the Figure 3.16, ATP treatment enhanced the interaction between SSIIa and SBEIIb 

while APase did not exhibit any noticeable affect on their interaction compared to the 

untreated samples. 

 

Figure 3. 15 Interaction between recombinant maize SSIIa and SBEIIb is enhanced by ATP in 

amyloplast preparations. Wild-type recombinant SSIIa (rec-SSIIa) was immobilized on S-agarose 

beads, and incubated with maize amyloplast lysates (in the presence of 5 mM DTT, 1 mM CaCl2, 10 mM 

MgCl2, 10 µl/ml from each protease and phosphatase inhibitor cocktails, and 0.05 mM ATP) to 

reconstitute the SSIIa-SBEIIb protein complex. Amyloplast stroma also was pre-treated with immobilized 

APase on beads (150 U) prior to incubation with immobilized rec-SSIIa. Reactions were incubated for 45 

minutes at room temperature. After removal of the plastidial lysates by centrifugation, and washing, the 

S-agarose beads were boiled to release bound protein. SDS-PAGE was used to separate proteins and 

trans-blotted into nitrocellulose membrane followed by PonceauS staining to detect rec-SSIIa and 

peptide-specific antibodies to detect SBEIIb. Blots shown here are representative of three replicates. Red 

arrows indicate SBEIIb and blue arrows show rec-SSIIa. -ve ctrl: negative control, including empty S-

agarose beads incubated with amyloplast lysates; MW: molecular weight markers.  
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3.3.6 Detection of in vivo interactions between SSIIa and SBEIIb in N. benthamiana leaves 

using BiFC 

After confirming the interaction between maize SSIIa and SBEIIb in vitro, 

Bimolecular Fluorescence Complementation (BiFC) was used to investigate these 

interactions in planta (Figure 3.17). BiFC experiments performed between ZmSSIIa fused to 

the N-terminal domain of the yellow fluorescent protein (YFP; Yn-ZmSSIIa) and the 

ZmSBEIIb fused with the C-terminal domain of YFP (Yc-ZmSBEIIb), emitted a clear 

fluorescent signal in chloroplasts, as both constructs contained plastidial transit peptides 

(Figure 3.18 A). To confirm the specificity of the interaction, Yc-ZmSSIIa and Yn-

ZmSBEIIb were infiltrated into N. benthamiana leaves, which also led to a YFP signal 

detected by confocal microscopy, indicating in planta interaction between maize SSIIa-

SBEIIb within chloroplasts (Figure 3.18 B). Previously Liu et al. (unpublished data) 

demonstrated in vivo interactions between AtSSIIa and ZmSBEIIb, and based on that, in this 

study Yn-AtSS2 and Yc-ZmSBEIIb were infiltrated into N. benthamiana leaves as a positive 

control and the results indicated emission of YFP signals in chloroplasts (Figure 3.18 C). Yn-

ZmSSIIa/Yc-empty vector, and Yn-empty vector/Yc-ZmSBEIIb were separately co-

expressed in tobacco leaves and none produced detectable YFP signals (Figure 3.18 D and 

E). All constructs contained the plastidial transit peptide, to be directed to chloroplasts. 
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Figure 3. 16 Principle of the BiFC assay, to detect protein-protein interactions in a living cell. In this 

assay, two parts of a fluorescent reporter protein N-terminal (nYFP) and C-terminal (cYFP) are fused to 

the two proteins of interest are co-expressed in living cells. (a) Interaction of the two proteins will result 

in fusion of the two parts of the reporter protein and consequently reconstitution of the YPF signal. (b) In 

the absence of the proteins interaction there will not be any YFP signals detected by electron microscopy. 

(Image adapted from Vitaly el al., 2006) 
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Figure 3. 17 ZmSSIIa/AtSS2 interactions with ZmSBEIIb can be detected in vivo by BiFC in N. 

benthamiana leaves. Bimolecular fluorescence complementation (BiFC) of YFP fragments and 

chloroplast autofluorescence were detected using confocal laser scanning microscopy. Negative control 

using nYFP-ZmSSIIa-cYFP-emptyPEG202 and nYFP- emptyPEG201- cYFP-ZmSBEIIb vector exhibited 

no fluorescence signals caused by false positive interactions. YFP shows yellow fluorescence; red images 

indicate chloroplast autofluorescence, and red/yellow fluorescence shows images with the two types of 

fluorescence merged. Bars = 5 µm. The images are representative of three biological replicates. 
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3.3.7 Investigating putative interaction sites between maize SSIIa and SBEIIb    

To identify potential protein-protein interaction site(s) within maize SSIIa 

bioinformatic approaches were employed. Using PredictProtein software 

(https://www.predictprotein.org), five putative protein interaction sites were predicted within 

the maize SSIIa sequence. To examine their potential role in interaction of SSIIa with 

SBEIIb, the predicted amino acids were point mutated to alanine (see Table 3.3). After 

expression, the mutated proteins were immobilized on S-protein agarose beads and incubated 

with amyloplast lysates (1-1.5 mg protein/ml), as a source of protein kinases and SBEIIb, in 

the presence of ATP. After washing and boiling the beads at 95ºC, the proteins in the 

supernatant were separated by SDS-PAGE. Immuno-detection of SBEIIb confirmed that 

SBEIIb was bound to wild type SSIIa as observed previously, and to all of the site-directed 

mutants (Figure 3.19 B). Negative controls showed no amyloplast proteins bound to the S-

agarose beads in the absence of recombinant proteins (Figure 3.19 B).  
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(A) 

AEAEAGGKDAPPERSGDAARLPRARRNAVSKRRDPLQPVGRYGSATGNTARTGAASCQNAALADVEIKSIVAAPPTSIVK 
-------------------------------------------------------------------------------- 
FPAPGYRMILPSGDIAPETVLPAPKPLHESPAVDGDSNGIAPPTVEPLVQEATWDFKK137YIGFDEPDEAKDDSRVGADD 
---------------------------------------------------------P  -------------------- 
AGSFEHYGDNDSGPLAGENVMNVIVVAAECSPWCKTGGLGDVVGALPKALARRGHRVMVVVPRYGDYVEAFDMGIRKYYK 
-------------------------------------------------------------------------------- 
AAGQDLEVNYFHAFIDGVDFVFIDAPLFRHR269QDD272IYGGSRQEIMKRMILFCKVAVEVPWHVPCGGVCYGDGNLVFI 
------------------------------P  PPP  PP---------------------------------------- 
ANDWHTALLPVYLKAYYRD333HGLMQYTRSVLVIHNIAHQGRGPVDEFPYMDLPEHYLQHFELYDPVGGEHANIFAAGLK 
------------------P  ----------------------------------------------------------- 
MADRVVTVSRGYLWELKTVEGGWGLHDIIRSNDWKINGIVNGIDHQEWNPKVDVHLRSDGYTNYSLETLDAGKRQCKAAL 
------------------------------------------------------------------------------- 
QRELGLEVRDDVPLLGFIGRLDGQKGVDIIGDAMPWIAGQDVQLVMLGTGRADLERMLQHLER535EHPNKVRGWVGFSVP 
--------------------------------------------------------------P  P-------------- 
MAHRITAGADVLVMPSRFEPCGLNQLYAMAYGTVPVVHAVGGLRDTVAPFDPFGDAGLGWTFDRAEANKLIEALRHCLDT 
-------------------------------------------------------------------------------- 
YRKYGESWKSLQARGMSQDLSWDHAAELYEDVLVKAK667YQW 
------------------------------------P  P-- 

 
(B) 

 
Figure 3. 18 Maize SSIIa recombinant proteins, including mutated predicted interaction sites, 

interacted with SBEIIb from amyloplasts. (A) Location of predicted protein-protein interaction sites 

within maize SSIIa amino acid sequence. The 62 amino-acid predicted transit peptide is already removed 

from the sequence. P: potential protein interaction site. (B) Site-mutated SSIIa proteins were immobilized 

on S-agarose beads and incubated with amyloplast stroma in the presence of 0.05 mM ATP for 45 

minutes. After washing, and boiling the beads at 95ºC, the proteins were separated by SDS-PAGE 

followed by immunoblotting using anti S-tag and ZmSBEIIb antibodies. 1: K137>A, 2: D272IY>AAA, 3: 

R269QDDIY>AAAAA, 4: D333>A, 5: R535E>AA, 6: K667Y>AA, 7: wild-type, -ve ctrl: negative control, 

including empty S-agarose beads incubated with amyloplast lysates; MW: molecular weight markers. 
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3.3.8 Investigating the maize SSIIa coiled-coil domain in interaction with SBEIIb 

Coiled-coils domains are secondary structural elements, which are well characterized 

for their role in mediating protein-protein interactions (Strauss and Keller 2008; Burkhard et 

al. 2001). Bioinformatic prediction of coiled-coil regions, using COILS server, identified a 

putative SSIIa coiled-coil domain at position 523-536 with average confidence scores of 

0.997 (Figure 3.20). Since none of the predicted protein-protein interaction sites (see Figure 

3.19 B) were shown to be essential for interaction between SSIIa and SBEIIb, the predicted 

coiled-coil domain was tested for its potential role in mediating such interactions. 

Consequently, the charged amino acids within this region were point mutated to alanine. 

After purification and immobilization on S-protein agarose beads, mutated SSIIa was 

incubated with amyloplast lysates (1-1.5 mg protein/ml). The immunoblot probed with maize 

peptide-specific anti-SSIIa antibodies confirmed equal loading of both wild-type and mutated 

forms of the recombinant SSIIa. Interaction with SBEIIb was not affected by any of these 

mutations (Figure 3.21). 
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Figure 3. 19 SSIIa putative coiled-coil domain predicted by COILS server. COILS identified a 

putative SSIIa coiled-coil domain, residues 523-536, with average confidence scores of 0.997. The 

location of the coiled-coil region on the 3-D structure of SSIIa protein is shown in Figure 3.12. The X-

axis of the graph gives residue number and Y-axis shows the coiled-coil forming probabilities (100% = 

1), which are acquired in scanning windows of 14 (green), 21 (blue) and 28 (red) residues.  

 

 
 
Figure 3. 20 The SSIIa coiled-coil domain is not involved in interactions with SBEIIb. Recombinant 

wild-type and mutated SSIIa were immobilized on S-agarose beads and incubated with maize amyloplast 

lysates (in the presence of 0.05 mM ATP) for 45 minutes. After washing to remove the non-specific 

proteins, the immobilized SSIIa and attached proteins were boiled and separated by SDS-PAGE, followed 

by immunobloting using anti S-tag (SSIIa) or ZmSBEIIb antibodies. 1: wild-type, 2: 

R523ADLER>AAALAA, 3: E534RE>AAA, 4: R523ADLERMLQHLERE>AAALAAMLQHLAAA, -ve 

ctrl: negative control: empty S-agarose beads incubated with amyloplast lysates; MW: molecular weight 

markers (kDa).  
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3.3.9 Effects of N-terminal and C-terminal truncations of maize SSIIa on interactions 

with SBEIIb  

Since mutation of any of the predicted sites on SSIIa for protein-protein interaction 

did not affect its ability to interact with SBEIIb (see Figure 3.19 and 3.21), truncated versions 

of SSIIa were produced to investigate other possible domains. S-tagged truncations were 

immobilized on S-protein agarose beads and incubated with maize amyloplast lysates and 

ATP as described in Section 3.2.9. The immunoblot probed with maize anti-SBEIIb 

antibodies showed that all of the N- and C-terminal truncated versions of SSIIa still 

interacted with endogenous SBEIIb within amyloplast stroma (Figure 3.22). Performing the 

same experiment without adding ATP showed that all of the truncations could still interact 

with SBEIIb, although the intensity of the bands was diminished compared to ATP-treated 

samples (data not shown). 
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Figure 3. 21 Maize SSIIa N- and C- terminal truncations interact with SBEIIb. Wild-type and 

truncated maize SSIIa proteins were immobilized on S-agarose beads and incubated with amyloplast 

stroma in the presence of ATP (0.05 mM). The proteins bound to the beads, after boiling, were separated 

by SDS-PAGE followed by immunoblotting using anti S-tag and ZmSBEIIb antibodies. (A) Schematic 

representation of the locations of N- and C- terminal truncations (ΔN1-5 and ΔC1-4) within SSIIa 

sequence. 1-62 amino acids indicate transit peptide (orange). Red arrows indicate (B) truncations of 

SSIIa and (C) affinity for SBEIIb. ΔN1-ΔN5: N-terminal truncations, ΔC1-ΔC4: C-terminal truncations 

of maize SSIIa. Immunoblots shown here are representative of three replicates. -ve ctrl: negative control 

(empty beads); MW: molecular weight marker (kDa). 
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3.3.10 The central domain of SSIIa is responsible for interaction with SBEIIb and 

interaction is enhanced by protein phosphorylation 

Based on the results in Figure 3.22 it was hypothesized that the “central” domain of 

maize SSIIa interact with SBEIIb. Hence, the central region of SSIIa was expressed to study 

interactions with SBEIIb and in comparison with expressed polypeptides covering the N- and 

C- termini. The three truncations were incubated with amyloplast lysates in the presence and 

absence of ATP. PonceauS staining detected the three truncations of SSIIa on nitrocellulose 

membrane (Figure 3.23). The results strongly suggest that this central domain is responsible 

for interaction with SBEIIb, and addition of ATP to the amyloplast preparation enhanced 

their association (Figure 3.23). Interestingly, SSIIa TRUNC3 (C-terminal truncation) also 

showed some interaction with SBEIIb, which was enhanced in the presence of ATP. A 

“negative control” in which empty S-agarose beads were incubated with amyloplast stroma 

showed no non-specific binding of SBEIIb (Figure 3.23). 

 

 

 

 

 



	
	
	

165 

 
 
 

 
 

Figure 3. 22 The central region of recombinant maize SSIIa interacts with SBEIIb.  Three non-

overlapping polypeptides of SSIIa protein were produced. 1: TRUNC1 (N-terminal region), 2: TRUNC2 

(Central region) and 3: TRUNC3 (C-terminal region). Following expression in E. coli, truncated proteins 

were immobilized on S-agarose beads and incubated with amyloplast lysates in the presence or absence of 

ATP. Beads were then washed and boiled. Following SDS-PAGE, Ponceau-S was used to stain SSIIa 

polypeptide (blue arrows) and anti-SBEIIb antibodies used to detect SBEIIb (red arrows) on the same 

nitrocellulose membrane. Blots shown here are representative of three replicates. -ve ctrl: negative control 

(empty beads); MW: molecular weight marker (kDa).  
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3.3.11 Investigating the role of the maize SBEIIb “KCRRR” domain in interactions with 

SSIIa 

Based on previous studies, it has been proposed that the positively charged and 

highly conserved region, KCRRR, at position 662-666 in maize SBEIIb, might be a site for 

interaction with other proteins including SSIIa (Makhmoudova et al. 2014; Liu, 2010). 

Moreover, in a recent study it was predicted that a negatively charged coiled-coil domain in 

Arabidopsis SS2 might interact with this positively charged “KCRRR” domain of SBE2.2 

(Patterson, 2018). Using three-dimensional structures of maize SSIIa and SBEIIb based on 

Phyre2 prediction, Rosetta software (http://rosie.rosettacommons.org/docking) was used to 

predict interaction interface(s) between these two proteins. The top five predictions, 

exhibited a potential interaction between SBEIIb KCRRR domain with SSIIa (Figure 3.24). 

Two models (4 and 5) indicated that interaction might occur between the SSIIa coiled-coil 

domain and the SBEIIb KCRRR region. Models 1, 2 and 3 indicated a potential interaction 

between the KCRRR domain of SBEIIb with regions within the C-terminus of SSIIa (Figure 

3.24). Consequently, site-directed mutagenesis of recombinant maize SBEIIb was performed. 

KCRRR mutations were immobilized to S-protein agarose beads and a similar experimental 

approach as described in the previous section was used to test the effect of this domain on 

interactions with SSIIa.  

The immunoblot probed with maize peptide-specific anti-ZmSBEIIb antibodies 

confirmed equal loading of both wild-type and mutated forms of the recombinant SBEIIb 

(Figure 3.25). The molecular mass of recombinant SBEIIb is slightly higher than endogenous 

amyloplast SBEIIb due to the N-terminal S-tag attached to the recombinant protein,  (Figure 

3.25). Maize amyloplast stromal SSIIa was bound to recombinant wild-type SBEIIb and all 
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of the mutated SBEIIb enzymes with the exception of the “KCRRR>AAAAA” mutation for 

which no interaction with amyloplast SSIIa was detected (Figure 3.25). A fainter band visible 

above the amyloplast SSIIa protein is likely due to non-specific cross-reaction of the anti-

SSIIa antibody with the high concentration of recombinant SBEIIb (Figure 3.25). Negative 

controls, lacking recombinant proteins, showed no detectable SSIIa bound to the S-protein 

agarose beads in the absence of recombinant SBEIIb (Figure 3.25).   

 

 

 

 
 

 
 
 
 
 
 
 
 
 

 
 
 
Figure 3. 23 Predicted maize SSIIa-SBEIIb protein interaction interfaces. The Rosetta Online Server 

was used to predict protein interaction interfaces, between maize SSIIa (left) and SBEIIb (right), using the 

3-D structures, modeled by Phyre2. The top five predicted interaction models are shown in this figure. All 

five models indicated that the C-terminal region of SSIIa is most likely interacting with SBEIIb. Two 

models (4 and 5) also exhibited possible interaction between coiled-coil domain of SSIIa (circled in 

yellow) and the KCRRR region of SBEIIb (pink). The N-terminus (blue) Central domain (red) and C-

terminus region (green) are indicated for SSIIa.  

Model	4 Model	5 

Model	1 Model	2 Model	3 



	
	
	

168 

 
 

Figure 3. 24 Interaction of SSIIa with the KCRRR domain of maize SBEIIb. Recombinant maize 

SBEIIb (wild-type and five mutants) were immobilized on S-agarose beads and used as bait-protein for 

incubation with amyloplast lysates. After 45 minutes at room temperature, the beads were washed and 

boiled in SDS-buffer at 95ºC and proteins separated by SDS-PAGE, blotted onto nitrocellulose membrane 

and probed with peptide-specific anti-maize SBEIIb and SSIIa antibodies. Blue arrows (right) indicate 

SSIIa bands and red arrows (left) indicate the detected maize SBEIIb. The faint band above SSIIa (on 

right panel) is likely caused by non-specific cross-reaction of SSIIa antibodies with the large amount of 

recombinant SBEIIb proteins. -ve ctrl: negative control: empty S-agarose beads incubated with 

amyloplast lysates; MW: molecular weight markers (kDa). 
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3.3.12 Phosphorylation of either maize SSIIa and/or SBEIIb is sufficient to catalyze their 

interaction   

Phosphorylation of SSIIa (Figure 2.3) and SBEIIb (Liu et al. 2009) were 

demonstrated previously. Considering the potential role of protein phosphorylation in 

regulating protein-protein interactions, experiments were performed to investigate whether 

phosphorylation of both SSIIa and SBEIIb proteins is required for their interaction. Maize 

amyloplast stroma was pre-treated with ATP, which was subsequently removed by gel 

filtration through PD-10 columns (Section 3.2.11). These amyloplasts (referred to hereafter 

as “desalted”) were then incubated with either immobilized recombinant SSIIa (rec-SSIIa) or 

rec-SBEIIb for 45 minutes (in the presence of protease and phosphatase inhibitors).  

