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Starch is an important polymer made up of amylose and amylopectin. ADPglucose pyrophosphorylase (AGPase), starch synthases (SS), starch branching
enzymes (SBE), and starch debranching enzymes (SDE) are involved in starch
synthesis. SSI, SSIIa and SBEIIb associate in phosphorylation-dependent multisubunit complexes in maize. This investigation aimed to characterize new
mutations in the SBEIIb gene using a TILLING technique. A single nucleotide
substitution (G>A) in the SBEIIb gene was generated, translating to a cysteine to
tyrosine amino acid change (C663Y) in a putative protein-protein interaction
domain. C663Y SBEIIb appears to have reduced activity compared to the
reference genotype, and the SBEIIb-SSIIa interaction is weakened. Starch granules
from the C663Y mutant appear to possess SBEIIb as well as another branching
isoform, SBEI, which is not normally found in the starch granule. The work
presented here suggests altered protein-protein interactions in the C663Y mutant
resulting in a change in starch structure.
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Chapter 1
1.1 General Introduction
Starch accumulates in the plastids of leaves, roots, tubers and storage tissues of many
higher plant species as well as green algae, and serves as a store of useable carbohydrate energy.
Due to the water-insoluble nature of the starch granule, it has minimal effect on the osmotic
pressure inside the plastid which prevents a shift in equilibrium between the plastid stroma and
the cytoplasm. Depending on the tissue in which it is accumulated, starch serves multiple energydependent purposes. The leaves synthesize starch within their chloroplasts during the day so that
it may be used as an energy store overnight, while roots often degrade their starch store during
times of changing environmental conditions such as shifts in day length.
Starches produced in the seed endosperm are synthesized in a specialized plastid known
as the amyloplast, and differ from those produced in other parts of the plant because they serve
as a long-term carbon store for developing seeds (Tetlow, 2011). Most of the starch for human
consumption comes from storage starches of the endosperm of cereal grains (maize, rice, barley
and wheat); it is estimated that worldwide 2 billion tons of starch is produced annually in the
cereals (Food and Agriculture Organization of the United Nations, http://faostat.fao.org). In roots
and tubers, (potato, cassava, taro, etc.) starch is produced in excess of 700 million tons each year
(http://faostat.fao.org). This statistic makes starch not only universally available but also an
inexpensive, renewable resource. Maize (Zea mays L.), is the most widely used source of starch
due in part to its genetic diversity (Wang et al., 1998). Along with being a calorie-dense food
source, starch is also an important raw material in many areas of industry including, but not
limited to, the production of biodegradable plastics, pharmaceuticals, building materials and
1

paper production (Burrell, 2003). As a raw material, it also exhibits widespread use in the food
sector where its rheological properties make it useful as a thickener in syrups and sauces, a
source of energy in baby foods, and a binder in meat products.
Starch and its byproducts are useful in so many industries due to the number of naturallyoccurring and genetically modified starches, which differ in structure and function. For example,
waxy maize starch lacking amylose is useful as a thickener in food products due to its low
gelatinization temperature and pasting qualities (Jobling, 2004). Highly phosphorylated potato
starch is useful in paper production due in part to its high gelatinization temperature and stable
pasting properties (Blennow et al., 2003). High-amylose starch such as that found in amylose
extender mutants of maize, is resistant to digestion making it beneficial as a source of dietary
fiber (Nugent, 2005). By manipulating the enzymes involved in starch biosynthesis, in theory,
one can create unique starches with the rheological properties necessary for any given
application. Utilizing these native starches means costly and environmentally harmful chemical
modifications to the starch can be reduced or altogether discontinued.
1.1

Starch Structure
Starch is composed of two different glucan polymers: amylopectin and amylose. These

molecules are formed via α-(1→4) bonded glucosyl units which are branched at α-(1→6) points.
Amylopectin contains α-(1→6) branches approximately every 20 residues while amylose is a
largely linear molecule with only 5-17 α-(1→6) branches per molecule (Hanashiro and Takeda,
1998; Hanashiro et al., 1996; Takeda and Hizukuri, 1987) (Figure 1.1). Amylopectin comprises
the majority of the starch in the granule, about 75% (Tetlow, 2011).