PonceauS staining showed the presence of purified rec-SSIIa and rec-SBEIIb 

incubated with desalted-amyloplasts (Figure 3.26 panel A, blue arrows). Western blotting of 

the same membranes, using maize peptide-specific anti- SSIIa and SBEIIb antibodies 

demonstrated bands for pulled-down endogenous maize SBEIIb and SSIIa (Figure 3.26 panel 

B, red arrows), indicating that interaction of either recombinant SSIIa or SBEIIb with their 

respective endogenous partners is not affected by ATP. Moreover, phosphorylation of both 

recombinant SSIIa and SBEIIb in the presence of amyloplasts plus ATP was also performed 

as a positive control (Figure 3.26 panels C and D).  
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Figure 3. 25 Phosphorylation of either SSIIa or SBEIIb is sufficient for their interaction in vitro. (A) 

Maize amyloplast stroma was incubated with 0.05 mM ATP for 45 minutes and the ATP subsequently 

removed by desalting on PD10 columns. Recombinant maize SSIIa and SBEIIb were immobilized on S-

agarose beads and were incubated separately with the desalted amyloplasts and the samples were washed 

to remove non-specifically bound proteins. The beads were boiled in SDS loading buffer and subjected to 

SDS-PAGE and trans-blotting followed by staining with PonceauS (blue arrows). (B) Same blots were 

used for western blotting using peptide specific anti- ZmSBEIIb and ZmSSIIa antibodies (red arrows). (C) 

As a positive control for phosphorylation, the same procedure was performed in the presence of ATP. 

Briefly, maize amyloplast stroma incubated with 0.05 mM ATP was added separately to immobilized rec-

SBEIIb and rec-SSIIa, and incubated for 45 minutes. After washing to remove non-specifically bound 

proteins, samples were boiled in SDS loading buffer and subjected to SDS-PAGE and trans-blotting and 

stained with PonceauS (green arrows) (D) immuno-detection using anti-ZmSSIIa and anti-ZmSBEIIb 

antibodies was performed (red arrows). The broad bands on top of SSIIa (B and D) indicate cross-

reaction between SSIIa antibodies and recombinant SBEIIb. -ve ctrl: negative control (empty beads); 

MW: molecular weight marker (kDa). 
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3.4 Discussion  

Interactions between starch synthases (SS) and starch branching (SBE) enzymes have 

been identified previously in the endosperms of different cereal species, such as maize (Liu 

et al. 2009; Hennen-Bierwagen et al. 2008), wheat (Tetlow et al. 2008; 2004), rice (Crofts et 

al. 2015) and barley (Ahmed et al. 2015). However, the underlying regulatory mechanisms 

including potential interaction sites have not been identified. The objective of this chapter 

was to investigate the interaction between SSIIa-SBEIIb both in vitro and in vivo. Potential 

protein interaction sites within maize SSIIa were identified using bioinformatics approaches 

and tested experimentally in vitro. Moreover, as the association of SSIIa-SBEIIb is 

phosphorylation dependent, whether phosphorylation of one or both proteins is required for 

their interaction in vitro was investigated.  

Expression and purification of recombinant maize starch biosynthetic enzymes such 

as SSIIa and SBEIIb, and their manipulation by site-directed mutagenesis is a valuable tool 

to evaluate structure-function relationships. In this study, two expression E. coli host cells, 

BL21 and ArcticExpress (DE3), were selected for SSIIa protein expression using the pET29b 

vector, which includes a fused N-terminal S-tag and C-terminal His-tag, for immobilization 

and affinity-bait experiments (Figure 3.10). Expression in BL21 cells revealed that most of 

the expressed protein was present in insoluble inclusion bodies, whereas the use of 

ArcticExpress competent cells increased the amount of SSIIa in the soluble fraction (Figure 

3.10). This protein distribution might be due to the fact that ArcticExpress cells are designed 

for expressing proteins at low temperature. For this purpose, two cold-adapted chaperones 

(chaperonin-10 and chaperonin-60) derived from Oleispira antarctica (a strain of 

psychrophilic bacterium) are engineered in ArcticExpress cells and are highly active at 4-
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12°C. These two chaperonins help in refolding the expressed proteins by binding to unfolded 

or misfolded proteins to stabilize them (Kube et al. 2013).  

Following protein expression, the recombinant SSIIa was immobilized on S-agarose 

beads (as bait), incubated with amyloplast lysates (as a source of protein kinase(s) and 

SBEIIb) to investigate protein-protein interactions between recombinant SSIIa and 

amyloplast SBEIIb. While the results of this experiment showed that SSIIa and SBEIIb 

interact in vitro (Figure 3.16), interaction between the two proteins was also confirmed in 

planta using BiFC experiments. Wild-type SSIIa and SBEIIb proteins (fused to yellow 

fluorescent protein; YFP) were transiently expressed in leaves of Nicotiana benthamiana 

following Agrobacterium-mediated infiltration. The two proteins were successfully co-

expressed in chloroplasts using the 35S promoter and the native plastidial transit peptides and 

imaged by confocal electron microscopy. The nYFP-ZmSSIIa and cYFP-ZmSSIIa were co-

expressed with cYFP-ZmSBEIIb and nYFP-ZmSBEIIb, respectively (Figure 3.18) 

demonstrating their in vivo interaction.  

Transient expression of other fluorescently tagged starch biosynthetic enzymes in N. 

benthamiana leaves, such as YFP-GBSS and CFP-PTST in Arabidopsis, has previously been 

used to demonstrate that PTST is required for localization of GBSS to starch granules (Seung 

et al. 2015). In a recent study by Liu et al. (Pers. Comm.), the physical association between 

Arabidopsis SS2 and maize SBEIIb was also detected using BiFC in N. benthamiana leaves. 

Further, in the same study by Liu et al., phosphorylation sites within SBEI (Ser748) and 

SBEIIb (Ser649) were shown to be required for interaction between these two proteins. After 

point mutation of these serine residues to alanine, ZmSBEI and ZmSBEIIb were unable to 

interact when using the BiFC assay (Liu et al. unpublished data). This approach demonstrates 
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the power of using BiFC to study the function of phosphorylation sites and functional 

domains on proteins. 

The secondary structure of maize SSIIa protein was predicted using Phyre2 software 

(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index). The results demonstrate a 

disordered, non-conserved N-terminal region (176 aa) (Figure 3.11), which has been found to 

be a common characteristic among many of the starch synthase (SS) isozymes. For example, 

previous studies demonstrated that maize SSIIa and SSIIb include a 176- and 144- amino 

acid N-terminal extension, respectively (Imparl-Radosevich et al. 1999). Pea embryo SSII 

contains a 203-amino acids N-terminus, which was referred to as a “flexible” arm based on 

computer modeling (Dry et al., 1992). N-terminally truncated maize SSI (Imparl-Radosevich 

et al. 1998) and potato tuber SSIII (Abel et al. 1996) indicated that this region is not crucial 

for catalytic activity. This low level of N-terminal sequence conservation between the starch 

synthases from different species makes understanding their structure/function relationship 

and biochemical functions challenging (Schwarte et al. 2013; Imparl-Radosevich et al. 1999).  

Recently, it has been reported that the N-terminal arm of AtSS2 contains an 

intrinsically disordered region (IDR), which may be important in defining the oligomeric 

structure of the protein, the removal of which can affect the enzyme’s activity and degree of 

oligomerization (Patterson et al. 2018). To investigate the quaternary state of recombinant 

maize SSIIa, the recombinant enzyme from bacterial cell lysates was separated by GPC 

(Figure 3.13). The elution profile of recombinant wild-type SSIIa (76 kDa) indicated that it is 

present mainly as homo-oligomers with a peak elution at ~690 kDa  (~ nine subunits), ΔN1 

(66 kDa) was observed to elute as oligomers and dimers, whereas, ΔN2 (52 kDa) eluted 

across a wider range from high molecular weight oligomers, with a peak at ~ 550-770 kDa, 
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to monomers (~50-70 kDa) (Figure 3.13). While the majority of ΔC1 (73 kDa) eluted as 

homo-oligomers (~669 kDa), ΔC2 (69 kDa) exhibited two elution peaks corresponding to 

HMW oligomers (~1000 kDa) and monomers (~ 100 kDa). These observations imply that 

removal of N-or C- terminal region of maize SSIIa might affect folding and therefore, cause 

alterations in the conformational state of the protein, and affect its ability to oligomerize 

(Figure 3.13).  

Based on GPC results from chapter 2 and the current chapter, the elution of both 

wild-type recombinant and endogenous SSIIa occurs mainly at higher molecular weights 

(Figure 2.10 and 3.13), which might suggest that its functionality results from association 

with homomeric or heteromeric partners. Thus in amyloplasts, and in the presence of other 

starch biosynthetic enzymes, SSIIa is found mostly in HECs, while as a recombinant protein 

and in the absence of other starch biosynthetic enzyme partners, monomeric units of SSIIa 

tend to aggregate and produce homo-oligomers. Although removing the N-terminal arm 

(ΔN2) increased the proportion of the monomeric and dimeric forms of the protein (Figure 

3.13), a considerable amount of the protein still exists in higher homo-oligomeric complexes 

and there was no observable affect on catalytic activity. 

It has been suggested that in cells, many soluble and membrane-bound proteins exist 

as homo-oligomeric complexes, which might be involved in regulating catalytic activity via 

transitions between various oligomeric states (Hashimoto et al. 2010). Oligomeric structures 

might be stabilized or destabilized by phosphorylation of one or more residues on a dimer 

interface (Hashimoto et al. 2010). For example, it was found that phosphorylation of 

glycogen phosphorylase results in association of functional homo-dimers to form homo-

tetramers, possibly caused by conformational changes in structure, which consequently 
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affected enzyme activity (Barford and Johnson 1992; Barford 1991). The non-

phosphorylated form of the enzyme is a dimer and the most active form of enzyme, whereas 

the phosphorylated form of the enzyme is a tetramer and found to be less active (Huang and 

Graves 1970). The presence of glycogen or other oligosaccharides can stimulate the 

formation of dimers and cause dissociation of tetramers, which suggests that the active form 

of the enzyme exists as dimeric forms (Barford and Johnson 1992). However, a recent study 

by Patterson et al. (2018) in Arabidopsis, indicated that phosphorylation of SS2 did not affect 

the homo-dimerization state of the protein.  

To date, there is no direct evidence indicating whether in cereals starch synthase IIa 

(SSIIa) requires homo-oligomerisation to regulate its activity. Patterson et al. (2018) found 

that Arabidopsis, full-length, recombinant SS2 exists as homodimers. Interestingly, removal 

of the disordered N-terminal region of the protein resulted in alterations in its 

oligomerization state, giving rise to either homo-oligomers or monomers. Moreover, 

removing the disordered N-terminal region of AtSS2 caused a marked increase in the 

catalytic activity of the protein, which might suggest that transitions between dimeric and 

monomeric/higher oligomeric states of the enzyme could regulate the activity of SS2 in 

Arabidopsis (Patterson et al. 2018).  

However, removing the N-terminal domain of maize SSIIa resulted in no significant 

differences in catalytic activity compared to wild-type maize SSIIa, indicating that the 

disordered N-terminal extension of SSIIa is not essential for its catalytic activity in the maize 

endosperm amyloplasts (Figure 3.15). The results presented in this chapter are in direct 

agreement with earlier studies on maize SSI, SSII (Imparl-Radosevich et al. 1999; 1998), pea 

embryos SSII (Dry et al. 1992) and potato SSIII (Abel et al. 1996) showing that the N-
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terminal arms of these enzymes are not important for their catalytic activity. The difference 

in the results from Arabidopsis and maize might suggest a different role for the N-terminal 

region of Arabidopsis SS2, which produces transient starch in chloroplasts with diurnal 

turnover, compared to maize SSIIa, which is involved in storage starch biosynthesis for long-

term storage in amyloplasts.  

The ΔN3 truncation, which does not possess the “K193TGG” motif, showed a 

significant decrease in the catalytic activity (~83%) compared to wild-type SSIIa (Figure 

3.15). The KTGG motif is a highly conserved region between E. coli glycogen synthase (GS; 

KTGG 16-19aa) and is also present in all other maize starch synthases (SS). The lysine (K) 

residue in this conserved motif was demonstrated to be part of the ADP-glucose binding site 

in E. coli GS (K16) (Furukawa et al. 1993). In maize, this motif is located 17 amino acids 

down-stream from the disordered N-terminal extension, and unlike GS, mutation at the maize 

conserved lysine-193 (K193) showed no effect on its ability to bind ADP-glucose (Gao et al. 

2004). It was reported that in the presence of amylopectin (as glucan primer), substitution of 

lysine-193 with glutamine (K193>Q) or arginine (K193>R) decreased activity of SSIIa about 

65%, while substituting with glutamic acid (K193>E) reduced catalytic activity further (about 

80% decrease) (Gao et al. 2004). However, when using glycogen as a primer, these mutations 

affected the catalytic activity of the SSIIa enzyme differently. A 26% and 82% decrease in 

the activity of SSIIa was observed upon substitution K193>E or K193>Q respectively, whereas, 

SSIIa activity was increased by 24% by K193>R mutation (Gao et al. 2004; Gao 2001). 

Interestingly, wild-type SSIIa had higher activity with amylopectin, whereas, K193>R and 

K193>E mutants exhibited more activity with glycogen as primer, suggesting that these 

mutations might affect the enzyme’s primer preference compared to that of the wild-type 
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enzyme. These results indicated that the KTGG site might be involved in SSIIa catalysis 

rather than ADP-glucose binding (Gao et al. 2004; Gao 2001). 

In the present study, there is no indication of significant amounts of other proteins 

present in the purified SSIIa samples. Thus the possibility that other enzyme(s) are 

responsible for the small residual starch synthase activity (~17%) observed in ΔN3 (lacking 

K193TGG domain), is limited (Figure 3.14). Although it is not possible to conclude with 

certainty, it is likely that the detected activity might be due to the binding of ADP-glucose to 

other potential ADP-glucose binding sites within the SSIIa protein sequence.  

Beside lysine-193, three other lysine sites (K465, K469 and K497; numbering for maize 

SSIIa) are highly conserved between E. coli GS and other maize starch synthase isoforms, 

and were reported to be involved in ADP-glucose binding by SSIIa (Gao 2001). Activity of 

SSIIa was completely lost by replacing either of lysine- 465 and 469 (K465 and K469) with 

glutamic acid or glutamine, while substituting them with arginine decreased enzyme activity 

but showed no effect on ADP-glucose binding (Gao 2001). Kinetic studies of K497>Q and 

K497>E mutants showed marked increase in Km for ADP-glucose compared to wild-type 

SSIIa (~40-50 fold), which suggested that this site is mainly involved in ADP-glucose 

binding (Gao 2001). Therefore, it is likely that the small SSIIa catalytic activity (~17%) 

detected in ΔN3 in the current study is due to the binding of ADP-glucose to any of the other 

lysine (K465, K469, K497) sites within the SSIIa protein sequence. It is possible that while K193 

determine the enzyme’s primer preference, in the absence of this site, ADP-glucose was 

bound to one or more of the other three lysine residues (K465, K469, K497) and hence led to 

some catalytic activity. 
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Previous studies have suggested that all plant SS and bacterial GS share a 60 kDa 

core region, which is crucial for catalytic activity and consists of two conserved domains: 

glycosyl transferase family 5 and 1 (GT5 and GT1) (Figure 3.27). Both domains are involved 

in binding ADP-glucose (as glucosyl donor), and together, form a catalytically active region 

in all SSs (Liu et al. 2015; Schwarte et al. 2013). In the current study, ΔC1 and ΔC2 

truncations of SSIIa did not exhibit any significant alteration in catalytic activity compared to 

the wild-type enzyme (in the presence of amylopectin) (Figure 3.15), which confirms that 

regulation of starch synthase catalytic mechanism occurs at other regions of SSIIa protein in 

maize. 

 
Figure 3. 26 Domain structure of maize SSIIa. The N-terminal and C-terminal truncations of SSIIa is 

indicated at the left at the right respectively (ΔN and ΔC). The arrows show conserved domains of the 

glycosyl transferase family 5 (GT5) and the glycosyl transferase family1 (GT1).  

	
	

Bioinformatic analysis of the maize SSIIa protein sequence, predicted five putative 

protein-protein interaction sites (with multiple amino acids for each prediction; listed in 

Table 3.3), which were investigated experimentally. Mutation of these sites did not affect 

interactions with SBEIIb (Figure 3.19). In addition to the predicted interaction sites, there is a 

coiled-coil domain at residues 523-536. Coiled-coil regions are generally predicted to be 

correlated with protein-protein interactions. For example in Arabidopsis amylose synthesis, 
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the PTST1 coiled-coil domain is involved in interaction with GBSS (Seung et al. 2015). In 

this study the putative coiled-coil region was predicted to be mostly negatively charged. 

Examining the three-dimensional prediction of possible interaction interfaces between maize 

SSIIa and SBEIIb, two out of five models showed a potential interaction between the coiled-

coil domain of SSIIa with the “K662CRRR” domain of SBEIIb (Figure 3.24; Models 4 & 5). 

Experimentally, all of the charged amino acids within the predicted SSIIa coiled-coil region 

were mutated to alanine in different combinations (see Table 3.3). None of the mutated 

recombinant proteins were affected in their ability to interact with SBEIIb from maize 

amyloplast stroma, indicating this region is unlikely to be involved in the interactions 

between these two proteins (Figure 3.21).  Another possibility is that combinations of 

mutations of protein-protein interaction sites and the coiled-coil domain are necessary for 

eliminating the interaction of SSIIa with SBEIIb. 

The “K662CRRR” domain of SBEIIb is highly conserved amongst all starch 

branching (SBE) isoforms (Makhmoudova et al. 2014), suggesting a significant role for this 

region. The importance of this domain for interaction with SSIIa was investigated. The 

amino acids within the “KCRRR” domain were mutated to alanine residues and interaction 

with SSIIa investigated using immobilized SBEIIb in affinity-bait assays. One issue in this 

experiment arose from the cross-reaction between SSIIa polyclonal antibodies and the large 

concentration of recombinant SBEIIb used in the experiment. Based on the small size 

difference between maize SSIIa and SBEIIb, in all of the experiments there was a broad band 

seen on the top of the SSIIa band in western blots (Figure 3.25). To resolve this problem, the 

proteins on the SDS-PAGE were electrophoresed for longer (for 5-8 hours) in order to 

improve separation between the two proteins. Although, previously Liu (2010) reported that 
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mutation of the recombinant SBEIIb protein (K662CRRR>K662AARR) eliminated interaction 

between SBEIIb and SSIIa, the results of this experiment indicated that none of the single or 

double amino acid mutations affected the interaction of SBEIIb with SSIIa (Figure 3.25). 

However, mutating the whole “KCRRR” region to “AAAAA” showed that this SBEIIb 

mutant was unable to interact with SSIIa (Figure 3.25).  

In maize amyloplasts SBEIIb within a complex with SSIIa and/or SSI is 

phosphorylated (Liu et al. 2009). Later, Makhmoudova et al. (2014) showed that three serine 

residues (Ser286, Ser297, Ser649) within this protein are responsible for the phosphorylation of 

SBEIIb. Based on the modelling of the 3-D structure of maize SBEIIb, it was proposed that 

one of the phosphorylation sites within SBEIIb (Ser297) forms a stable salt-bridge with the 

Arg665 located within the “KCRR665R” region, which, could stabilize protein-protein 

interactions between SSIIa and SBEIIb (Makhmoudova et al. 2014). Additionally, mutation 

of “KCRRR” region to “AAAAA” may alter the conformation of SBEIIb, which might, 

consequently, make this region inaccessible for interaction with SSIIa. It is also possible that 

eliminating the high positive charge of this region by mutation to alanine disturbs the 

interaction between this region with other negatively-charged amino acid residues within 

SSIIa. 

Since the experimental approaches via site-directed mutagenesis did not validate any 

putative interaction sites within SSIIa, to find the region(s) that could be involved in protein-

protein interactions between maize SSIIa and SBEIIb, a truncation strategy was employed. 

Surprisingly, truncating the protein from both N- and C- termini (ΔN1-ΔN5 and ΔC1-ΔC4) 

did not affect the ability of SSIIa to interact with SBEIIb (Figure 3.22). All these truncations 

had the central region of SSIIa in common. To investigate the role of this central region, the 
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protein was truncated into three parts: TRUNC1 (N-terminal truncation), TRUNC2 (Central 

region truncation) and TRUNC3 (C-terminal truncation) (Figure 3.23). While the three-

dimensional protein-protein interaction modeling using the “Rosetta Online Server” 

suggested that the main part of the SSIIa that interacts with SBEIIb is located within the C-

terminus region (Figure 3.24), the in vitro experiments gave different results. The data 

indicated that the central domain of SSIIa (TRUNC2) was mainly responsible for interaction 

with SBEIIb (Figure 3.23), with some interaction occurring within the C-terminal domain 

(TRUNC3) (Figure 3.23). This could suggest that the interaction might occur at more than 

one site. Effects of truncation on the protein’s conformation cannot be ruled out and could 

influence the results. For example, folding of a particular domain (TRUNC3) could expose 

other sites not normally available for interaction within full length SSIIa. However, it is also 

possible that the multiple sites of interaction located in the central region (TRUNC2) and C-

terminal truncation (TRUNC3) are positioned in close proximity to each other in the folded 

protein, forming a protein-protein interaction domain. For example, a highly negatively 

charged region would be a potential site for interacting with SBEIIb via the positively 

charged KCRRR domain.  

A useful approach to study the interaction between SSIIa and SBEIIb in the future 

would be to utilize Hydrogen–deuterium exchange mass spectrometry (HDX-MS). This MS-

based analysis is a useful approach in which the labile hydrogen atoms in a protein exchange 

with hydrogens in a surrounding solvent (Morgan and Engen 2009). This method can detect 

alterations in protein structure due to protein phosphorylation or protein-protein interactions 

(Cech 2013). 
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Investigation on electrostatic properties of the central domain illustrated that only 

19% of this region is charged with 10% being negatively charged. Modelling of the three-

dimensional structure of SSIIa revealed that the central domain (TRUNC2) is very well-

exposed to the surrounding solvent and the presence of a highly negatively-charged region 

(DE rich) gives rise to possible interaction with the KCRRR region of SBEIIb. Based on the 

results of this chapter, a three-dimensional model for potential interaction between maize 

SSIIa and SBEIIb is proposed in Figure 3.27.  
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Figure 3. 27 Proposed three-dimensional model for potential interaction between maize SSIIa and 

SBEIIb. In this model G522 (orange) within glycosyltransferase domain of SSIIa (located at the C-

terminal region) contributes to the glucan binding ability of maize SSIIa, as proposed previously by Liu et 

al. (2012b). Interestingly in the 3-D structure of SSIIa, two of the lysine residues, K193 (located at N-

terminus) and K497 (located at C-terminus), previously proposed to be involved in primer preference 

(amylopectin vs. glycogen) and ADP-glucose binding respectively (Gao et al. 2004; 2001), are positioned 

proximal to each other within a cleft and close to G522. This might suggest that while K193 recognizes the 

glucan primer for SSIIa activity, K497 binds to the substrate (ADP-glucose). These two lysine residues are 

also adjacent to the central domain of SSIIa (red) which was found to be responsible for interaction with 

SBEIIb (Figure 3.23). In this model, the positively charged KCRRR domain (off-white) of SBEIIb (top, 

orange) interacts with the negatively charged region (yellow, DE rich) within the central domain of SSIIa. 

The elongated glucan chain, arising from SSIIa activity, could then be guided from the SSIIa cleft 

towards SBEIIb for branching. Color codes: SBEIIb (orange), KCRRR (off-white), SSIIa N-terminal 

region (TRUNC1; blue), SSIIa central domain (TRUNC2; red); SSIIa C-terminal region (TRUNC3; 

green), negatively charged amino acids within central region (yellow), G522 (dark orange), lysine 193 and 

lysine 497 (pink). 
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It was previously proposed that the N-terminal extension might regulate the 

interactions between SS isozymes with other starch biosynthetic enzymes (Imparl-

Radosevich et al. 1999). However, the results presented in this chapter did not support this 

hypothesis. Interestingly, the interactions of these truncated forms of SSIIa with SBEIIb were 

also phosphorylation-dependent (Figure 3.23). Subsequently, the next step would be to 

examine whether the central domain (TRUNC2), which is mainly responsible for protein-

protein interaction with SBEIIb, is phosphorylated. The interaction of maize recombinant 

SSIIa with endogenous SBEIIb is enhanced in the presence of ATP (Figure 3.16), consistent 

with previous studies (Liu et al. 2012b). The question arises as to whether phosphorylation of 

SSIIa is essential for its association with SBEIIb. To address this question, maize amyloplast 

lysates were incubated with ATP to phosphorylate the endogenous SSIIa and SBEIIb and 

then the ATP was removed by desalting. Immuno-detection indicated that both recombinant 

SSIIa and SBEIIb could interact with phosphorylated endogenous SBEIIb and SSIIa 

respectively (Figure 3.26). Co-immunoprecipitation showed that maize endogenous SSIIa 

interacts with SBEIIb irrespective of the presence of ATP; however, ATP treatment 

enhanced this interaction (see Figure 2.9). Although the results of this experiment might 

suggest that phosphorylation of either SSIIa or SBEIIb is sufficient for their complex 

formation in maize, it is not clear what proportion of the endogenous SSIIa or SBEIIb in 

amyloplasts, after ATP treatment, is phosphorylated. Consequently, the recombinant proteins 

could be interacting with both phosphorylated and non-phosphorylated enzymes from 

amyloplasts. Figure 3.28 illustrates possible protein-protein interactions between 

SSIIa/SBEIIb under experiment of section 3.3.12 condition. 
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Figure 3. 28 Possible interaction conditions between SSIIa and SBEIIb in maize amyloplasts. 
	
	

Based on the results of chapter 2 and the work in this chapter, the next chapter 

investigates phosphorylation sites within maize SSIIa and their role in interactions with 

SBEIIb. 
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Chapter 4. Investigation of Phosphorylation of Maize SSIIa 

 
4.1 Introduction  

In eukaryotic cells, one of the most common type of post-translational modifications 

is protein phosphorylation, which controls many primary cellular processes including 

metabolism, apoptosis, growth and cell shape, via regulation of protein activity and function 

(Huber 2007; Hunter et al. 1998). Studies in eukaryotes suggested that protein 

phosphorylation occurs mainly on serine, tyrosine and threonine residues and plays a critical 

role in cell regulation (Gingras et al. 2001). It has been estimated that approximately 30% of 

all eukaryotic proteins are phosphorylated (Hubbard and Cohen 1993), and phosphorylation 

of the majority of human proteins occurs at multiple sites (>100,000 sites) (Zhang et al. 

2002). It is evident that abnormal protein phosphorylation is one of the major causes of many 

human diseases (Cohen 2001).  

In plants, protein phosphorylation occurs in various metabolic pathways and several 

studies have demonstrated its importance in sugar signaling, nitrogen and carbon assimilation 

pathways, and the control of carbon allocation into starch biosynthesis (Hardin et al. 2004; 

Kaiser and Huber 2001; Nimmo 2000; Huber et al. 1996; Huber and Huber 1992).  

The major source of nitrogen in plants is nitrate, the signaling molecule for 

promoting plant growth and differentiation (Kaiser and Huber 1994). Assimilatory nitrate 

reductase (NR) is involved in nitrogen metabolism in plants (Provan et al. 2000) and exists in 

three different states. In spinach leaves, two active forms (free NR and phosphorylated NR 

(pSer543-NR)) and an inactive form (pSer543-NR:14‐3‐3 complex) has been detected. Their 

ratio is affected by external factors such as availability of oxygen and light, and internal 
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signals such as sugars and/or sugar phosphates which regulate the protein kinases (CDPKs 

and SNF1-related PK) and protein phosphatase 2A (PP2A) which act on NR (Kaiser and 

Huber 2001). Two residues, serine (positioned at +6) and threonine (positioned at +8), 

relative to the Ser543 (the regulatory binding site of 14-3-3), are essential for interaction of 

NR with 14-3-3 proteins (Athwal  et al. 1998).  

Phosphorylation of phosphoenolpyruvate carboxylase (PEPC) plays an important 

role in CO2 assimilation and setting diurnal metabolism in Crassulacean acid metabolism 

(CAM) plants (Nimmo 2000; Weigend 1994). In maize phospho-enolpyruvate carboxylase 

kinase (PEPC-PK) has a key role in regulating the activity of the enzyme through 

phosphorylation at Ser15 residue (Ueno et al. 1997), whereas in sorghum, phosphorylation of 

Ser8 by PEPC-PK regulates the activity of the enzyme (Wang et al. 1992). Phosphorylation 

also regulates the activity of sucrose phosphate synthase (SPS), the enzyme that catalyzes 

sucrose biosynthesis from UDP-glucose and fructose-6 phosphate (Huber and Huber 1992). 

Reversible phosphorylation on a major serine reside (Ser158) regulates the activity of SPS in 

spinach leaves (McMichael et al. 1993). In light the enzyme is dephosphorylated (active) by 

protein phosphatase 2A (PP2A), whereas, in dark SPS is phosphorylated, and therefore 

inactivated (Siegl et al. 1990).  

In storage tissues, sucrose synthase (SuSy) breaks down sucrose to UDP-glucose and 

fructose and produces substrates for starch biosynthesis. Alexander and Morris (2006) 

demonstrated that the activity of phosphorylated-SuSy in developing barley grain 

amyloplasts was inhibited via its interaction with a recombinant 14-3-3 protein (Alexander 

and Morris 2006). Huber and co-workers have shown that two serine residues (Ser15 and 

Ser170) within sucrose synthase (SuSy) can be phosphorylated by calcium-dependent protein 



	
	
	

189 

kinase II (CDPKII) in maize leaves (Hardin et al., 2003). Phosphorylation of Ser15 affects the 

N-terminal conformation of SuSy, which enhances the enzyme catalytic activity at acidic pH 

and affects membrane binding (Hardin et al. 2004). 

Glycogen (in mammals, yeasts and bacteria) and starch (in plants) serve as major 

sources of stored energy (Engelking and Engelking 2015; Rocha Leão 2003), and protein 

phosphorylation is important in regulating biosynthesis and degradation of both of these 

carbon polymers. For example, in glycogen metabolism in mammals, nine serine sites within 

glycogen synthase are phosphorylated by different protein kinases (Jensen and Lai 2009). 

Dephosphorylation of the glycogen synthase triggers its activation and consequently 

stimulates glycogen biosynthesis. Glycogen metabolic enzymes are regulated primarily by a 

protein phosphorylation and dephosphorylation cascade stimulated by hormone (insulin) 

signaling (Boucher et al. 2014; Saltiel and Kahn 2001). In plants, several starch biosynthetic 

enzymes such as AGPase, GBSSI, SSIIa, SBEI, SBEIIa, SBEIIb, PHO1, ISA2 and BT1 

(ADP-glucose transporter from cytosol into amyloplasts) are phosphorylated, although the 

functional significance is not as well understood (Makhmoudova et al. 2014; van Wijk et al. 

2014; Walley et al. 2013; Grimaud et al. 2008; Tetlow 2004). Mass spectrometric studies on 

developing maize seeds showed that PHO1 is phosphorylated at six serine sites (Walley et al. 

2013). However, out of the six sites in maize endosperm PHO1, only one site was shown to 

be conserved in other species (Tetlow et al. 2015; Young et al. 2006). Both small and large 

subunits of AGPase are phosphorylated in chloroplasts (Kötting et al. 2010; Heazlewood et 

al. 2008). In cereal endosperms the major form of AGPase is cytosolic and two potential 

serine phosphorylation sites identified in the plastidial AGPase small subunit are found to be 

highly conserved in cytosolic form of AGPase as well (Tetlow et al. 2015). Through 
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proteomic screening, two phosphopeptides of Arabidopsis SS2 were identified at the N-

terminal region of the protein but with little conservation across species (Reiland et al. 2009). 

Patterson et al. (2018) demonstrated that the same two serine sites at the N-terminus of 

Arabidopsis SS2 could be phosphorylated by a chloroplastic “casein kinase II-like” protein 

kinase (Patterson et al. 2018).  

However, in many cases, relatively little is known about the exact role of protein 

phosphorylation on specific enzyme activities (Emes et al. 2019). Many of the above-

mentioned starch biosynthetic enzymes function through association in heteromeric enzyme 

complexes (HECs), the formation of which appears phosphorylation-dependent, with 

dephosphorylation causing their dissociation (Ahmed et al. 2015; Geigenberger 2011; Liu et 

al. 2009; Tetlow et al. 2008; 2004). Several of these functional protein complexes 

(particularly between SBE and SS including SSIIa) have been detected in cereal endosperms 

( Liu et al. 2012a and b; Liu et al. 2009; Hennen-Bierwagen et al. 2009; 2008; Tetlow et al. 

2008) but their precise in vitro function is yet to be determined.  

In wheat (Tetlow et al. 2008) and maize (Liu et al. 2009) endosperms a trimeric HEC 

including SSI, SSIIa and SBEII has been identified in which SBEII is phosphorylated. 

Moreover, phosphorylated SSIIa was found in association with starch granules in wheat 

endosperms (Liu et al. 2009; Grimaud et al. 2008; Tetlow et al. 2004). The observation of 

phosphorylated enzymes entrapped within the starch granules is in agreement with the idea 

that phosphorylation might control HEC formation (Emes et al. 2019; Grimaud et al. 2008; 

Tetlow et al. 2004).  

Despite their key role in enzyme regulation, knowledge of protein kinases and 

phosphatases is relatively limited in plants (Wang et al. 2007). Only 2% of eukaryotic 



	
	
	

191 

genomes encode protein kinases, which are responsible for phosphorylating more than 30% 

of cellular proteins (Ubersax and Ferrell 2007). This indicates the important role of protein 

phosphorylation in regulating basic cellular processes and the multiple targets of many 

protein kinases (Cheng et al. 2011; Ubersax and Ferrell 2007). 

In Arabidopsis, approximately 1050 genes encode putative protein kinases, whereas 

about 150 genes encode protein phosphatases (Uhrig et al. 2013; Wang et al. 2003). 

Phosphoproteomic screenings have demonstrated the important regulatory role of protein 

phosphorylation in chloroplasts, including those involved in the starch metabolic pathway. 

To date, along with two known protein kinases (STN7 and STN8) and their related protein 

phosphatases (PPH1 and PBCP) which are involved in photosynthesis, several other protein 

kinases and phosphatases have been identified in chloroplasts (White-Gloria et al. 2018). It 

has been suggested that casein kinase II (CKII) has a regulatory role in different functions 

within chloroplast (Reiland et al. 2009), and recently was identified as a protein kinase able 

to phosphorylate SS2 in Arabidopsis (Patterson et al. 2018).  

Makhmoudova et al. (2014) showed that two plastidial calcium-dependent protein 

kinases (CDPK) are responsible for phosphorylating SBEIIb in maize amyloplasts. To date, 

this constitutes the only direct evidence of a plastidial protein kinase in phosphorylating a 

starch biosynthetic enzyme in cereals. Since neither the precise role of protein 

phosphorylation in relation to HECs formation nor the role of individual phosphorylation 

sites on their formation or dissociation is clear, the identification of such potential regulatory 

sites and elucidation of their biological role will assist in understanding the mechanisms 

which regulate starch biosynthetic enzymes. 
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In the previous chapters, the physiological significance of post-translational 

modification of SSIIa by protein phosphorylation and its effect on the catalytic activity of 

SSIIa, and HEC formation with SSI and SBEIIb in maize amyloplast stroma was 

demonstrated. The in vitro characterization of interaction domains between SSIIa and SBEIIb 

led to the conclusion that the central domain of SSIIa is responsible for the interaction with 

SBEIIb in maize, an interaction that was found to be enhanced in the presence of ATP and 

amyloplast protein kinases. 

The objective of this chapter is to investigate the putative phosphorylation site(s) 

within maize SSIIa. The following approaches were employed; 

• Bioinformatics were applied to predict putative phosphorylation sites within the SSIIa 

protein sequence.  

• Mass Spectrometric analysis was performed to identify phospho-amino acid residues 

within maize SSIIa. 

• Site-directed mutagenesis (SDM) of candidate sites was employed to manipulate the 

predicted amino acids sequences to investigate their role in phosphorylation of SSIIa.  

• Wild-type, point mutations, N-terminal and C-terminal truncated versions of maize SSIIa 

were examined to identify the site(s)/region(s) of protein phosphorylation within SSIIa 

protein sequence.  

• Effects of phosphorylation and dephosphorylation on the catalytic activity of maize 

recombinant SSIIa was measured in vitro. 
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4.2 Materials and Methods 

4.2.1 Prediction of potential phosphorylation sites within recombinant maize SSIIa 

NetPhos. 3.1 online server (http://www.cbs.dtu.dk/services/NetPhos/) was used to 

identify putative protein phosphorylation sites within the maize SSIIa sequence. NetPhos. 

predicts potential phosphorylation sites within a protein sequence and their cognate protein 

kinases based on the comparison of its surrounding motif with previously experimentally 

validated phosphorylation motifs.  

4.2.2 Mass spectrometry (MS) 

Attempts to identify phosphorylation sites were made using highthroughput mass 

spectrometry (MS). ATP-treated immunopurified SSIIa (see Section 2.2.9) from maize 

amyloplast extracts as well as the ATP-treated recombinant maize SSIIa (see Section 4.2.6) 

were electrophoresed on SDS-PAGE. The corresponding bands were identified by 

Coomassie Blue staining (Section 2.2.6), and were cut from the SDS-gel and sent to the Mass 

Spectrometry Facility (Advanced Analysis Centre, University of Guelph) for trypsin 

digestion and phosphoproteomic analysis using an Agilent UHD 6530 Q-Tof mass 

spectrometer.  