2

Figure 1.1: The structure of amylose and amylopectin. Amylose is a mainly linear chain of
glucosyl units connected by α-(1→4) glycosydic bonds. Amylopectin is a highly, regularly
branched glucan chain with branch points occurring via α-(1→6) glycosydic linkages. Figure
adapted from http://www.rsc.org/Education/Teachers/Resources/cfb/carbohydrates.htm.
The fine structure and organization of amylopectin facilitates formation of highly
organized, insoluble starch granules that possess a semi-crystalline nature when multiple glucan
chains interact. These starch granules vary in number, size and shape in the cereals and also
show unique morphology in certain starch mutants. For example, wild type maize starch granules
can be either round or polygonal in shape, and range in diameter from 5-30um while starch
granules harvested from potato tubers display an oval or spherical morphology and have a size
range of 5-100um (Bertoft et al., 2012).
Multiple theories have been proposed to explain the semi-crystalline nature of the starch
granule, but the cluster models proposed by Robin et al. (1974), French (1984) and Hizukuri,
3

(1986) are the most widely-accepted (Figure 1.2). However, recently an alternate backbone
model of amylopectin organization in the granule has been proposed (Bertoft, 2004). Both
models will be reviewed below (Figure 1.2 and Figure 1.4).

Figure 1.2: The structure of amylopectin within the granule contributing to its semi-crystalline
nature as proposed by the cluster model. Crystalline lamellae are defined as regions of
interaction between closely associated chains in the form of left-handed double helices.
Amorphous lamellae are characterized by relatively few branch points and longer glucan chains.
Units of amorphous and crystalline lamellae are packed side-by-side in this model and represent
multiple, interacting clusters. The arrow shows the direction of starch synthesis from the nonreducing end outward. Diagram from (Tetlow, 2011).
The cluster model proposes the existence of two distinct regions within the starch
granule: the crystalline lamellae and the amorphous lamellae. Due to the predictable nature of the

4

branch point frequency and the length of branch chains, adjacent linear chains can interact to
form left-handed double helices. This collection of double helices contributes to the crystalline
lamellae and accounts for the water insoluble nature of the granule. The amorphous lamellae on
the other hand, are characterized by dispersed branch points and longer glucan chains which
confer on the molecule a semi-crystalline quality (French, 1984; Hizukuri, 1986). Amorphous
regions are also thought to be the location of amylose deposition (Jenkins and Donald, 1995).
The amorphous and crystalline lamellae are repetitive units throughout amylopectin and
are responsible for the visible growth rings inside the granule (Figure 1.3). These growth rings
are only visible after acid hydrolysis of the starch granule (which removes the amorphous
regions) and show a periodicity of 150-200nm (Buttrose, 1960; Pilling and Smith, 2003). Each
growth ring contains side-by-side units of amylopectin termed blocklets, which each contain
clusters composed of both amorphous and crystalline regions (Gallant et al., 1997). Repeated
blocklets form the polyhedral maize starch granule which ranges in size from 2-30um (Buléon et
al., 1998).

Figure 1.3: Transmission Electron Micrograph (TEM) of a normal starch granule following an
etching treatment with strong acid. Each growth ring represents a blocklet composed of both
amorphous and crystalline regions of the amylopectin. The center of the granule is known as the
hilum. Picture from (Pilling and Smith, 2003).
5

The backbone model of amylopectin organization proposed by Bertoft (2004) suggests
that amylopectin clusters are not separated from the backbone but instead form a part of it
through interaction with the long horizontal chains (Figure 1.4). Whereas the cluster model
proposes that the long, highly-branched, internal chain protrudes from the center of the granule
outward through the repeated crystalline and amorphous lamellae, the backbone model postulates
that it runs along the amorphous region (Bertoft et al., 2010). Additionally, according to the
backbone model these blocklets of crystalline lamellae, extending perpendicularly from the
amorphous backbone, are stacked one on top of the other to form the semi-crystalline starch
granule.