4.2.3 Polymerase chain reaction-based SDM and protein truncation strategy 

Site-directed mutagenesis (SDM) was performed (as described in Section 3.2.2). 

Briefly, to investigate the roles of the predicted phosphorylation sites, maize SSIIa cloned in 

pET29b plasmid was mutated using SDM. The SDM protocol was modified from the 

QuikChange Site-Directed Mutagenesis Kit Instruction Manual (Agilent Technologies, Cat 
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No. 200518) (Figure 3.3). The PCR reaction was performed using the iProof High-fidelity 

DNA Polymerase kit (Biorad Cat No. 172-5331). The SDM PCR reaction mixture and 

cycling conditions are shown in Table 3.3 and Table 3.4, respectively. Primers used for PCR 

SDM are shown in Table 4.1.  

Truncated forms of maize SSIIa, ΔN1-ΔN5 and ΔC1-ΔC4, and TRUNC1, 2 and 3, 

were also produced and expressed as explained in Section 3.2.4. The primers are listed in 

Table 3.5 and the PCR mix and cycling program are indicated in Table 3.1 and Table 3.4, 

respectively. 

Table 4. 1 Primer sequences for site-directed mutagenesis PCR of putative phosphorylation sites 
 

Residue Mutation PCR primers 

30 Ser 30>Ala F: AATGCGGTCGCCAAACGGAGGGATCCTCTTCAG 
R: AAGAGGATCCCTCCGTTTGGCGACCGCATTGC 

152 Ser 152>Ala F: AAGCGAAGGATGATGCCAGGGTTGGTGCAGATGATGC 
R: ACCAGCATCATCTGCACCAACCCTGGCATCATCCTTCG 

457 Ser 457>Ala F: TACACCAACTACGCCCTCGAGACACTCGACGCTGG 
R: TCGAGTGTCTCGAGGGCGTAGTTGGTGTAGCCGTC 

637 Ser 637>Ala F: ACCGGAAGTACGGGGAGGCCTGGAAGAGTCTCC 
R: TGGAGACTCTTCCAGGCCTCCCCGTACTTCCG 

651 Ser 651>Ala F: ATGTCGCAGGACCTCGCCTGGGACCACGCGGCTG 
R: CTCAGCCGCGTGGTCCCAGGCGAGGTCCTGCGAC 

161 Ser 161>Ala F: TGATGCTGGTGCTTTTGAACATTATGG 
R: ATGTTCAAAAGCACCAGCATCATCTGC 

165 Tyr 165>Ala F: TTTGAACATTATGGGGACAATGATTCTGG 
R: AGAATCATTGTCCCCAGCATGTTCAAAAG 

170 Ser 170>Ala F: ATGGGGACAATGATGCTGGGCCTTTGGC 
R: AAAGGCCCAGCATCATTGTCCCCATAATG 

189 Ser 189>Ala F: TGCTGAATGTGCTCCATGGTGCAAAACAGG 
R: ACCTGTTTTGCACCATGGAGCACATTCAGC 

194 Thr 194>Ala F: ATGGTGCAAAGCAGGTGGTCTTGGAGATG 
R: ATCTCCAAGACCACCTGCTTTGCACCATG 

165,167 Ser161Tyr165_Double
>Ala-Ala 
 

F: TGCTGGTGCTTTTGAACATGCTGGGGACAATGATTC 

R: ATCATTGTCCCCAGCATGTTCAAAAGCACCAGCATC 

165,167,170 Ser161Tyr165Ser170_ 
Tripe>Ala-Ala--Ala 

F: TGGGGACAATGATGCTGGGCCTTTGGC 
R: AAAGGCCCAGCATCATTGTCCCCAGC 
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4.2.4 Recombinant maize SSIIa protein expression and purification  

ArcticExpress cells were used for expression of maize wild-type and mutated SSIIa 

protein (see Section 3.2.5). The Bacterial Protein Extraction Kit (Bio Basic Inc. Cat No., 

BS596) was used to extract recombinant SSIIa protein from the bacterial pellets as described 

in Section 3.2.6. His-tag and S-tag purification were performed, to purify the recombinant 

SSIIa protein as described in Section 3.2.7 and 3.2.8. 

4.2.5 In vitro phosphorylation of S-tag-immobilized recombinant SSIIa mutants and 

truncated polypeptides using [γ-32P]-ATP and autoradiography 

Recombinant maize SSIIa proteins were immobilized on S-agarose protein beads. 

Following S-tag purification (see Section 3.2.8), the washed S-agarose beads containing 

recombinant SSIIa were incubated with 1 ml of amyloplast lysates (1-1.5mg/mL) as a source 

of protein kinase(s) or with purified recombinant protein kinase CDPK11 (a recombinant 

calcium-dependent protein kinase responsible for phosphorylating SBEIIb; kindly provided 

by Dr. Amina Makhmoudova) at room temperature for 45 minutes on a rotator in the 

presence of [γ-32P]-ATP (0.05 mM; 10µCi), MgCl2 (10 mM), CaCl2 (1 mM), DTT (5 mM), 

plant ProteaseArrest protease inhibitor cocktail (G-Biosciences, Cat No. 786-332) and 

phosphatasearrest™ phosphatase inhibitor cocktail (G-Biosciences, Cat No. 786-450)(10µl 

per 1mL lysates from each). Reactions were stopped by centrifugation at 100g for 1 minute at 

4°C and the supernatant was discarded. The S-agarose beads were washed five times with 1.2 

ml of 5X S-tag Wash Buffer for 20 minutes on the rotator and centrifuged at 100g for 1 

minute at 4°C, followed by three washes with 1X S-tag Wash Buffer and supernatants were 

discarded. Proteins attached to the S-agarose beads were eluted by boiling in SDS loading 
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buffer followed by SDS-PAGE and transblotted to a nitrocellulose membrane followed by 

Ponceau-S staining to check the protein bands. The blot was then exposed to Kodak BioMax 

light film (KODAK Cat No. 178 8207) within a BioMax cassette (Fisher Scientific Cat. No. 

05-728-17) in darkness for two to four weeks at -80°C. Autoradiograms were developed 

using a Konica Minolta SRX101A tabletop X-ray film processor and bands of radioactivity 

aligned to the corresponding western blot probed with anti S-tag antibodies. 

4.2.6 Determining the effect of protein phosphorylation and dephosphorylation on the 

catalytic activity of maize recombinant SSIIa 

Maize His-tagged-recombinant SSIIa was purified from soluble E. coli cell lysates 

using a metal affinity column (His-Tag Purification Resin; Sigma-Aldrich, Cat No. 

5893682001) as described in Section 3.2.7. Ni2+-NTA beads containing recombinant SSIIa 

were then incubated with 1mL of amyloplast lysate (1-1.5mg/mL) as a source of protein 

kinase(s) or else with purified, recombinant, protein kinase, CDPK11, at room temperature 

for 45 minutes on a rotator with 0.05 mM ATP, 10 mM MgCl2, 1 mM CaCl2 5 mM DTT, 

plant protease inhibitor (Biosciences) and phosphatase inhibitor cocktail (Biosciences) (both 

10µL per 1 mL lysates). For in vitro dephosphorylation, 1mL of amyloplast lysate (1-

1.5mg/mL) was incubated with 150 units of alkaline phosphatase (APase) conjugated to 

agarose beads (Sigma Aldrich, Cat No. P0762-250UN) at room temperature for 45 minutes 

on a rotor. Next, the dephosphorylated-amyloplasts were added to the recombinant SSIIa 

bound to Ni2+-NTA beads, and incubated at room temperature for an additional 45 minutes 

on a rotator. The samples were centrifuged at 100 g for 5 minutes in a micro-centrifuge at 

4°C and the supernatant was discarded. The slurry containing recombinant SSIIa bound to 
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Ni2+-NTA beads was washed with 1ml of the Buffer B: 50 mM NaH2PO4, pH 8.0; 300 mM 

NaCl, 10 mM imidazole and the supernatant was aspirated after centrifugation at 100g for 2 

minutes at 4°C. The washing was repeated 10 times. The His-tagged protein was then eluted 

from the Ni2+-NTA beads with Buffer C: 50 mM NaH2PO4, pH 8.0; 300 mM NaCl; 250 mM 

imidazole. The sample was desalted using NAP5- columns (GE Healthcare, Cat No. 17-

0853-01) following manufacturer’s instruction. The optical density (OD) of the desalted 

sample was measured by Bradford protein assay and 50-100 µl of the sample was used in the 

coupled spectrophotometric assay (as described in section 3.2.12) to determine the activity of 

the maize SSIIa. 

4.2.7 Investigation of potential phospho-tyrosine sites within maize recombinant SSIIa 

Detection of tyrosine phosphorylation within maize SSIIa was performed using anti 

phospho-tyrosine antibodies (PY-Ab). After purification of recombinant SSIIa from E.coli 

proteins using His-tag (see Section 3.2.7) or S-tag (see Section 3.2.8), immobilized 

recombinant SSIIa was phosphorylated by ATP (0.05 mM) and 1 mL of amyloplast lysate (1-

1.5 mg/mL) as a source of protein kinase(s) as described in Section 3.2.9. SSIIa separated on 

a 10% SDS-PAGE gel was transferred to a PVDF membrane (Millipore, Cat No. 

IPVH00010). Membrane was blocked in 1.5% bovine serum albumen (BSA) in 1X TBS 

buffer [150 mM NaCl, 10 mM Tris base, pH 7.5 (with HCL)] at room temperature for 15 

minutes followed by overnight incubation at 4° C with primary antibody (anti-

Phosphotyrosine Antibody; clone 4G10®, Sigma-Aldrich, Cat No. 05-321). After primary 

antibody incubation, the membrane was washed 3 times with 1 X TBST (Tris buffered saline 

with Tween-20; 10 mM Tris.HCl, 150 mM NaCl, 0.05% Tween-20, pH 7.5) for 15 minutes 
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on a shaker. The membrane was then incubated with horseradish peroxidase-conjugated 

(anti-mouse) secondary antibody (Biorad, Cat No. 170-6516) diluted at 1:10,000 in 1X TBST 

for an hour at room temperature. Three more washes with 1 X TBST at room temperature, on 

a shaker, were applied. The membrane was then incubated in ECL western blotting substrate 

(Pierce, Cat No. 32106) for one to two minutes and the signals were detected by exposing the 

membrane to Kodak BioMax light film (Mandel, Cat No. MED-CLMS810) within a BioMax 

cassette (Fisher Scientific Cat. No. 05-728-17) in darkness for one to five minutes at room 

temperature and developed using a Konica Minolta SRX101A tabletop X-ray film processor 

or the membranes were subjected to a ChemiDoc Gel Imaging System (BioRad) for imaging. 

The bands of phosphorylated-tyrosine aligned to the corresponding western blot probed with 

anti-SSIIa antibodies. 
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4.3 Results 

4.3.1 Protein phosphorylation sites predictions 

Netphos. 3.1 has been used to predict phosphorylation amino acid residues within SSIIa. Serine, 

threonine and tyrosine sites and their potential protein kinases with at least 75% confidence 

intervals for phosphorylation are shown in bold colored prints in Table 4.2 and Figure 4.1. 

 

Table 4. 2 Prediction of maize SSIIa protein phosphorylation sites. NetPhos. 3.1 predicted several 

putative serine, tyrosine and threonine phosphorylation sites. The potential phosphorylation sites and their 

correlated putative protein kinases (75% confidence intervals) are shown in bold Red (5 serine residues), 

Blue (2 threonine residues) and Green (5 tyrosine residues). unsp: unspecified kinase. PKC: protein 

kinase C. 

 

Phosphorylation sites predicted: Ser: 5 Thr: 2 Tyr: 5 

Serine (Ser) predictions 

          Position context Score Kinase Score 

Sequence        15  
Sequence        30  
Sequence        44 
Sequence        56  
Sequence        69  
Sequence        77  
Sequence        92  
Sequence       110  
Sequence       117  
Sequence       152    
Sequence       161  
Sequence       170  
Sequence       189  
Sequence       277  
Sequence       342  
Sequence       401  
Sequence       423  
Sequence       450  
Sequence       457    
Sequence       548  
Sequence       566  
Sequence       637 
Sequence       640    
Sequence       647    
Sequence       651  

PPERSGDAA 
RNAVSKRRD       
GRYGSATGN 
TGAASCQNA 
VEIKSIVAA           
APPTSIVKF  
MILPSGDIA 
PLHESPAVD  
VDGDSNGIA  
AKDDSRVGA    
DDAGSFEHY  
GDNDSGPLA             
AAECSPWCK  
IYGGSRQEI  
QYTRSVLVI  
VVTVSRGYL  
DIIRSNDWK  
VHLRSDGYT  
YTNYSLETL            
WVGFSVPMA  
LVMPSRFEP  
KYGESWKSL 
ESWKSLQAR 
ARGMSQDLS 
SQDLSWDHA 

0.570     
0.995  *S*  
0.398      
0.632     
0.490     
0.290     
0.064      
0.072     
0.135      
0.966  *S*  
0.717     
0.012     
0.006     
0.035     
0.006     
0.055    
0.004     
0.099     
0.761  *S*  
0.031     
0.312     
0.969  *S* 
0.018 
0.094 
0.887 *S* 

 
unsp 
 
 
 
 
 
 
 
unsp     
unsp 
- 
- 
 
 
 
 
 
unsp      
 
 
unsp 
 
 
unsp      

 
0.995 
 
 
 
 
 
 
 
0.966 
0.716 
- 
- 
 
 
 
 
 
0.760 
 
 
0.969 
 
 
0.887 
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Threonine (Thr) predictions   
 
          Position context Score Kinase Score 

Sequence        46  
Sequence        49  
Sequence        52 
Sequence        76  
Sequence        99  
Sequence        124  
Sequence        133  
Sequence       194  
Sequence       320  
Sequence       340  
Sequence       399  
Sequence       410  
Sequence       454  
Sequence       460  
Sequence       521  
Sequence       556  
Sequence       583 
Sequence       596 
Sequence       611    
Sequence       630    
  

YGSATGNTA 
ATGNTARTG 
NTARTGAAS 
AAPPTSIVK 
IAPETVLPA 
IAPPTVEPL 
VQEATWDFK 
PWCKTGGLG 
NDWHTALLP 
LMQYTRSVL 
DRVVTVSRG 
WELKTVEGG 
SDGYTNYSL 
YSLETLDAG 
VMLGTGRAD 
AHRITAGAD 
MAYGTVPVV 
GLRDTVAPF 
GLGWTFDRA 
HCLDTYRKY 
 

0.053     
0.351  
0.070    
0.117  
0.426 
0.378    
0.065 
0.060 
0.007 
0.076 
0.721   
0.179   
0.026 
0.224 
0.716 
0.126 
0.280 
0.815  *T*  
0.059 
0.778  *T*        
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
unsp 
 
PKC 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.813 
 
0.932 
 

Tyrosine (Tyr) predictions  
 
Sequence        42  
Sequence        86 
Sequence        139 
Sequence       165  
Sequence        222  
Sequence        225 
Sequence        236  
Sequence        237  
Sequence        248  
Sequence        274  
Sequence        306  
Sequence        326  
Sequence        330  
Sequence        331  
Sequence        339  
Sequence       362  
Sequence        369  
Sequence        376  
Sequence        404  
Sequence       453 
Sequence        456 
Sequence        577 
Sequence        581 
Sequence        631 
Sequence        634 
Sequence        659 
Sequence        668 

PVGRYGSAT 
PAPGYRMIL 
DFKKYIGFD 
SFEHYGDND 
VVPRYGDYV 
RYGDYVEAF 
GIRKYYKAA 
IRKYYKAAG 
LEVNYFHAF 
QDDIYGGSR 
GGVCYGDGN 
LLPVYLKAY 
YLKAYYRDH 
LKAYYRDHG 
GLMQYTRSV 
DEFPYMDLP 
LPEHYLQHF 
HFELYDPVG 
VSRGYLWEL 
RSDGYTNYS 
GYTNYSLET 
LNQLYAMAY 
YAMAYGTVP 
CLDTYRKYG 
TYRKYGESW 
AAELYEDVL 
VKAKYQW 

0.199 
0.486 
0.250 
0.974  *Y*  
0.172    
0.670 
0.019 
0.056 
0.029 
0.792  *Y* 
0.146 
0.026 
0.014 
0.419 
0.012 
0.983  *Y*    
0.088 
0.668 
0.025 
0.976  *Y*    
0.016 
0.235 
0.176 
0.408 
0.031 
0.971  *Y*   
0.259 

 
 
 
unsp 
 
 
 
 
 
unsp 
 
 
 
 
 
unsp 
 
 
 
unsp 
 
 
   
 
 
unsp 
 

 
 
 
0.974 
 
 
 
 
 
0.792 
 
 
 
 
 
0.982 
 
 
 
0.976 
 
 
 
 
 
0.971 
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AEAEAGGKDAPPERSGDAARLPRARRNAVS30KRRDPLQPVGRYGSATGNTARTGAASCQNAAL

ADVEIKSIVAAPPTSIVKFPAPGYRMILPSGDIAPETVLPAPKPLHESPAVDGDSNGIAPPTVEPLVQ

EATWDFKKYIGFDEPDEAKDDS152RVGADDAGSFEHY165GDNDSGPLAGENVMNVIVVAAECSP

WCKTGGLGDVVGALPKALARRGHRVMVVVPRYGDYVEAFDMGIRKYYKAAGQDLEVNYFHA

FIDGVDFVFIDAPLFRHRQDDIY274GGSRQEIMKRMILFCKVAVEVPWHVPCGGVCYGDGNLVFI

ANDWHTALLPVYLKAYYRDHGLMQYTRSVLVIHNIAHQGRGPVDEFPY362MDLPEHYLQHFEL

YDPVGGEHANIFAAGLKMADRVVTVSRGYLWELKTVEGGWGLHDIIRSNDWKINGIVNGIDHQ

EWNPKVDVHLRSDGY453TNYS457LETLDAGKRQCKAALQRELGLEVRDDVPLLGFIGRLDGQKG

VDIIGDAMPWIAGQDVQLVMLGTGRADLERMLQHLEREHPNKVRGWVGFSVPMAHRITAGAD

VLVMPSRFEPCGLNQLYAMAYGTVPVVHAVGGLRDT596VAPFDPFGDAGLGWTFDRAEANKLI

EALRHCLDT630YRKYGES637WKSLQARGMSQDLS651WDHAAELY659EDVLVKAKYQW 
 
Figure 4. 1 The location of potential phosphorylation sites scoring ≥75% within the maize SSIIa 

protein sequence based on NetPhos. 3.1 results. Predictions are in bold colored prints and included 5 

serine (Red), 2 threonine (Blue) and 5 tyrosine (Green) sites. 

	
	
4.3.2 Phosphorylation of recombinant maize SSIIa by amyloplast protein kinases and 

recombinant CDPK11 kinase 

In vitro phosphorylation using [γ-32-P]-ATP was utilized to examine the 

phosphorylation of recombinant wild-type SSIIa. Immobilized SSIIa on S-agarose beads was 

incubated separately with amyloplasts as a source of protein kinase(s) (Figure 4.2 A) or with 

recombinant CDPK11 (Figure 4.2 B) and [γ-32-P]-ATP (0.05 mM) at room temperature for 

45 minutes. The S-protein agarose beads-SSIIa complex was then washed (as described in 

section 3.2.8) to remove non-specifically bound proteins. The beads were then boiled and 

proteins were separated by SDS-PAGE followed by trans-blotting onto a nitrocellulose 

membrane. The membrane was then exposed to an X-ray film in the dark at -80° C for two to 

four weeks. Western blotting using anti-maize SSIIa antibodies confirmed that the 32P-

phosphorylation signals detected on the autoradiograms (red arrows) correspond to 
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phosphorylation of maize SSIIa (blue arrows) (Figure 4.2). In the autoradiogram, the intense 

dark band detected under the SSIIa activity band (green arrows) indicates the 

autophosphorylation of CDPK11 (~50 kDa), which was not detected by western blotting. 

Since CDPK11 has been shown to phosphorylate maize SBEIIb (Makhmoudova et al. 2014), 

it has been used as a positive control for phosphorylation (Figure 4.2 C). Both the 

recombinant SSIIa and SBEIIb were phosphorylated by CDPK11 in vitro (Figure 4.2 B and 

C). 

 
 

Figure 4. 2 Recombinant SSIIa phosphorylation by (A) amyloplast protein kinases and (B) 

recombinant CDPK11 kinase. Recombinant SSIIa immobilized to S-agarose beads, was radiolabelled 

using [γ-32P]-ATP and amyloplasts. Proteins were separated by 10% SDS-PAGE, transferred to a 

nitrocellulose membrane and immunoblotted using anti-maize SSIIa antibodies (blue arrows) and γ-32P 

phosphorylation detected by autoradiography (red arrows). (C) Recombinant SBEIIb immobilized to S-

agarose beads, was radiolabelled using [γ-32P]-ATP and CDPK11, as a positive control for 

phosphorylation. Green arrows on the autoradiograms indicate autophosphorylation of CDPK11. Results 

shown here are representative of three replicates. -ve ctrl: negative control, including empty S-agarose 

beads incubated with amyloplast lysates; MW = molecular weight markers (kDa). 
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4.3.3 Mass spectrometry (MS) analysis of maize SSIIa 

Several attempts to identify phosphorylated amino acid residues within maize SSIIa 

(both endogenous and recombinant protein) using Q-Tof mass spectrometer failed. This 

could be due to the low abundance and degree of phosphorylation and existence of 

heterologous phosphorylation sites within SSIIa. Moreover, some technical issues might also 

be involved in this failure. For example, phosphopeptides may not ionize well or the 

phosphate may be lost. Another possible technical issue is that the tryptic digestion sites on 

SSIIa may not give a suitable size of peptide, which is usually between 8-20 amino acids. 

The inability to detect phosphopeptides using MS necessitated utilizing other approaches 

such as site-directed mutagenesis and protein truncation strategy. 

4.3.4 The central domain of SSIIa that interacts with SBEIIb is not phosphorylated 

In chapter 3 it was shown that the central domain of maize SSIIa (TRUNC2) is 

involved in the interaction with SBEIIb, and this interaction was shown to be 

phosphorylation-dependent (see Section 3.3.10). To test which domains are phosphorylated 

in maize SSIIa, the three truncations, TRUNC1 (N-terminal truncation), TRUNC2 (central 

region) and TRUNC3 (C-terminal truncation) (Figure 4.3 A), were [γ-32P]-ATP labelled 

using amyloplast lysates. The results show that the central region of SSIIa is not involved in 

phosphorylation of SSIIa whereas phosphorylation signals were detectable for TRUNC1 and 

TRUNC3 (Figure 4.3 B).  
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(A)	

	

(B)	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 3 Central region of recombinant maize SSIIa is not phosphorylated.  (A) Three non-

overlapping polypeptides of SSIIa protein were produced. 1: Trunc1 (N-terminal region), 2: Trunc2 

(Central region) and 3: Trunc3 (C-terminal region). (B) Following expression in E. coli, truncated 

proteins were immobilized on S-agarose beads and were radiolabelled with [γ-32P]-ATP using amyloplast 

lysates. Following SDS-PAGE, separated proteins were transferred to a nitrocellulose membrane and 

stained with Ponceau-S. 32P-phosphorylation of SSIIa was detected by autoradiography (red arrows). 

Results shown here are representative of three replicates. -ve ctrl: negative control (empty beads) 

incubated with amyloplasts; MW: molecular weight marker (kDa). 
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4.3.5 The effect of site-directed mutagenesis of putative phosphorylation sites on 

recombinant SSIIa phosphorylation 

As mentioned earlier, several attempts using MS for identification of 

phosphorylation residues within maize SSIIa was unsuccessful, which necessitated utilizing 

other experimental approaches in vitro. As shown in Table 4.1, several putative 

phosphorylation sites within recombinant maize SSIIa were identified using NetPhos. 3.1. To 

examine experimentally whether these sites are involved in phosphorylation of SSIIa, the 

potential serine phosphorylation sites were mutated to alanine. Mutated polypeptides were 

phosphorylated using [γ-32P]-ATP in the presence of amyloplast extracts. Immunoblotting 

using anti S-tag antibodies detected the bands corresponding to recombinant SSIIa (Figure 

4.4 A).  The recombinant SSIIa 32P-phosphorylation signal showed no consistent alterations 

and remained relatively unchanged across all site mutations (Figure 4.4 B). The decrease in 

the intensity of some of the phosphorylation signals (e.g. Ser457 and Ser637) was not always 

apparent (Figure 4.4 B). 
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Figure 4. 4 Phosphorylation of recombinant wild-type and site-mutated SSIIa. (A) Wild-type (WT) 

and site-mutated SSIIa proteins were immobilized on S-agarose beads and incubated with amyloplasts in 

the presence of [γ-32P]-ATP. After washing and boiling the beads at 95ºC, proteins were separated by 

SDS-PAGE, transferred onto a nitrocellulose membrane followed by immunoblotting using anti-S-tag 

antibodies (blue arrows). (B) Autoradiogram shows 32P-phosphorylation bands corresponding to wild-

type and mutated SSIIa (red arrows). Results shown here are representative of three replicates. -ve ctrl: 

negative control (empty beads) incubated with amyloplasts. MW: molecular weight marker (kDa). 

	

	

	

	

	

	

(A) 

(B) 
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4.3.6 The role of the N-terminal and C-terminal regions in phosphorylation of maize 

SSIIa  

The results from Section 4.3.2 showed that there might be multiple phosphorylation 

sites in both N- and C- terminal regions of recombinant maize SSIIa. Since none of the 

putative sites of interests were identified as phosphorylation sites, various truncated versions 

of both N- and C- terminal ends of the recombinant SSIIa protein were produced (Figure 4.5 

A) with the aim of finding more precisely the regions responsible for the phosphorylation of 

SSIIa. All of the N-terminal truncations were immobilized on Ni2+-NTA beads (due to the 

presence of His-tag at the C-terminus) and C-terminal truncations were immobilized on S-

agarose beads (due to the S-tag being located at the N-terminus), and were incubated with 

maize amyloplast lysates and [γ-32P]-ATP. Comparing the N-terminal truncations, 32P-

labeling of SSIIa was abolished by ΔN3 and ΔN4 truncations relative to ΔN1 and ΔN2 

(Figure 4.5 B). Amongst C-terminal truncations, ΔC2, ΔC3 and ΔC4 exhibited notably 

weaker phosphorylation signals compared to ΔC1 (Figure 4.5 C).  
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(A)	

 
 
	(B)																																																														(C)	

 
 

Figure 4. 5 In vitro phosphorylation of recombinant maize SSIIa and its truncated products. (A) 

Schematic representation of the locations of N- and C- terminal truncations (ΔN1-4 and ΔC1-4) within 

mature SSIIa sequence (without the first 62 amino acids corresponding to the transit peptide). S-tag and 

His-tag locations in the SSIIa protein sequence are shown in red and purple respectively.  (B) Wild-type 

and N-terminal truncated SSIIa proteins were immobilized on Ni2+-NTA beads and (C) wild-type and C-

terminal truncated SSIIa proteins were immobilized on S-agarose beads. All of the samples were 

incubated with amyloplast stroma in the presence of ATP (0.05 mM). The proteins bound to the beads, 

after washing and boiling, were separated by SDS-PAGE followed by immunoblotting using anti-His-tag 

(B) and anti-S-tag (C) antibodies (blue arrows). Red arrows indicate 32P-phosphorylation of recombinant 

wild-type and truncated SSIIa visualized by autoradiogram. Results shown here are representative of three 

replicates. -ve ctrl: negative control (empty beads) incubated with amyloplasts. MW: molecular weight 

marker (kDa). 
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4.3.7 Phosphorylation sites located between ΔN2 and ΔN3 as well as between ΔC1 and 

ΔC2 are involved in SSIIa phosphorylation 

Results from the previous section suggested that there are one or more 

phosphorylation sites in the N-terminal region (between ΔN2 and ΔN3; residues 153 to 200) 

and in the C-terminal region (between ΔC1 and ΔC2; residues 639 to 606) (Figure 4.5). In an 

effort to identify phosphorylated residues in the N-terminal region, all serine, threonine and 

tyrosine residues, located between ΔN2 and ΔN3 were mutated independently (Table 4.2) 

within both a full-length and ΔC2 truncated SSIIa (Figure 4.7 A). The logic behind mutating 

the five potential phosphorylation amino acids in the N-terminal region on the ΔC2-truncated 

protein was that due to the marked reduction in phosphorylation signal between ΔC1 to ΔC2, 

it was possible that the presence of the phospho-residue(s) in this region might mask the 

phosphorylation signals occurring in the N-terminal region. The five sites (Ser161, Tyr165, 

Ser170, Ser189 and Thr194) were mutated individually, and in combination with each other, and 

were [γ-32P]-ATP labelled using amyloplast stroma. Figure 4.6 shows no significant 

alteration in the phosphorylation signals observed for any of the single or multiple site-

mutations within the full-length SSIIa sequence. However, the decreased phosphorylation 

signal observed in ΔC2 compared to ΔC1 was further decreased in the double, triple and 

quadruple mutations in the N-terminal region (Figure 4.7 B). Mutation of all five of the 

phosphorylation sites in the region between ΔN2-ΔN3 (residues 153 to 200) on the ΔC2 

polypeptide (Figure 4.7 A) markedly decreased the 32P-labeling of SSIIa (Figure 4.7 B).  

Generally, wild-type recombinant SSIIa shed phosphorylation signal with less 

intensity compared to truncations (Figure 4.7 B)  which could be because of the presence of 
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less amount of protein due to lower protein expression of full-length compared to the 

truncated SSIIa in E.coli cells.  

 
 

Figure 4. 6 Phosphorylation of SSIIa following mutation of putative phosphorylation sites located 

between ΔN2 and ΔN3. (A) Five serine, threonine and tyrosine residues, located between ΔN2 and 

ΔN3 are indicated in bold Red. (B) Wild-type and mutated SSIIa proteins were immobilized on S-agarose 

beads and incubated with amyloplasts in the presence of [γ-32P]-ATP. After washing, and boiling the 

beads at 95ºC, the proteins were separated by SDS-PAGE, transferred onto a nitrocellulose membrane 

followed by immunoblotting using anti-ZmSSIIa antibodies. Autoradiogram (below) indicates 32P-

phosphorylation (red arrow) corresponding to mutated SSIIa bands (blue arrows). Results shown here are 

representative of three replicates. -ve ctrl: negative control (empty beads) incubated with amyloplasts and 

[γ-32P]-ATP. (1): Ser161>Ala, (2): Tyr165>Ala, (3): Ser170>Ala, (4): Ser189>Ala, (5): Thr194>Ala. within 

ΔN2 and ΔN3 on a full-length SSIIa. MW: molecular weight marker (kDa). “+” sign, indicates mutated 

amino acids. 
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Figure 4. 7 32P Labeling of recombinant maize SSIIa is reduced following specific mutations of 

potential phosphorylation sites between ΔN2 and ΔN3 in a ΔC2 protein. (A) Schematic representation 

of full-length, ΔC1 and ΔC2 truncations and the location of the five potential phosphorylation sites 

between ΔN2 and ΔN3. (B) Wild-type, truncated and site-mutated SSIIa proteins were immobilized on S-

agarose beads and incubated with amyloplast stroma and ATP (0.05 mM). The proteins bound to the 

beads, after boiling, were separated by SDS-PAGE followed by Ponceau-S staining. Blue arrows on the 

upper image indicate purified SSIIa proteins and red arrows (lower image) show [γ-32P] phosphorylation 

of each band. Results shown here are representative of three replicates. -ve ctrl: negative control (empty 

beads incubated with amyloplasts and [γ-32P]-ATP). (1): Ser161>Ala, (2): Tyr165>Ala, (3): Ser170>Ala, (4): 

Ser189>Ala, (5): Thr194>Ala. MW: molecular weight marker (kDa). 

(A)	

(B)	
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4.3.8  SSIIa is likely to be phosphorylated on several tyrosine sites in N- and C- terminal 

regions 

In Section 4.3.4 it was shown that the central region of maize SSIIa (TRUNC2) does 

not possess any phosphorylation sites, whereas in TRUNC1 and TRUNC3 phosphorylation 

signals were detected (Figure 4.3). To investigate whether any of these phosphorylation sites 

are tyrosine residues, the three regions of SSIIa (TRUNC1-3) were investigated using anti 

phospho-tyrosine (anti-PY) antibodies. Consistent with the previous results (Figure 4.3), 

autoradiograms showed tyrosine phosphorylation signals for TRUNC1 and 3, while the 

central region (TRUNC2), did not (Figure 4.8).   

Since there were four putative tyrosine sites with high-predicted scores for 

phosphorylation, anti-PY antibodies were used to test this possibility in more details. For this 

purpose the recombinant wild-type and truncated SSIIa proteins were immobilized on S-

agarose beads and incubated with ATP and amyloplasts lysates as described earlier (see 

Section 4.2.7). The results showed that all N-terminus (ΔN2, ΔN3 and ΔN5) and C-terminus 

truncations (ΔC1-4) could be tyrosine phosphorylated (Figure 4.9). Among the five tyrosine 

phosphorylation sites predicted by NetPhos. 3.1 (see Table 4.2), Tyr165 located at the N-

terminal region of SSIIa was mutated to alanine (Y165>A) on the ΔC2 truncated polypeptide. 

Interestingly, the immunoblot using anti-PY antibodies showed a much weaker 

phosphorylation signal compared to the non-mutated ΔC2, strongly suggesting the 

involvement of this tyrosine site in phosphorylation of SSIIa (Figure 4.9 B). Recombinant 

wild-type SSIIa which had been phosphorylated with ATP by CDPK11, a Ser/Thr kinase, 

was used as a control to confirm the specificity of anti-PY antibodies to phospho-tyrosine 
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residues, as the recombinant protein did not exhibit any phosphorylation band in these 

conditions (Figure 4.9 C and D).  

 

 

 

 
 

Figure 4. 8 Tyrosine phosphorylation of SSIIa regions. Three non-overlapping polypeptides of SSIIa 

protein were produced. 1: TRUNC1 (N-terminal region), 2: TRUNC2 (Central region) and 3: TRUNC3 

(C-terminal region). Following expression in E. coli, truncated proteins were immobilized on S-agarose 

beads and incubated with amyloplast lysates in the presence or absence of ATP. Beads were then washed 

and boiled. Following SDS-PAGE, Ponceau-S was used to stain SSIIa polypeptide (blue arrows). After 

removing the stain with water, the membrane was subjected to western blotting using anti-PY antibodies 

and the membrane was exposed to X-ray film for two minutes (red arrows). -ve ctrl: negative control 

(empty beads) incubated with amyloplasts and ATP; MW: molecular weight marker (kDa).  

 
 



	
	
	

214 

	
	
Figure 4. 9 Tyrosine phosphorylation of recombinant maize SSIIa. (A and B) N-terminal truncated 

SSIIa proteins were immobilized on Ni2+-NTA beads and C-terminal truncated SSIIa proteins were 

immobilized on S-agarose beads. All of the samples were incubated with amyloplast stroma in the 

presence of [γ-32P] ATP (0.05 mM). (A) Proteins bound to the beads, after boiling, were separated by 

SDS-PAGE followed by immunoblotting using anti-PY antibodies and after incubating with ECL, the 

membrane was exposed to X-ray film. (B) Anti-PY antibodies were then removed from the membrane by 

washing and anti-His-tag antibodies used to detect SSIIa polypeptides. (C) Tyrosine phosphorylation of 

wild-type SSIIa visualized on X-ray film. -ve ctrl: negative control (empty beads) incubated with 

amyloplasts and ATP. (D) Ponceau-S staining of recombinant wild-type SSIIa (WT). Full-length, wild-

type SSIIa was incubated with ATP and CDPK11 kinase as a control for specificity of the PY-antibody. 

MW: molecular weight marker (kDa). 
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4.3.9 Effects of phosphorylation and dephosphorylation on the catalytic activity of 

recombinant maize SSIIa  

In chapter 2, it was shown that phosphorylation increases the catalytic activity of 

endogenous maize SSIIa, while dephosphorylation had the opposite effect (Figure 2.7). To 

determine the effect of ATP/APase on the catalytic activity of recombinant maize SSIIa, full-

length, wild-type SSIIa, immobilized on Ni2+-NTA beads, was incubated with amyloplast 

extracts in the presence of ATP or APase. After washing the beads, the bound proteins were 

eluted with imidazole was removed using a NAP-5 desalting column, as SSIIa was found to 

be precipitated in the presence of high concentrations of imidazole (250 mM) following 

freezing at -80°C for long-term storage. The soluble proteins then were analyzed by gel 

electrophoresis followed by immunoblotting using anti-His-tag antibodies, to detect 

recombinant SSIIa, and anti- SSI and SSIII antibodies, to verify that there was no other 

starch synthase enzymes bound to the beads (Figure 4.10). Use of a SBEIIb-specific antibody 

indicated a band of SBEIIb protein associated with SSIIa in the ATP-treated samples (Figure 

4.10). 
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Figure 4. 10 Detection of the proteins present in the His-tag purified SSIIa. Recombinant wild-type 

SSIIa was immobilized on Ni2+-NTA beads (untreated) or incubated with amyloplast extracts in the 

presence of ATP (1 mM) or APase (150 U). The proteins were separated by SDS-PAGE followed by 

immunoblotting using anti His-tag and anti- SSI, SSIII and SBEIIb antibodies. MW = molecular weight 

markers (kDa). 

 

 

Enzyme activity was measured by coupling starch synthase-dependent production of 

ADP to NADH oxidation (see Section 3.2.12). The activity of the ATP-treated sample was 

significantly higher (approx. 3 fold; 32.8 µmoles/min/mg/protein) than untreated (11.1 

µmoles/min/mg/protein) (Figure 4.11). The differences in catalytic activity under ATP and 

APase treatment conditions were statistically significant (P ≤ 0.05). In section 4.3.2, it had 

been demonstrated that maize recombinant SSIIa can be phosphorylated by CDPK11 (Figure 

4.2). To test the effect of this phosphorylation, soluble recombinant SSIIa was also incubated 

with CDPK11 and ATP and the catalytic activity of SSIIa after phosphorylation was 

measured. The results showed no significant effect on the catalytic activity of SSIIa 

compared to untreated samples (Figure 4.11). Considering that the measured recombinant 
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SSIIa activity upon ATP treatment (Figure 4.11) is about 130X more than the activity of the 

ATP-treated endogenous SSIIa in chapter 2 (Figure 2.8), the interference of residual 

endogenous SSIIa bound to recombinant SSIIa, on this activity is highly unlikely. 