Figure 1.4: The structure of amylopectin within the starch granule as proposed by the backbone
model. Clusters of adjacent amylopectin branches closely interact to form left-handed double
helices indicative of the crystalline lamellae, as indicated by small arrowheads at the end of
chains. These clusters interact with the long chains emanating from the reducing end which make
up the amorphous lamellae. The thick wavy line represents amylose which is thought to be found
along with the long, sparsely-branched amylopectin chains in the amorphous region. Figure
adapted from (Bertoft, 2004).
Amylose is not found to have any regular pattern or arrangement inside the starch granule
and therefore does not contribute to the proper structure and organization of the granule (Keeling
and Myers, 2010). Despite this, amylose is still an important component to starch as a whole, and
a number of the mutant varieties owe their particular characteristics to a high or low amylose
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content. For example, high amylose starch such as that found in the amylose extender mutant of
maize (Section 1.3.4.1.1), is less vulnerable to digestion by saliva and pancreatic α-amylases
which prevents spikes in blood sugar making it is useful in healthy food production (Lehmann
and Robin, 2007; Zhang and Hamaker, 2009). Low amylose starches, such as those isolated from
waxy mutants (Section 1.3.2), are used extensively by the processed meat industry where their
rheological properties make them useful in maintaining the texture of the finished product
(Burrell, 2003). The different enzymatic pathways of amylose versus amylopectin synthesis lead
to the highly variable nature in their structures and characteristics.
1.1.1 Granule Initiation
Starch granule formation is thought to be initiated at the hilum, or center, of the
developing granule (Ziegler et al., 2005). A starch initiation protein was discovered in
Arabidopsis which was thought to be the catalyst for commencement of the granule structure
(Chatterjee et al., 2005). This protein is analogous to a glycogen initiation protein, glycogenin,
found in animal cells (Rodriguez and Whelan, 1985; Whelan, 1986), but the work on the plant
orthologue has never been verified. Szydlowski et al. (2009), found that in double mutants of
Arabidopsis lacking both starch synthase III and starch synthase IV activity, normal granule
initiation was disrupted causing the plant to develop one large starch granule per chloroplast.
These results suggest a role for these specific starch synthases in the initiation and regulation of
granule formation (Roldán et al., 2007). Isoamylase-type debranching enzymes have also been
implicated in the control of granule formation. In two cereals, rice (Oryza sativa) and barley
(Hordeum vulgare L.), loss of isoamylase activity caused a decrease in the size of starch granules
compared to the wild type as well as altered morphology of the granular structure to include
7

angular granules fused to one another to form compound granules (Burton et al., 2002; Kawagoe
et al., 2005). 
1.2 Starch Biosynthesis
Though the substrate, ADP-glucose (ADP-Glc), is the same for both amylose and
amylopectin synthesis, each polymer requires different enzymes for its synthesis. Amylose,
having a simpler structure, requires only one enzyme for synthesis while amylopectin requires
the coordinated action of multiple enzymes. The enzymes involved in the starch biosynthesis
pathway are outlined in Figure 1.5 and each will be discussed in more detail in this overview.

Figure 1.5: The classes of enzymes involved in starch synthesis in higher plants. ADP-glucose
pyrophosphorylase synthesizes ADP-glucose, the substrate for amylose and amylopectin
biosynthesis. Granule-bound starch synthases elongate the linear component, amylose. Soluble
starch synthases, starch branching enzymes, starch debranching enzymes and starch
phosphorylase play a role in the formation of the branched component, amylopectin.
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1.2.1 ADP-Glucose Pyrophosphorylase
The first step in the starch biosynthetic pathway is the production of a glucosyl unit in the
form of ADP-Glc, which is added to the growing carbohydrate chain by starch synthases (Okita,
1992; Okita et al., 1990). ADP-glucose pyrophosphorylase (AGPase) catalyzes the reversible
reaction between glucose-1-phosphate (Glc-1-P) and ATP to yield ADP-Glc and pyrophosphate
(PPi). AGPase is made up of two large subunits and two small subunits (Okita et al., 1990). In
maize endosperm, shrunken-2 and brittle-2 encode for the large and small subunits, respectively
and a mutation in either produces a reduced-starch phenotype (Dickinson and Preiss, 1969; Tsai
and Nelson, Oliver, 1966).
While the small subunits control both subunit complex formation and overall catalytic
activity (Ballicora et al., 2005), the large subunit is mainly responsible for enzyme activation.
However, studies using maize and potato AGPase fragments to generate mosaic enzymes
showed that both the large and small subunits regulate complex formation (Cross et al., 2004).
The large subunit is inhibited allosterically by inorganic phosphate (Pi) in the photosynthetic and
non-photosynthetic tissue of many plants (Ghosh and Preiss, 1966), though cereal AGPase is less
sensitive to the cytosolic concentration of Pi (Kleczkowski et al., 1993a). Recent studies have
indicated altered responses of maize endosperm AGPase to allosteric effectors (Boehlein et al.,
2010) (See Section 1.4.1).
In maize endosperm, AGPase activity can be detected in both the cytosol and the
amyloplast, however the main site of ADP-Glc synthesis occurs within the cytosol (Denyer et al.,
1996). The cytosolic AGPase large and small subunits, encoded for by the shrunken-2 and
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brittle-2 genes, respectively, accounts for around 94% of the overall AGPase activity (Denyer et
al., 1996). The small and large subunits of the plastidial form of AGPase may be encoded by
agp2 and agp1 (Denyer et al., 1996), respectively, however other genes encoding AGPase
subunits have been identified (Huang et al., 2013). This is true of other monocot species such as
barley, wheat and rice where most of the ADP-Glc synthesis occurs outside the plastid (Beckles
et al., 2001; Thorbjornsen et al., 1996). In dicots such as pea (Pisum sativum L.), all of the
AGPase activity occurs within the plastid stroma (Beckles et al., 2001). Due to the extraplastidial generation of the glucosyl unit in cereals, ADP-Glc must been imported into the
amyloplast stroma by a nucleotide sugar transporter, brittle1 (bt1), before it can be utilized by
the starch synthases (Bowsher et al., 2007; Möhlmann et al., 1997; Tetlow et al., 2003).
1.2.2 Granule-Bound Starch Synthases
Though both amylopectin and amylose require starch synthases for proper formation of
starch, they use different isoforms of the enzymes. Starch synthases promote the transfer of the
glucosyl residue from ADP-Glc to the non-reducing end of a glucan primer in a reaction
catalyzed in such a way as to form α-(1→4)-O-linked bonds between the glucose units. After
ADP-Glc synthesis, the main enzyme involved in amylose biosynthesis is granule-bound starch
synthase, GBSS. These enzymes elongate amylose by introducing the aforementioned α-(1→4)
glycosidic bonds, and have an integral association with the granule matrix (De Fekete et al.,
1960; Nelson and Rines, 1962). Along with its amylose biosynthetic abilities, GBSS is also
thought to synthesize extra-long chains of amylopectin both in vitro and in vivo in rice
endosperm (Hanashiro et al., 2008) as well as other species (Maddelein et al., 1994). GBSSI
functions mainly in the endosperm or storage tissue in plants, while a second isoform, GBSSII,
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produces amylose in leaf transient starch (Fujita and Taira, 1998; Nakamura et al., 1998; Vrinten
and Nakamura, 2000). Little is known about the regulation of GBSSII as no mutant lines have
been identified.
The waxy locus encodes for GBSSI in maize endosperm and mutations in this gene result
in the elimination of amylose from the starch granule (Collins and Kempton, 1911). It is also the
earliest identified and most recognized mutation in the genes encoding enzymes involved in
storage starch synthesis. Mutations at this locus cause an alteration in the abundance of longchain amylopectin and waxy mutations have a marked effect on the rheological properties of the
starch such as reducing the gelatinization temperature, making it ideal for uses in the food
industry (Takeda and Hizukuri, 1987).
1.2.3 Soluble Starch Synthases
Starch synthases are glucosyl transferases involved in elongating the amylopectin chain
using ADP-Glc synthesized by AGPase. There are four soluble starch synthase genes, each with
their own specific role in amylopectin biosynthesis. Though each soluble starch synthase enzyme