 

 

 
 

Figure 4. 11 Effect of phosphorylation and dephosphorylation on the catalytic activity of 

recombinant maize SSIIa. The catalytic activity of recombinant SSIIa (untreated) and after 

treatment with amyloplasts in the presence of ATP or APase was measured by a coupled enzyme 

assay. Oxidation of NADH was measured spectrophotometrically at 340nm, and amylopectin 

used as a primer. n =3±SD. Boiled proteins at T0  were used as negative controls. Vertical bars 

indicate standard errors. Statistically significant differences were determined for ATP- and 

APase- treated samples compared to untreated. ****P ≤ 0.001.  
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4.3.10 Phosphorylation of Ser649 in SBEIIb is not involved in its association with SSIIa 

It has been found that maize SBEIIb is phosphorylated at three serine 

phosphorylation sites (Makhmoudova et al. 2014), among which, Ser649 was the most highly 

phosphorylated site compared to the other two sites (Ser286 and Ser297). Using Phospho-Ser649 

specific antibodies, Liu et al. (unpublished data) identified that this site is not phosphorylated 

within starch granules. Considering the importance of phosphorylation on the HEC formation 

between SSIIa and SBEIIb, the autoradiograms and immunoblots from the previous section 

(Section 4.3.6) were used to investigate the phosphorylation state of endogenous SBEIIb in 

the complex with recombinant SSIIa in vitro. Examining the autoradiogram from Figure 4.5 

showed no SBEIIb phosphorylation bands (Figure 4.12 C), whereas, consistent with previous 

results (Figure 3.22), immunoblotting using peptide-specific anti-SBEIIb antibodies detected 

the presence of SBEIIb in complex with all truncations (ΔN1-3 and ΔC1-3)  (Figure 4.12 B). 
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Figure 4. 12 Phosphorylation of SBEIIb associated with SSIIa is not detectable on autoradiogram. 

(A) WT, N- and C- terminal truncations were immobilized on either Ni2+-NTA or S-agarose beads and 

incubated with amyloplast extract and [γ-32P] ATP (0.05 mM). (B) Western blotting using anti-maize 

SBEIIb antibodies, detected the presence of SBEIIb protein associated with all of the truncations, 

consistent with interaction of SBEIIb with the central region of SSIIa (C) Autoradiogram showed 32P-

phosphorylation of recombinant truncated SSIIa but it did not exhibit any detectable phosphorylation 

signal for SBEIIb (red arrow). -ve ctrl: negative control (empty beads) incubated with amyloplasts and [γ-
32P] ATP. MW: molecular weight marker (kDa). 
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4.4 Discussion 

The aim of this chapter was to investigate maize SSIIa phosphorylation site(s) using 

a combination of bioinformatic approaches and direct detection of phosphorylation using 

recombinant SSIIa, in vitro. The expression vectors (pET29b) and competent cells 

(ArcticExpress) used for SSIIa expression were extensively explained in chapter 3. An N-

terminal S-tag and C-terminal His-tag were used for protein purification. In chapter 2 it was 

shown that amyloplast stromal kinase(s) can phosphorylate endogenous SSIIa. In this 

chapter, 32P-labeling was used to test the phosphorylation of recombinant maize SSIIa in 

vitro. The recombinant SSIIa was only phosphorylated in the presence of maize amyloplast 

stromal extract and not by ATP alone, indicating that the phosphorylation of SSIIa is 

dependent on availability of protein kinase(s) within the amyloplasts (Figure 4.2). In addition 

to amyloplasts, a recombinant calcium-dependent protein kinase (CDPK11) (courtesy of Dr. 

Amina Makhmoudova, University of Guelph) that can phosphorylate SBEIIb (unpublished 

data) was used to phosphorylate recombinant SSIIa in the presence of Ca2+ and [γ-32P]-ATP 

in vitro. The results showed phosphorylation of SSIIa on X-ray film (Figure 4.2). The 

specificity of CDPK11 towards SSIIa and SBEIIb is unknown and the ability to 

phosphorylate a relatively large amount of recombinant protein (SSIIa) in isolation should be 

treated with caution. The site(s) within SSIIa phosphorylated by CDPK11, could be different 

from those phosphorylated by endogenous protein kinases from amyloplast stroma.  

A powerful approach in the identification and characterization of phosphorylation 

sites is mass spectrometry. Wild-type and truncated versions of SSIIa were produced and 

analyzed at the Mass Spectrometry Facility, at the University of Guelph for 

phosphoproteomic analysis. Unfortunately several attempts to identify phosphorylated amino 
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acids within SSIIa (phosphorylated via both amyloplasts or CDPK11) by mass spectrometry 

were unsuccessful. This could be indicative of a low level of phosphorylation of SSIIa in 

these experiments, making detection of phosphorylated amino acid residues more difficult. 

Although mass spectrometry can be very useful in detecting phosphorylation sites, applying 

conventional mass spectrometry techniques for analysis of phospho-proteins is not 

straightforward. This is partly due to the labile nature of phosphorylated residues or low 

stoichiometry of phosphorylation within a protein sequence, which makes the identification 

of phosphorylation site and quantitative analysis of phosphorylation significantly 

complicated. This would be even more challenging in the event of multiple phosphorylation 

residues placed close to each other on the same phosphopeptide (Blackburn and Goshe 

2009). The low abundance and degree of phosphorylation and existence of multiple 

phosphorylation sites within both N- and C- terminus of SSIIa makes this protein a 

complicated candidate for mass spectrometry. Applying phosphopeptide enrichment prior to 

mass spectrometry analysis, such as immobilized metal affinity chromatography (IMAC) and 

titanium dioxide (TiO2) phosphopeptide enrichment (Fílla and Honys 2012; Reiland et al. 

2009; Zhou et al. 2008), might be a useful method in detecting the phosphopeptides with low 

abundance (Dunn et al. 2010).  

In chapter 3, it was demonstrated that the central domain of maize SSIIa is involved 

in its interaction with SBEIIb, and that this interaction was phosphorylation-dependent (see 

Section 3.3.10). To test which regions of SSIIa are phosphorylated, the N-terminal region 

(TRUNC1), central region (TRUNC2) and C-terminal region (TRUNC3) were produced and 

their ability to be phosphorylated was examined using [γ-32P]-ATP and maize amyloplast 

stroma. Autoradiograms showed phosphorylation for TRUNC1 and TRUNC3 but no 
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phosphorylation was detected in the central region of SSIIa (Figure 4.3). These results 

suggest the presence of multiple phosphorylation sites located within both N-terminal and C-

terminal regions of SSIIa.  

NetPhos. 3.1 predicted several putative phosphorylation sites within maize SSIIa. 

The predicted residues exceeding 75% confidence intervals included 5 serine (Ser), 2 

threonine (Thr) and 5 tyrosine (Tyr) residues (Table 4.2). Reiland et al. (2009) demonstrated 

that 88% phosphorylation events occur on serine residues in Arabidopsis. Recently it was 

shown by Patterson et al. (2018) that two serine sites, Ser63 and Ser65, in Arabidopsis SS2 are 

phosphorylated. Since the two serine residues are located at the disordered N-terminal region 

of SS2, these phosphorylation sites are not conserved across most other species, including 

maize. Phosphoamino acid analysis of phosphorylated SBEs from developing wheat 

endosperm amyloplasts showed that the polypeptide(s) are phosphorylated at serine 

residue(s) (Tetlow et al. 2004b). Recently, phosphoproteome analysis in wheat endosperm 

identified five phospho-serine residues (Ta-Ser74, Ta-Ser200, Ta-Ser228, Ta-Ser251 and Ta-

Ser776) within granule-bound SSIIa (Chen et al. 2016). Ta-Ser776 is conserved in maize (Zm-

Ser647) and rice (Os-Ser787) but not in Arabidopsis. However this site was not amongst the 

Netphos. 3.1 predicted phosphorylation sites for either maize or rice. Given the likelihood of 

serine phosphorylation (Reiland et al. 2009) the main focus of this study was, initially, to 

examine experimentally the predicted serine phosphorylation sites on SSIIa. For that 

purpose, the five putative serine phosphorylation sites predicted by NetPhos. 3.1 on SSIIa 

(Table 4.2) were mutated to alanine and the consequences studied using 32P-labeling. The 

recombinant SSIIa 32P-phosphorylation signal showed no consistent alterations and remained 

relatively unchanged across all site mutations compared to wild-type (Figure 4.4 B).  
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The results in this chapter suggested that there might be multiple phosphorylation 

sites within recombinant maize SSIIa, located at both N- and C- terminal regions (Figure 

4.3). Since none of the predicted amino acids of interests were found experimentally to be 

phosphorylation sites, different truncated versions of recombinant SSIIa were produced with 

the aim of finding more precise regions for the phosphorylation of SSIIa.  

Figure 4.13 shows the location of N- and C-terminal truncations and the putative 

phosphorylation sites within SSIIa predicted by Netphos. 3.1. 

 
Figure 4. 13 Maize SSIIa N-terminal and C-terminal truncations and Netphos. 3.1 predicted 

phosphorylation sites within SSIIa protein sequence. 

	
	

32P-labeling of the various truncated forms of SSIIa (both ΔN and ΔC truncations; 

Figure 4.5) demonstrated that there were one or more phosphorylation sites at the N-terminus 

(between ΔN2 and ΔN3; residues 153-200) as well as in the C-terminal region (between ΔC1 

and ΔC2; residues 639-606). To test potential phosphorylation site at the N-terminal region, 

all serine, threonine and tyrosine residues (Ser161, Tyr165, Ser170, Ser189 and Thr194) located 

between ΔN2 and ΔN3 were mutated (Table 4.1) within a full length (Figure 4.6) and ΔC2 
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truncated (Figure 4.7) SSIIa. While individual mutations did not exhibit any visible change in 

phosphorylation of SSIIa in any full-length or ΔC2 truncated SSIIa, mutation of all five 

phosphorylation sites in the region of ΔN2-ΔN3 on the ΔC2-truncated protein dramatically 

decreased the 32P-labeling of SSIIa (Figure 4.7), suggesting that the high level of 

phosphorylation in the C-terminal region (ΔC2) masks the N-terminal phosphorylation 

signals. Upon removal of the ΔC2 region from wild-type, the phosphorylation signal 

markedly decreases allowing visualization of mutations in the N-terminal region of the 

protein. The results indicate that the one or more of the five amino acid residues at ΔN2-ΔN3 

are likely to be phosphorylated at a low level, but individual mutations do not affect the 

phosphorylation signal. It is possible inability to phosphorylate one site is compensated by 

phosphorylation of another. Consequently, when one or two sites are mutated, a change in 

32P-labeling in not apparent.  
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Figure 4. 14 Sequence alignment of maize SSIIa (ZmSSIIa) with wheat SSIIa (TaSSIIa), rice 

(OsSSIIa) and Arabidopsis (AtSS2), illustrating sequence conservation as a heat map. Out of eight 

phospho-amino acid residues identified by Chen et al. (2016) in wheat, only three amino acids (blue 

brackets; Y268, T323 and S776) are conserved in maize SSIIa. Only Ta-Thr323 is conserved among all four 

species, whereas, Ta-Tyr268 and Ta-Ser776 are conserved in cereals but not in Arabidopsis. 

(www.ibi.vu.nl/programs/pralinewww) 
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Beside the five mentioned serine residues, Chen et al. (2016) identified three other 

phosphorylation sites, one threonine and two tyrosine (Ta-Tyr268, Ta-Thr323 and Ta-Tyr358) 

within granule-bound SSIIa in wheat endosperms. Two of these sites, Ta-Tyr268 (Zm-Tyr139) 

and Ta-Thr323 (Zm-Thr194), are conserved in maize SSIIa (Figure 4.14), and none of them 

were predicted to be a potential phosphorylation site by NetPhos. 3.1 (Table 4.2). Zm-Thr194, 

located between ΔN2 and ΔN3, was mutated to alanine (Figure 4.6), but did not exhibit any 

changes in phosphorylation signal. However, combining mutation of this site with four other 

sites within the ΔN2 and ΔN3 region in a ΔC2 background markedly reduced the 

phosphorylation of recombinant SSIIa in vitro (Figure 4.7), which might suggest the 

involvement of Thr194 in phosphorylation of maize SSIIa. It is possible that the 

phosphorylation of this site is very low, and therefore there is not a noticeable reduction in 

phosphorylation signal upon mutation of this site alone. Further analyses using phospho- 

Thr194 specific antibodies might be useful to investigate the role of this site in 

phosphorylation of SSIIa. 

Tyrosine phosphorylation seems to be less common in plants compared to 

serine/threonine phosphorylation (Reiland et al. 2009; Sugiyama et al. 2008). Phospho-

proteomics mapping in rice revealed the relative abundance of phosphotyrosine to be 2.9% 

compared to 84.8% phospho-serine (Park et al. 2012; Nakagami et al. 2010). However, 

recently it has been found that tyrosine phosphorylation in plants is as extensive as in animals 

based on mass spectrometric analysis (Ghelis 2011; de la Fuente van Bentem and Hirt 2009). 

32P-labeling showed that SSIIa is phosphorylated on sites located at N- and C- terminal 

regions of the protein unlike the central domain (Figure 4.3). The three partial polypeptides 

of SSIIa were also examined for tyrosine phosphorylation. The TRUNC1 and TRUNC3 were 
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shown to possess phosphorylated tyrosine sites, while the central region (TRUNC2) did not 

exhibit any phosphorylation signal (Figure 4.8). This experiment excluded a role for one out 

of five tyrosine resides predicted by NetPhos. 3.1 (Tyr362; located in the central region) in 

phosphorylation of SSIIa.  

Utilizing phospho-tyrosine (PY) antibodies identified phosphorylation signals for all 

N- and C- terminal truncations (ΔN and ΔC) (Figure 4.9). Interestingly a band of tyrosine 

phosphorylation was observed for ΔN3, whereas a relatively faint band of phosphorylation 

was detected for this truncation using 32P-labeling (Figure 4.5), which could indicate a low 

level of tyrosine phosphorylation within the C-terminal region of SSIIa that could not be 

detected by 32P-labeling. On the other hand, C-terminal truncations were also shown to be 

tyrosine-phosphorylated, suggesting the presence of other phosphorylation sites elsewhere in 

the protein. Although ΔC1 did not possess the Tyr659 site, it still exhibited a clear phospho-

tyrosine signal on western blots (Figure 4.9), which might imply that this Tyr659 is not 

involved in phosphorylation of SSIIa. Moreover, investigating tyrosine phosphorylation of 

ΔC4 and ΔN5 truncations, which consequently lack Tyr453 and Tyr274 respectively, argues 

against a role for either of these two tyrosine residues in phosphorylation of SSIIa (Figure 

4.9). Importantly, site-directed mutagenesis of Tyr165 on a ΔC2 polypeptide showed a clear 

reduction in phosphorylation signal (Figure 4.9). Interestingly Tyr165 is located in the 

disordered N-terminal region of maize SSIIa and multiple sequence alignment of SSIIa 

demonstrated that Tyr165 is not conserved across other plant species (Figure 4.15), consistent 

with a general absence of conservation for this region. For example, using site-directed 

mutagenesis, Patterson et al (2018) recently identified two serine phosphorylation sites in the 

disordered N-terminal region of SSII in Arabidopsis with no conservation amongst other 
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plant species. One of the tyrosine phosphorylation sites (Ta-Tyr358) identified within wheat 

granul-bound SSIIa by Chen et al. (2016) is not conserved in other plant species, whereas the 

other residue (Ta-Tyr268) is conserved within some species (including maize). However, the 

results of Chen study were based on mass spectrometric analysis only and no further 

experimental investigation was performed to confirm the phosphorylation sites identified.   

Although it is possible that the phosphorylation signal detected in the N-terminal 

region of SSIIa could represent an in vitro artifact, the results of this study together with 

previous studies identifying phosphorylated amino acids in the non-conserved N-terminal 

region (Patterson et al. 2018; Chen et al. 2016), strongly suggest a role for phosphorylation of 

the disordered N-terminal region of SSIIa in plants. Thus, the fact that this region is 

structurally disordered may be more significant than sequence conservation. This is 

consistent with previous studies indicating a role for disordered regions in protein 

modification via their phosphorylation (Dunker et al. 2002).  

 

Unconserved	 0	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 Conserved	

 

 
 
Figure 4. 15 Multiple-sequence alignment of maize SSIIa with other plant species illustrated that 

Tyr165 is not conserved across other plant species. 
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The results in this study demonstrated that the phosphorylation signals did not 

completely diminish in the absence of Tyr165 in a ΔC2 truncation (Figure 4.9), suggesting that 

there are probably still other sites involved in phosphorylation of SSIIa.  It is possible that 

phosphorylation of one site is required for activating other sites for phosphorylation. For 

example, Travers et al. (2015) showed that in human α-actinin-4 (ACTN4) two tyrosine 

residues (Tyr4 and Tyr31) are phosphorylated. However, in vitro studies illustrated that 

phosphorylation of Tyr31 is sufficient to inhibit binding of ACTN4 to actin. Using molecular 

dynamics simulations, Tyr31 was predicted to be buried and inaccessible to protein kinases. 

Phosphorylation of Tyr4 changed the conformation of the protein and exposed Tyr31 site to 

protein kinase activity. Thus, pTyr4 acts as a switch site necessary for phosphorylation of 

Tyr31 (Travers et al. 2015). It is therefore possible that mutating/deleting a phosphorylation 

site triggers phosphorylation of some other sites within the SSIIa protein sequence.  

Protein phosphorylation requires accessibility of target sites to protein kinases, and 

therefore the majority of phosphorylation sites are generally located at the surface of 

proteins. However, other potential phosphorylation sites can be buried in the hydrophobic 

core of a protein (Vandermarliere and Martens 2013). In some cases a small alteration in 

protein conformation results in accessibility of these buried sites, whereas for others, whole 

protein unfolding would be required which makes them unlikely phosphorylation sites in vivo 

(Vandermarliere and Martens 2013). Since truncation might disrupt a protein’s conformation 

(Chen and Cole 2015), making those buried sites accessible for phosphorylation, the 

experiments with SSIIa need to be treated with caution. Examining three-dimensional 

structural modelling of SSIIa revealed that the current model does not include the first non-

conserved disordered 176 amino acids of SSIIa (including Tyr165). Therefore, it is not 
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possible to speculate on the position of Tyr165 and its accessibility to protein kinases within 

the folded protein.  

Sensitive proteomic approaches have demonstrstrated the existence of tyrosine 

phosphorylation within plant proteins (Lu et al. 2015; Ghelis 2011). In this study, Netphos. 