elongates chains of different lengths in the formation of amylopectin, SS isoform activities may
possess some functional redundancy, as some null mutations can be partially or completely
complemented by other isoforms.
Starch synthase I (SSI) mainly elongates short chains of 10 glucosyl units or less (a
degree of polymerization-DP of less than 10), while other SS isoforms further elongate those
short chains (Commuri and Keeling, 2001). Though this enzyme seems to play a very specific
role in amylopectin synthesis early on in plant development (depending on the cereal in which
it's expressed), its knockout does not significantly affect proper formation of the starch granule,
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leading to the conclusion that the other starch synthases are able to perform the function of SSI
in its absence (Fujita et al., 2006). Peng et al. (2001) found SSI is the isoform responsible for the
majority of measurable starch synthase activity in the developing cereal endosperm and, because
of its early expression pattern, is often closely physically associated with the starch granule
which forms much later on.
The second starch synthase is present as two isozymes encoded by two distinct genes.
Starch synthase IIa (SSIIa) has a small but unique role in amylopectin synthesis in the cereals
while the function of starch synthase IIb (SSIIb) is relatively unknown due to the lack of
mutations at this locus (Tetlow, 2011). SSIIb is found more predominantly in leaves and other
photosynthetic tissues, while SSIIa is found in the endosperm (Harn et al., 1998). In barley, the
sex6 gene encodes SSIIa and the knockout mutant phenotype confers some novel properties upon
the starch; the amylopectin was found to contain a higher abundance of shorter chains and the
gelatinization temperature of the starch was reduced (Morell et al., 2003). These results suggest
that SSIIa plays a role in amylopectin intermediate chain synthesis. These researchers found
amylopectin synthesis in the knockout mutant was reduced by 80% and the activities of SSI,
starch branching enzyme IIa and starch branching enzyme IIb were also negatively affected.
Interestingly, SBEIIa, SBEIIb, SSI and SSIIa could not be detected in the granule of the sex6
mutant, however these proteins were still detected in the soluble fraction. This result suggests
barley SSIIa may facilitate entry into and/or association with the starch granule (Morell et al.,
2003).
Zhang et al. (2004) were the first researchers to show that the mutant gene sugary2 (su2)
encodes the SSIIa protein in maize. The su2 phenotype confers upon the kernel a higher level of
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amylose over amylopectin because of the suppression of amylopectin synthesis. From this
mutational study it was determined that the role of SSIIa in normal starch synthesis is to elongate
glucan chains of intermediate length, or a degree of polymerization of 12 to 25. SSIIa makes up
relatively little of the total in vitro starch synthase activity (Cao et al., 1999), but despite this,
several researchers have found that SSIIa plays an important role in determining the
gelatinization temperature (GT) and other physical characteristics of the resulting starch (Bao et
al., 2009; Nakamura et al., 2005; Umemoto et al., 1999, 2002; Vrinten and Nakamura, 2000).
Bao et al. (2009) proposed that amylopectin containing more short chains will have a lower GT
compared to amylopectin containing more long chains. This is because the chain length of
amylopectin determines the GT and SSIIa determines how long those chains will be.
In rice, two groups have been identified termed japonica-type and indica-type (Oka and
Morishima, 1997), which differ in their respective susceptibility to degradation by basic or urea
solutions, and other physical characteristics of the starch. Starch from indica-type rice is resistant
to digestion by KOH or urea whereas japonica-type starch is readily degraded when exposed to
the same solutions (Darabsett and Warth, 1914). Indica-type starch extracted from rice grains is
less vulnerable to disintegration because it contains very few short chains of DP≤10 when
compared to japonica-type (Nakamura et al., 2002; Umemoto et al., 1999). It is hypothesized
that the long chain (L-type) starch that is accumulated in indica varieties is able to form longer
double helices which are more resistant to degradation, while the short chain (S-type)
amylopectin in japonica-type form shorter double helices and are vulnerable to dispersion in
alkaline solutions.
A study by Nakamura et al. (2005) revealed that single nucleotide polymorphisms in
SSIIa from japonica and indica varieties of rice are responsible for the alteration in amylopectin
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structure between the two varieties. When indica-type SSIIa was incubated with S-type
amylopectin in vitro, it was able to synthesize L-type amylopectin, and when the reverse
experiment was conducted using japonica-type SSIIa, no change in amylopectin change-length
frequency was observed. Four rice varieties were used to study differences in SSIIa sequence and
starch structural properties; IR36 and Kasalath (both indica-type) and Nipponbare and Kinmaze
(both japonica-type). These researchers compared the sequences for SSIIa from each type of rice
and found that there were only four amino acid differences between japonica and indica
varieties;

was replaced with Asp while

was replaced with Ser in indica and

japonica varieties, respectively. The remaining two amino acid replacements were varietyspecific;

in indica-type was found to be Met in Nipponbare-type, while

in indica-

type was Phe in Kinmaze-type. The four gene fragments containing the variable nucleotides were
shuffled to create twelve chimeric enzymes representing all possible combinations of the
sequences from each cultivar. This experiment identified two essential amino acids for SSIIa
activity. When

from indica-type SSIIa was replaced with Met (Nipponbare-type) or

was replaced with Phe (Kinmaze-type), SSIIa activity was greatly reduced. When both
and

in indica-type were replaced with

and

in Kinmaze-type,

respectively, SSIIa activity was reduced and this chimeric SSIIa was unable to synthesize L-type
amylopectin. These gene fragment shuffling experiments suggest a role for

and

in

both catalytic activity and also chain length preference of SSIIa in rice.
There are two isoforms of SSIII; SSIIIa and SSIIIb, encoded by two genes. Like SSIIa,
SSIIIa activity is localized to the endosperm while SSIIIb activity is mainly found in the leaves
(Harn et al., 1998). The maize gene encoding for SSIIIa is known as du1 which was named for
the dull kernel phenotype generated in the knockout mutant (Mangelsdorf, 1947). However this
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phenotype, which also results in shorter glucan chains, can only be identified in a double mutant
of maize also lacking GBSSI (encoded for by the waxy gene) (Gao et al., 1998; Inouchi et al.,
1983). Because of the lack of long chains in the mutant, SSIIIa is proposed to play a role in long
glucan chain (DP>30) polymerization (Fujita et al., 2007; Ryoo et al., 2007), and although it is
considered an amylopectin biosynthetic enzyme, it seems to have a higher affinity for amylose
over amylopectin in vitro (Cao et al., 2000).
Immunodepletion experiments in maize provided evidence that SSIIIa contributes the
second-highest level of soluble starch synthase activity (next to SSI), in the developing
endosperm (Cao et al., 1999). When its activity is lost in a non-waxy background, SSI and
GBSSI can partially compensate, but this results in an overproduction of longer, mainly linear
glucan chains which form a less crystalline granular structure (Fujita et al., 2007). This discovery
led researchers to believe SSIIIa may play a regulatory function along with its synthesis role in
the amylopectin biosynthetic pathway (Boyer and Preiss, 1981; Cao et al., 1999; Fujita et al.,
2007).
The last of the known starch synthase enzymes, SSIV, also consists of two isozymes,
SSIVa and SSIVb, whose activity can be found in the endosperm and leaf tissues, respectively
(Leterrier et al., 2008). SSIV is thought to play a role in starch granule accumulation and
regulation. When SSIV activity is lost in Arabidopsis, a mutant phenotype consisting of the
development of a single, large granule within the chloroplast has been observed (Roldán et al.,
2007). SSIV is only able to elongate glucan substrates such as maltotriose and cannot initiate
synthesis activity without a glucan precursor (Szydlowski et al., 2009).
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1.2.4 Starch Branching Enzymes
As glucan chains are being elongated by the four starch synthase enzymes, other chains
are concurrently being branched by the action of the various starch branching enzymes (SBEs).
SBEs cleave the α-(1→4) bonds generated by SSs, and form new α-(1→6) linkages via the C6
hydroxyl group of a glucosyl unit on the same (intra-chain transfer) or an adjacent (inter-chain
transfer) glucan chain. Though transfer of chains by SBEs can occur via intra- or inter-chain
transfer, studies in potato have shown that inter-chain transfer occurs more often (Borovsky et
al., 1975, 1976, 1979). Branching enzymes have also been shown to stimulate the activity of
starch synthases, most likely by providing additional non-reducing ends which are available for
elongation (Hawker et al., 1974).