3.1 did not predict any specific protein kinase (PK) for Tyr165. While several protein tyrosine 

phosphatases (PTPs) in the Arabidopsis genome have been identified (Luan 2002; Fordham-

Skelton et al. 1999; Gupta et al. 1998; Xu et al. 1998), plants lack a typical PTK gene as 

found in mammalian cells (Ghelis 2011). However, dual-specificity PTKs (DsPTKs) that act 

on both Ser/Thr and Tyr residues have been identified in several plants such as peanut 

(Rudrabhatla and Rajasekharan 2002), Arabidopsis (Kim et al. 2015) and maize seedlings 

(Trojanek et al. 2004). Cho et al. (2001) found a dual-specificity protein kinase in tobacco 

chloroplasts that was suggested to be involved in light-regulated signaling process. A meta-

analysis of Arabidopsis phospho-proteomics data from 27 published studies identified 90 

plastidial proteins (out of 300) as tyrosine phosphorylated (van Wijk et al. 2014). However, it 

might be argued that since direct phospho-amino acid analyses (using biochemical 

approaches and genetic manipulations) for individual sites is missing, these results should be 

treated with caution. 

There are several studies indicating the important role of protein tyrosine 

phosphorylation in Arabidopsis. For example, 38 out of 759 members of the Arabidopsis 

calcium-dependent protein kinase superfamily (CRK) were found to have tyrosine 

auto/heterophosphorylation activity (Nemoto et al. 2015). Moreover, reversible tyrosine 

phosphorylation activity are important in the regulation of stomatal movement in Arabidopsis 

(Luan 2002). It has also been found that site-directed mutagenesis of key tyrosine residues 
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within a scaffold protein called “RACK1A: Receptor for Activated C Kinase 1” in 

Arabidopsis can cause homo-dimerization of the protein which mediate UV-B stress 

signaling pathway (Sabila et al. 2016). 

Considering that there is no evidence for the important role of  tyrosine 

phosphorylation in metabolic pathways in plants, identification of Tyr165 contributing in 

phosphorylation of SSIIa could imply a novel finding, providing us with new insights 

towards understanding the mechanism underlying SSIIa regulation.  Further work is required 

to identify plastidic protein kinases and phosphatases involved in starch metabolic pathway.  

A combination of peptide-enrichment methods with sensitive mass spectrometry 

(MS) on the phosphorylated-polypeptide of Tyr165 or using phospho-Tyr165 specific 

antibodies could be used to investigate the results of this study. Using phosphotyrosine-

specific antibodies on granule-bound SSIIa might also shed more light on the role of tyrosine 

phosphorylation of SSIIa. Tullberg et al. (1998) found a membrane-associated Protein 

Tyrosine Kinase (PTK) in pea thylakoid membranes, and demonstrated that the tyrosine 

phosphorylation was inhibited using PTK inhibitor genistein. Utilizing genistein might also 

be a further approach in identifying tyrosine phosphorylation within SSIIa.  

In chapter 2 the catalytic activity of endogenous SSIIa under different treatment 

conditions was measured and an increase in catalytic activity of immunopurified SSIIa in 

ATP-treated samples was observed compared to untreated samples. In contrast, pre-treatment 

with APase reduced SSIIa activity (Figure 2.8). In the current chapter, the activity of 

recombinant SSIIa under phosphorylating and dephosphorylating conditions was investigated 

and behaved in the same way as endogenous SSIIa, under similar experimental conditions. 

SSIIa activity was increased approx. 3-fold following ATP treatment (phosphorylation) 
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compared to untreated samples, and about 8-fold higher compared to APase treated sample 

(Figure 4.11). The stimulatory effect of phosphorylation on catalytic activity of enzymes was 

previously observed by Liu et al. (2012b), who demonstrated that SS activity (SSI and SSIIa) 

in a trimeric HEC in maize amyloplasts was increased 1.4 fold upon ATP treatment, whereas 

in su2 mutant, which possesses a catalytically inactive SSIIa, the total SS activity showed a 

9-fold increase. Since, su2 possesses catalytically inactive SSIIa, it was concluded that the 

increased activity was a result of SSI (Liu et al. 2012b). Phosphorylation was also shown to 

enhance the catalytic activity of SBE isozymes in wheat (Tetlow et al. 2008; 2004b). The 

increased catalytic activity of ATP-treated SSIIa, in the current study, might be due to 

conformational changes occurring upon phosphorylation of the protein. One or more 

negatively charged phosphate groups interacting with the surrounding charged residues could 

facilitate protein conformational alteration and subsequently affect enzyme kinetics (Tyanova 

et al. 2013); for example, by transitioning from one conformational states to another (Nishi et 

al. 2014; Kales et al. 2012). Moreover, protein conformational alterations might affect 

oligomerization of the protein (Hashimoto and Panchenko 2010), resulting in different 

activity or binding specificity. Considering the results from GPC (Figure 3.13) indicating that 

SSIIa exists in a wide range of multimeric states, from monomers to homo-oligomers, it is 

possible that phosphorylation affects the transition between different oligomeric states of 

SSIIa, resulting in altered catalytic activity. In a recent study, Patterson et al. (2018) 

illustrated that homodimerization markedly inhibits SS2 activity compared to the activity of 

monomers. However, in Arabidopsis, phosphorylation of SS2 did not affect its homo-

oligomerization states (Patterson et al. 2018).  
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In the case of purified rec-SSIIa, with the exception of ATP-treated amyloplast 

samples that leads to association with endogenous SBEIIb, immunoblotting confirmed that 

the measured SS activities before and after ATP and APase treatments are solely the result of 

SSIIa, since neither SSI nor SSIII were detected (Figure 4.10). Unfortunately, due to lack of 

reliable maize anti-SSIV peptide-specific antibodies, immuno-detection of SSIV was not 

possible. The presence of SBEIIb in the ATP-treated samples could suggest a mechanism for 

increased SS activity. Starch branching activity would provide more substrate for SSIIa as a 

consequence of their interaction. Any alteration of a component within a HEC is likely to 

affect the other enzymes within the complex (Crofts et al. 2017). Therefore, SBEIIb bound to 

SSIIa in ATP-treated samples, might also be phosphorylated, although it was not possible to 

directly detect it (Figure 4.12). The alteration in SBEIIb structure within the complex could 

affect its interaction with SSIIa, resulting in conformational changes in SSIIa that leads to an 

increase in SSIIa activity. It has been shown that maize SBEIIb is phosphorylated at three 

serine sites, Ser649, Ser297 and Ser286, amongst which Ser649 exhibited by far the highest level 

of phosphorylation (Makhmoudova et al. 2014). It was subsequently found that Ser649 in 

SBEIIb is responsible for its interaction with SBEI in maize Liu et al. (2019; unpublished 

data in preparation). Considering that SBEIIb interacts with SSIIa in a phosphorylation-

dependent manner, it could be argued that any or both of Ser297 and Ser286 sites could be 

involved in interaction with SSIIa in maize. Interestingly, examining the autoradiograms of 

maize endogenous SBEIIb bound to recombinant SSIIa proteins did not demonstrate any 

phosphorylation corresponding to the SBEIIb bands (Figure 4.12). However, it has been 

demonstrated that Ser297 and Ser286 are phosphorylated at very low levels (Makhmoudova et 

al. 2014) and their phosphorylation may be beyond the limits of detection in these 
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experiments. Moreover, a faint phosphorylation signal of SBEIIb was still detected after site-

directed mutagenesis of all three serine residues (Ser649, Ser297 and Ser286) (Makhmoudova et 

al. 2014), implying that there might be other site(s) involved in SBEIIb phosphorylation, 

which consequently, could be involved in interaction with SSIIa. While Ser286 and Ser297 are 

conserved among all plant SBEs, conservation of Ser649 is limited to some cereal SBEIIbs 

only (Makhmoudova et al. 2014). Phosphorylation at Ser297 residue might form a salt bridge 

with another residue (Arg665) within the K662CRRR domain of SBEIIb, which could stabilize 

the protein structure and facilitate its interaction with SSIIa (Makhmoudova et al. 2014). 

Three-dimensional modeling of SBEIIb revealed that Ser286 and Ser297 are located at opposite 

openings of the active site of the protein (Makhmoudova et al. 2014). This could suggest that 

the phosphorylation of any of these two serine residues is likely to trigger the interaction with 

SSIIa and consequently facilitate channeling of the catalyzed substrate into the SSIIa 

substrate-binding site.  

Although CDPK11 kinase could phosphorylate recombinant SSIIa in vitro (Figure 

4.2), it did not affect the catalytic activity of the enzyme (Figure 4.11). It is possible that 

CDPK11 is not the specific protein kinase responsible for phosphorylating SSIIa in planta, 

thus the possibility cannot be ruled out that it may phosphorylate SSIIa on amino acid 

residues other than the in vivo phosphorylation sites. It is therefore unclear whether the 

increased activity of SSIIa, seen when amyloplasts are used as the source of protein kinases, 

might be a function of interacting with endogenous SBEIIb in complex with SSIIa, which 

was not detectable in untreated and APase-treated immunoblots (Figure 4.10). As described 

above, branching activity of the associated SBEIIb may provide more non-reducing ends on 

the glucan substrate for SSIIa activity and consequently starch synthase activity. This 
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mechanism is observed in the phosphorylase-stimulation assay for branching enzyme 

activity, in which SBEIIb is able to stimulate the rate of linear glucan chain elongation by 

phosphorylase a through producing more α-(1,6)-branches (Smith 1988).  

In contrast to cereals, it has been shown that Arabidopsis SS2 can be phosphorylated 

at two serine sites (Ser63 and Ser65) by casein kinase II (CKII; a Ser/Thr protein kinase) and 

this phosphorylation did not affect the activity of SS2 in any measurable way (Patterson et al. 

2018). This distinction between Arabidopsis and cereals could be due to the different 

regulatory mechanism underlying starch biosynthesis in these tissues based on the nature and 

turnover of transient vs. storage starch. In Arabidopsis, it was shown that the amino acid 

residues around Ser63/65 at n+1 to n+3 positions are negatively charged (DDD), which makes 

these two serine sites a potential substrate for CKII. In this study CKII was not tested as a 

kinase to phosphorylate maize SSIIa, as there were no high acidic regions surrounding the 

predicted phosphorylation sites, Moreover, the two Arabidopsis serine phosphorylation sites 

are located at the N-terminal region of SS2, which shows little sequence similarity with other 

SSIIa proteins and are not conserved in any other species (Patterson et al. 2018) including 

maize. 

The findings in this chapter suggest that SSIIa can be phosphorylated at least at one 

tyrosine reside (Tyr165) within SSIIa. However, there are other phosphorylation sites within 

both N-terminal and C-terminal regions of maize SSIIa. Interestingly, the central region of 

SSIIa which was found to be responsible for interaction with SBEIIb in the chapter 3, is not 

involved in phosphorylation of SSIIa. Moreover, ATP treatment increased SSIIa catalytic 

activity. Collectively, the results of this chapter, suggest a role for regulation of maize SSIIa 

via post-translational modification of phosphorylation. 
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Chapter 5. General Discussion 

Storage starch produced in cereal endosperm is of enormous agricultural importance.  

It is the major determinant of yield and provides the bulk of calories for human and livestock 

diets (Tetlow and Emes 2017). It is also a significant raw material for many industrial 

applications as well as currently being the main fermentable carbon source for bioethanol 

production (Purkan et al. 2017). Considering the importance of starch, understanding starch 

metabolism and its functional properties is essential for the improvement of both the quality 

and quantity of this important renewable raw material. The formation of starch in plant cells 

is an intricate process employing multiple starch biosynthetic enzymes. Several heteromeric 

enzyme complexes (HECs), including SSs and SBEs have been identified in cereal 

endosperms such as rice, barley maize and wheat (Crofts et al. 2017; Ahmed et al. 2015; Liu 

et al. 2009; Hennen-Bierwagen et al. 2008; Tetlow et al. 2008; 2004) and their formation is 

phosphorylation-dependent, suggesting a key role for phosphorylation in regulation of starch 

biosynthesis in cereals (Liu et al. 2012a; Tetlow et al. 2004b). A phosphorylation-dependent 

trimeric protein complex including SSI, SSIIa and SBEIIb, has been detected in developing 

maize endosperms in which SBEIIb is phosphorylated (Liu et al. 2012a). Moreover, it has 

been shown that SSIIa is at the core of this trimeric complex, interacting with SSI and 

SBEIIb separately, responsible for starch granule association of the other two enzymes (Liu 

et al. 2012b; Hennen-Bierwagen et al. 2008). However, until now it has not been clear 

whether SSIIa within this HEC is also phosphorylated or where or how it might interact with 

other proteins. 



	
	
	

240 

In this thesis, a detailed analysis, using various biochemical and proteomic 

techniques, was performed in order to investigate the post-translational mechanisms that 

regulate maize SSIIa, in particular by protein phosphorylation and protein-protein interaction. 

The effects of SSIIa phosphorylation on catalytic activity and its interaction with other starch 

biosynthetic enzymes were examined.  

5.1 Phosphorylation and its effects on regulation of the catalytic functions of maize SSIIa  

In this study it was demonstrated that both amyloplast stromal and recombinant 

maize SSIIa proteins could be phosphorylated in vitro by ATP catalyzed by protein kinases 

within amyloplast stroma (Figure 2.4 and figure 4.2). However, one cannot rule out the 

possibility that extra-plastidial protein kinases might phosphorylate SSIIa prior to 

translocation of the immature, unprocessed enzyme to the amyloplasts. Phosphorylation 

caused substantial alterations in the electrophoretic mobility of endogenous SSIIa under non-

denaturing conditions which was not observed upon dephosphorylation by alkaline 

phosphatase in wild-type or in ae- (ae1.1 and ae1.2) mutants (Figure 2.5). Zymogram 

analyses demonstrated multiple bands of SSIIa activity for ATP-treated wild-type and ae1.1 

mutant (lacking SBEIIb), while only one activity band was detected in ATP-treated ae1.2 

(possessing catalytically inactive SBEIIb) in non-denaturing PAGE (Figure 2.5). In the 

endosperm of maize ae- null mutant (ae1.1), the wild-type trimeric HEC is replaced by 

another complex including SSI, SSIIa, SBEI, SBEIIa and SP (PHO1) (Liu et al. 2009). 

Interestingly, in the ae1.2 (expressing an inactive SBEIIb), no PHO1 was detected in the 

HEC (Liu et al. 2012a). Together these results imply that phosphorylation of SSIIa might 

affect the protein in different ways, including altering its surface charge, conformation and its 
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association with other enzymes in different HECs. The formation of different HECs 

incorporating SSIIa, as well as the phosphorylation state of each component within the 

complex, in turn, could affect the electrophoretic migration of the protein.  

Results presented in this thesis showed that the catalytic activity of both 

immunoprecipitated and recombinant maize SSIIa were enhanced (~3-fold) by ATP 

treatment (phosphorylation), and reduced by APase treatment (dephosphorylation) in the 

presence of amyloplast stromal protein kinases/phosphatases (Figure 2.8 and 4.11). Previous 

studies have shown the stimulatory effect of phosphorylation on catalytic activity of enzymes 

of the starch biosynthetic pathway.  For example, SBEIIb and total SS activities were 

enhanced by ATP treatment within the trimeric complex (SSI-SSIIa-SBEIIb) in maize 

endosperms of both wild-type and su2 mutant (Liu et al. 2012b). Phosphorylation was also 

shown to increase the catalytic activity of class II SBEs in wheat endosperm amyloplasts 

(Tetlow et al. 2008; 2004). The increased catalytic activity of the enzyme might be due to 

conformational changes occurring upon protein phosphorylation favouring different 

oligomerization states of the protein (Nishi et al. 2014; Kales et al. 2012). Conformational 

changes of proteins might influence their aggregation state as monomers or dimers 

(Hashimoto and Panchenko 2010), resulting in different catalytic activity or binding 

specificity. For example, in mammalian glycogen phosphorylase (GP), conformational 

alterations caused by protein phosphorylation result in formation of active dimers, whereas 

the tetrameric state of the protein is inactive (Barford and Johnson 1992).  

In the case of SSIIa, the presence of SBEIIb associated with SSIIa in ATP-treated 

samples is also likely to affect the measurable activity of SSIIa (Figure 4.10). Although 

CDPK11, the protein kinase which may be responsible for phosphorylation of SBEIIb, also 
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phosphorylated SSIIa (Figure 4.2), it did not affect the catalytic activity of the recombinant 

SSIIa in the presence of ATP only (Figure 4.11), this implies that either it might not be the 

specific protein kinase for phosphorylation of SSIIa or that protein phosphorylation per se 

does not enhance the catalytic activity but association with other starch biosynthetic enzymes 

does. Any modification of a component within a HEC could also influence other enzymes 

within the complex (Crofts et al. 2017). Thus, SBEIIb might affect the catalytic activity of 

SSIIa via its branching activity, providing more non-reducing ends of glucan polymer for 

SSIIa catalysis, and/or its physical binding might affect the folding of SSIIa such that the 

substrate-binding site of SSIIa is more accessible.  

5.2 Homo/hetero-oligomerization of maize SSIIa  

In this thesis, using gel permeation chromatography (GPC), protein-protein 

interactions between SSIIa and other starch synthesizing enzymes (SSI and SBEIIb) in ATP- 

and APase- treated maize amyloplasts were examined. The elution profile of stromal maize 

SSIIa following GPC, indicated that SSIIa exists, at least, in two distinct HMW (670-440 

kDa) and LMW (250-140 kDa) HECs. Several bands of SSI and SBEIIb co-migrated with 

SSIIa in both the HMW and LMW GPC fractions in non-denaturing PAGE, reinforcing the 

idea that SSIIa possibly exists in different oligomeric states. It was also observed that 

dephosphorylation catalyzed the formation of HMW complexes, whereas, phosphorylation 

favoured the dissociation of the HMW protein complexes and instead, produced 

comparatively lower molecular weight protein complexes. This observation could suggest 

that phosphorylation of one or more components leads to disaggregation of SSIIa-containing 

HMW protein complexes leading to formation of LMW complexes (such as the trimeric 
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complex of SSI-SSIIa-SBEIIb). This is interesting because previously it has been shown that 

ATP (phosphorylation) catalyzes the formation of LMW complexes from monomers (Liu et 

al. 2009). Thus, these results suggest a dual role for phosphorylation in association and 

dissociation of HECs incorporating SSIIa in the amyloplast stroma, and might indicate the 

involvement of multiple phosphorylation sites within SSIIa. Previously a 600 kD HEC, 

including SSIIa, SSIII, SBEIIa, and SBEIIb, was identified in maize endosperm by Hennen-

Bierwagen et al. (2008), which suggests that other starch biosynthetic enzymes, such as SSIII 

might also be involved in formation of HECs incorporating SSIIa, but the SSIII antibodies 

used in the present study was not sufficiently reliable to test this. Moreover, 14-3-3 

regulatory proteins, which play a role as scaffold to bring two phosphorylated proteins 

together, also found to be in association with starch biosynthetic enzymes (Alexander and 

Morris, 2006). In a study 14-3-3 has been shown to be present in isolated plastids in barley. 

Utilizing MS analysis from enzymes associated with recombinant 14-3-3 protein as a bait, 

identified 54 14-3-3 binding proteins in barley endosperms. 31% of these interacting 

enzymes are involved in carbohydrate metabolism including plastidic enzymes from starch 

metabolic pathway (Alexander and Morris 2006). In maize, the physical interaction of 14-3-3 

proteins with SSIII has been illustrated (Sehnke 2001). Moreover, in vitro studies indicated 

that two recombinant isoforms of maize endosperm-specific 14-3-3 (ZmGF-14-6 and 

ZmGF14-4) were able to interact with GBSSII, SBEIIb and ISA from maize endosperm 

lysates (Dou et al. 2015), suggesting 14-3-3 to be a good candidate as an interacting partner 

in SSIIa-containing HECs in maize amyloplasts. 

Figure 5.1 illustrates a model for the effect of phosphorylation on SSIIa-containing 

protein complexes in starch biosynthesis in maize amyloplasts. 
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Figure 5. 1 Model of the effect of phosphorylation on the interactions of SSIIa with other starch 

biosynthetic enzymes in maize endosperms amyloplasts. In maize endosperm stroma, upon 

phosphorylation, SSIIa-containing HMW complexes (a) dissociate, forming LMW complexes (b) as well 

as monomers (c). On the other hand, phosphorylation cause assembly of monomers into a trimeric 

complex (including SSI, SSIIa and SBEIIb) which is actively involved in elongation and branching the 

clusters in the growing starch granule (d). SSIII responsible for elongating the longer linear glucan chains 

is likely to interact with the trimeric SSIIa-containing complex (e) and phosphorylation of as-yet 

unknown proteins (X and/ or Y; such as 14-3-3) may facilitate this interaction. Chain elongation by SSIII, 

transports the complex forward for a new cluster synthesis, where only the trimeric complex will remain 

to start a new round of amylopectin biosynthesis and the rest of the proteins will be detached from the 

complex (f).  
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GPC analysis of both endogenous (Figure 2.10) and recombinant wild-type maize 

SSIIa (Figure 3.13) indicated that SSIIa eluted mostly at higher molecular weight (HMW) 

fractions, while no monomers were detected. In amyloplasts it is likely that SSIIa associates 

with other enzymes within hetero-oligomeric complexes, whereas the recombinant SSIIa 

mainly aggregates as homo-oligomers and were not detectable as monomers. Considering 

that the soluble homo-oligomers of recombinant SSIIa are catalytically active (Figure 3.15), 

it might be speculated that oligomerization in general is required for the functionality of the 

enzyme. 

Many soluble and membrane-bound proteins exist as homo-oligomeric complexes, 

and it has been suggested that transitions between various oligomeric states might be 

important for regulation of their catalytic activity (Hashimoto et al. 2010). For example, in 

Arabidopsis, removal of the disordered N-terminal region of SS2 stimulated its catalytic 

activity by disrupting dimeric states, producing more active monomers (Patterson et al., 

2018). As yet, there is no evidence in cereals indicating that SSIIa requires homo-

oligomerization for regulating its catalytic activity. In this study, removing the N-terminal 

region (ΔN2) of maize SSIIa, did not considerably affect the transitions between different 

oligomeric states of the protein (Figure 3.13). Moreover, no evident effect on catalytic 

activity was observed, indicating that the N-terminal region of SSIIa is not crucial for its 

catalytic activity in the maize endosperms (Figure 3.15). However, the effect of 

phosphorylation or dephosphorylation on the catalytic activity of different homo- or hetero- 

oligomeric states of SSIIa was not investigated. The data presented in this thesis is consistent 

with earlier studies on maize SSI, SSII (Imparl-Radosevich et al. 1999; 1998), pea embryos 

SSII (Dry et al. 1992) and potato SSIII (Abel et al. 1996) showing that the non-conserved N-
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terminal extension is not crucial for their catalytic activity, however,  it might change some 

of the catalytic properties of the enzymes. For example, it has been shown that the N-

terminal extension of SSIIa and SSIIb affect their primer affinity (Imparl-Radosevich et al. 

1999). These results might suggest a differential role for the N-terminal region of maize 

SSIIa, which produces storage starch for long-term storage in amyloplasts against 

Arabidopsis SS2, which is involved in transient starch biosynthesis in chloroplasts.  

5.3 Identification of protein-protein interaction and protein phosphorylation site(s) 

Considering the important role of SSIIa phosphorylation in regulating its catalytic 

activity and interaction with other starch biosynthetic enzymes, specifically SBEIIb, a 

combination of bioinformatic predictions, site-directed mutagenesis (SDM), and protein 

truncation of recombinant protein were employed to identify the phosphorylation and 

protein-protein interaction sites within SSIIa. All together, over 48 SDMs and truncations of 

SSIIa, alone and in combination, were required in order to pursue answers to the questions 

raised in the present study. 

5.3.1 SBEIIb interacts with the central region of SSIIa in a phosphorylation-dependent 

manner 

In chapter 3 of this thesis the interaction between SSIIa and SBEIIb using 

recombinant proteins both in vitro (Figure 3.16), and in vivo (Figure 3.18) has been 

demonstrated. Bioinformatic analysis of the maize SSIIa protein sequence, predicted five 

putative protein-protein interaction sites (Table 3.3), whereas site-directed mutagenesis of 
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these sites within SSIIa showed no influence on the interaction of SSIIa with SBEIIb (Figure 

3.19).  

Coiled-coil domains are predicted to be involved in mediating various protein-protein 

interactions (Burkhard et al. 2001). In Arabidopsis, Both SSIV and GBSS interact with PTST 

via a coiled-coil domain (Seung et al. 2015). Although in the current study, three-

dimensional modeling suggested potential interaction between the coiled-coil region 

(position: 523-536) of SSIIa and the K662CRRR domain of SBEIIb in maize (Figure 3.24; 

Models 4 & 5), mutating all of the charged amino acids within the coiled-coil domain of 

SSIIa to alanine did not affect its association with SBEIIb suggesting this region is not 

involved in SSIIa-SBEIIb interaction (Figure 3.21). It is possible that further analysis of this 

domain, e.g. combining mutations of the coiled-coil domain with potential protein-protein 

interaction sites are required for identification of the proper interaction domain(s) between 

SSIIa and SBEIIb.  

While, the results presented in this thesis indicated that the N-terminal region of 

maize SSIIa is not involved in self-association of SSIIa (Figure 3.13), and considering the 

important role of coiled-coil domains in protein-protein interactions and the tendency of 

SSIIa for homo-oligomerization, it is also possible that this domain might be involved in 

SSIIa homomeric association. In Ebola virus (EBOV), VP35 protein is a key factor for its 

virulence. It has been found that homo-oligomerization, which is critical for the replicative 

function of EBOV, is mediated via a predicted coiled-coil domain in the N-terminal region of 

VP35 (Ramaswamy et al. 2018). 

Previous work by Liu (2010) showed that mutation of two amino acid residues 

within K662CRRR region of recombinant SBEIIb (KCRRR>KAARR) eliminated its 
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interaction with SSIIa. Results presented in this thesis showed that the interaction between 

SBEIIb and SSIIa was only observable following mutation of all of the five residues to 

alanine (KCRRR>AAAAA), nonetheless, indicating a role for this domain in SSIIa 

association (Figure 3.25).  

The data in this thesis indicated that the central region of SSIIa (TRUNC2) is the 

main region of interaction with SBEIIb (Figure 3.23). However, some interaction was 

detected at the C-terminal region (Figure 3.23), suggesting that the interaction between SSIIa 

and SBEIIb probably occurs via more than one site. Results from Chapter 3, led to a 

proposed three-dimensional model for potential interaction between the negatively charged 

region of the central domain within maize SSIIa and the positively charged KCRRR region 

of SBEIIb (Figure 3.28). 

Interestingly, the interaction of the SSIIa central domain with SBEIIb was 

phosphorylation-dependent (Figure 3.23), despite the fact that the central region does not 

appeared to be phosphorylated directly (Figure 4.3). Based on this, together with the 

observation that phosphorylation enhances the assembly of the trimeric protein complex of 

SSIIa in maize amyloplasts (Liu et al. 2012b), the importance of phosphorylation of SSIIa for 

its complex formation with SBEIIb was investigated in vitro. Incubation of recombinant 

SSIIa and SBEIIb with amyloplasts and ATP, separately or together (Figure 3.26), did not 

allow unequivocal interpretation. Thus, it is difficult to draw a firm conclusion on which 

enzyme(s) is required to be phosphorylated within a complex, as the stoichiometric 

proportions for phosphorylated/non-phosphorylated SSIIa and SBEIIb, are not discernible. 

Possible protein-protein interactions of SSIIa-SBEIIb under ATP treatment condition are 

illustrated in Figure 5.3.  
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5.3.2 SSIIa is phosphorylated at both N- and C- terminal regions 

Although mass spectrometry (MS) is often a useful approach in phospho-residue 

detection, utilizing MS to identify the phosphorylation sites within SSIIa was unsuccessful in 

the current study. This might indicate a low level of SSIIa phosphorylation, which makes the 

detection of phosphorylated residues within the protein difficult. Lack of progress with mass 

spectrometric techniques necessitated the use of other approaches such as SDM and protein 

truncations.  

Examination of various N-terminal and C-terminal truncations, confirmed the 

presence of multiple phosphorylation sites within both regions. Mutating serine, threonine 

and tyrosine residues (Ser161, Tyr165, Ser170, Ser189 and Thr194) positioned in the region of 

ΔN2-ΔN3 (residues: 153 to 200) on the ΔC2-truncated SSIIa significantly reduced the 

phosphorylation signal (Figure 4.7). This suggests that these sites are involved in 

phosphorylation of SSIIa and that the effects of mutation are only visible when the 

phosphorylation site(s) attributed to residues 606-670 in the ΔC2 region is removed. 

Experimental analyses described in this thesis illustrated that amongst the putative 

phosphorylation sites predicted by Netphos. 3.1 only one residue, Tyr165, was involved in 

phosphorylation of maize SSIIa. However, the significant reduction in phosphorylation signal 

of this site, using phospho-tyrosine antibodies, was only observable in a ΔC2 truncation 

(Figure 4.9). Employing both [γ-32P]-labeling and phospho-tyrosine (anti-PY) antibodies 

(Figure 4.3, Figure 4.7 and Figure 4.9), demonstrated that the phosphorylation signals did not 

completely diminish upon mutation of Tyr165 in the ΔC2 truncation. Although, this 

observation might suggest the existence of more phosphorylated residues within SSIIa, the 

effect of truncations on the conformation of SSIIa cannot be ruled out.  
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Maize Tyr165 is not conserved in other plant species and is located at the disordered 

N-terminal region of SSIIa (Figure 4.15), which might suggest that the phosphorylation of 

this site is an artifact. However, previous studies identified phosphorylation residues within 

the N-terminal region of SSIIa in Arabidopsis and wheat (Patterson et al. 2018; Chen et al. 

2016). In wheat the five phospho-amino acid residues (out of eight; Ta-Ser74, - Ta-Ser200, Ta-

Ser228, Ta-Ser251 and Ta- Ser776) detected by MS analyses were, found to be located in the 

disordered N-terminal region of SSIIa (Chen et al. 2016). Similarly, the two serine residues 

(Ser63 and Ser65) involved in Arabidopsis SS2 phosphorylation are within the disordered N-

terminal region of the protein (Patterson et al. 2018), Interestingly, comparing the N-terminal 

region of SSIIa from different plant species shows no or very little sequence conservation 

(Figure 5.2 A). It is known that the intrinsically disordered regions (IDRs) of proteins have 

important role in various biological processes (Sun et al. 2013), via protein–protein 

interactions and protein phosphorylation (Uversky et al. 2005). Reversible phosphorylation 

of IDR within a protein can alter the charge distribution of a region, affecting its folding or 

mediating its interaction with other partners (Sun et al. 2013). In this study it has been 

demonstrated that the disordered N-terminal region of maize SSIIa is not involved in 

interaction with SBEIIb or self-association (homo-oligomerization). Therefore, the 

phosphorylation of this region might be required for the interaction of SSIIa with other starch 

biosynthetic enzymes in maize endosperm amyloplasts and requires further investigation. 

Considering that the N-terminal region of starch synthase family is absent in 

glycogen synthases which catalyze a homologous reaction, it is possible that this region and 

its phosphorylation be involved in a very specific role in plant starch biosynthesis. For 

example, distinct and different phosphorylation sites within the disordered N-terminal region 
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of maize SSIIa and Arabidopsis SS2 may reflect distinct roles in the biosynthesis of 

endosperm storage starch versus transient leaf starch. Moreover, it has been suggested that 

reversible phosphorylation of IDRs might regulate cellular localization of a protein (Sun et 

al. 2013). The differences in phosphorylation sites within N-terminal region of the above-

mentioned isoforms might also suggest a role for this region in amyloplast/chloroplast 

localization.  

Previously, a role for the N-terminal region of starch synthases (SSs) in the 

localization of these enzymes to specific parts of starch granules and their primer preference 

was suggested (Imparl-Radosevich et al. 1999; Edwards et al. 1995; Dry et al. 1992). 

Moreover, the N-terminal extension of SSs might be involved in regulating chain elongation 

specificity (Imparl-Radosevich et al. 1999). It is possible that phosphorylation of SSIIa 

within its disordered N-terminal region contributes, somehow, to its glucan elongating 

activity, maybe through its interaction with other SSs such as SSI. This could occur through 

alterations in the folding of the N-terminal region which consequently might affect the 

folding of the whole protein, or via transient protein–protein interactions with SSI and/or as-

yet unknown proteins. Comparing the SSIIa N-terminal sequence within cereals, revealed the 

high similarity of this region between wheat and barley (Figure 5.2 B). Moreover, four out of 

five phospho-amino acid residues detected by Chen et al. (2016) in wheat N-terminal region 

are also conserved in barley (Figure 5.2 A). Considering that the starch produced in both of 

these species is a mixture of large lenticular A- and small round B-type granules, one might 

pose the question whether N-terminal sequences and phosphorylation, in some way, affect 

starch granule morphology. Previous studies demonstrated that in wheat endosperms, the 

biosynthesis of the two types of starch granules is developmentally regulated (Peng et al. 
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2000). Thus, it is possible that SSIIa gets phosphorylated at different amino acid residues at 

various developmental stages in different species depending on the type of the produced 

starch granule. By contrast, maize produces a single type of icosahedral granule and rice 

produces compound granules. While there are likely to be other factors contributing to these 

differences, it is not impossible that the unusual, unconserved, highly disordered N-terminal 

region of SSIIa plays a role in affecting granule morphology.  
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(A)	

 

(B)	

 

Figure 5. 2 Multiple sequence alignment of SSIIa N-terminal extension in different 

plant species. (A) Phosphorylation sites identified within the N-terminal region of SSIIa are circled 

in pink. ZmSSIIa: maize SSIIa, TaSSIIa: wheat SSIIa, HvSSIIa: barley SSIIa, OsSSIIa: rice SSIIa, 

AtSS2: Arabidopsis SSIIa and StSSIIa: potato SSIIa. Phosphorylation sites indicated in the figure are 

based on the sites identified in this study for maize SSIIa, by Chen et al. (2016) for wheat SSIIa and 

by Patterson et al. (2018) for Arabidopsis SS2. TP: transit peptide. (B) Multiple sequence alignment 

of wheat (Ta) and barley (Hv) SSIIa isoforms illustrating sequence conservation as a heat map. Red 

area indicates the conserved sequences. (www.ibi.vu.nl/programs/pralinewww) 
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5.4 Summary  

In summary, the results presented in this thesis suggest a significant role for protein 

phosphorylation and protein-protein interactions in the post-translational regulation of maize 

SSIIa. Experimental evidence from this study indicated that ATP treatment (phosphorylation) 

in the presence of amyloplast protein kinases enhances the catalytic activity of SSIIa. 

Moreover, association of SSIIa with SBEIIb in a HEC in a phosphorylation-dependent 

manner was confirmed. In vitro studies on the interaction of maize SSIIa with SBEIIb led to 

the conclusion that the central domain of SSIIa is responsible for its association with SBEIIb 

in maize (probably via the KCRRR region in the latter) and that phosphorylation stimulated 

their interaction. Furthermore, the evidence suggests that there are multiple phosphorylation 

sites within both N- and C-terminal regions of maize SSIIa, but not the central region. At 

least one tyrosine residue (Tyr165) located at the N-terminal disordered region was found to 

be involved in phosphorylation of SSIIa in maize.  

A summary of the possible post-translational modifications of maize SSIIa is 

illustrated in Figure 5.3. 
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Figure 5. 3 Summary of post-translational modifications of SSIIa in maize. SSIIa might 

interact with SBEIIb in different combinations. SSIIa might be phosphorylated on one or both N- and 

C- terminal regions or unphosphorylated while it interacts via its central region with phosphorylated 

or non-phosphorylated SBEIIb (probably KCRRR domain) (1-6). The two proteins might also exist as 

HMW oligomers (7), in which some SSIIa and SBEIIb proteins are phosphorylated while some others 

are not. While coiled-coil domains are predicted to be involved in protein-protein interactions, and 

their function is unknown in SSIIa, it could be speculated that SSIIa might also associate with itself 

through its coiled coil domain to produce homo-oligomers (8 and 9). The stoichiometric proportions 

for each type of the illustrated protein complexes, their phosphorylation and/or hetero/homo- 

oligomeric states are not clear. 

 

The results presented in this thesis suggest that, although bioinformatic predictions 

are useful, they are limited in being able to detect all phosphorylation site(s) within a protein. 

Likewise, identification of SSIIa phosphorylation sites by mass spectrometry was not 

successful, suggesting the likelihood of a low level of phosphorylation of maize SSIIa, 
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making the detection of phosphorylation sites more challenging. This could arise from either 

limited phosphorylation or rapid turnover of the phospho-amino acids/dephosphorylation. 

Future approaches might include a combination of peptide-enrichment, mass spectrometry 

(MS) on the phosphorylated-polypeptide of N-terminal and C-terminal truncations. Using 

phosphopeptide specific antibodies against regions containing putative phosphorylated amino 

acids could also be useful in the future.  

Using biochemical approaches, this study reported, for the first time, tyrosine 

phosphorylation within a starch biosynthetic enzyme. Characterization of potential protein 

kinases and phosphatases involved in phosphorylation of SSIIa directly, or indirectly 

(through activation/deactivation of other enzymes) in starch metabolism would shed more 

light on the significance of the regulatory role of phosphorylation on the physiochemical 

properties of starch biosynthetic enzymes including SSIIa. Resolving the crystal structure of 

SSIIa or SSIIa-SBEIIb complexes by small angle X-ray scattering analysis (SAXS) and X-

ray crystallography, which could describe the molecular organization at atomic level of both 

enzymes individually and in association with each other within a complex, would be of great 

advantage in understanding their biological role in the starch biosynthetic pathway. 

The current study has provided new insights into our understanding of novel complex 

signal transduction system regulating biosynthesis of highly organized crystalline structure of 

starch in plants. This work is of strategic importance and has the potential to identify novel 

genes, such as protein kinases and phosphatases involved in SSIIa phosphorylation, for future 

crop improvement.  
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