Two major isoforms of branching enzyme, SBEI and SBEII, exist in starch-producing
plants. Each has a different affinity for glucan chains of varied length (DP); SBEI from maize
appears to have a higher affinity for amylose while SBEII from maize catalyzes the transfer of
shorter chains (DP 3-9) to amylopectin molecules (Guan and Preiss, 1993) Loss of SBEI activity
in both photosynthetic and endosperm tissues has little measurable effect on starch synthesis,
while combined knockout of SBEI and SBEIIb causes an increase in amylopectin branching
(Blauth et al., 2002; Flipse et al., 1996; Satoh et al., 2003; Yao et al., 2004). This phenotype
suggests SBEI may regulate branching activity by affecting the other branching enzyme
isoforms.
Along with their differing affinity for amylose and amylopectin, SBEI and SBEII
preferentially transfer glucan chains of different lengths. For example, SBEI from maize
endosperm can transfer chains up to DP 30, while its preference is for chains DP 10-13 (Guan et
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al., 1997; Kuriki et al., 1997; Takeda et al., 1993). The SBEII class from maize (SBEIIa and
SBEIIb) transfers chains of DP 3-9 but shows a preference for chains of DP 6-7 (Takeda et al.,
1993). In other cereals such as rice (Nakamura et al., 2010) and wheat (Morell et al., 1997), and
in potato tuber (Rydberg et al., 2001), the SBEII class has been shown to transfer chains of DP 614. In addition, linear glucans must be a minimum chain-length of DP 15 and DP 12 in order to
stimulate maize SBEI and SBEII, respectively (Guan et al., 1997). As SBEs have been found to
be catalytically stimulated in the presence of closely-associated glucan chains, and the minimum
chain length requirement for the formation of a double helix between adjacent chains is a DP of
10 (Gidley and Bulpin, 1987), it follows that SBEs may only be active in the presence of a
double helical glucan (Borovsky et al., 1975, 1976, 1979).
In monocots there are two distinct SBEII genes, SBEIIa and SBEIIb, that encode
variants of SBEII (Rahman et al., 2001). In wheat endosperm, SBEIIa is the dominant branching
enzyme isoform and is expressed at much higher levels than SBEIIb (Regina et al., 2005, 2006).
This is in contrast to most other cereals, including maize endosperm, where the major isoform of
branching enzyme is SBEIIb, and it is the most abundant protein in the amyloplast (Gao et al.,
1997; Mu et al., 2001). In barley, SBEIIa and SBEIIb are expressed at relatively equal levels in
the endosperm (Sun et al., 1998).
All SBEs, along with most other starch biosynthetic enzymes, belong to the α-amylase
super-family of enzymes, also known as the glycoside hydrolase family 13 (GH13) (Stam et al.,
2006). These enzymes are characterized by the presence of three distinct domains: the central
catalytic (A-domain), the amino-(

-) terminal (B-domain) containing two modules (N1 and

N2), and the carboxy (C)-terminal (C-domain) (Figure 1.6) (Abad et al., 2002; MacGregor et al.,
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2001). All SBEs contain both the N1 and N2

-terminal modules and it is believed that the

N1 module is the result of a DNA duplication of the N2 module (Leggio et al., 2002).The Adomain is characterized by a β/α barrel consisting of eight parallel β-stands and eight α-helices
which was originally predicted using hydrophobic cluster analysis of the human pancreatic αamylase (Brayer et al., 1995), and has been subsequently proven by X-ray crystallography of
SBEI from rice (Noguchi et al., 2011; Vu et al., 2008) and GBE from E. coli (Abad et al., 2002).
This domain also contains four regions which are highly conserved among the GH13 family of
enzymes (Baba et al., 1991; Svensson, 1994).

Figure 1.6: The structure of all starch branching enzymes. The A-Domain is the central catalytic
domain which contains four highly-conserved regions (I, II, III and IV) among those members of
the GH13 family of enzymes. The B-Domain is the
-terminus of the protein and consists of
two modules (N1 and N2) as well as a CBM48. The C-Domain is the carboxy-terminal domain.
Figure adapted from (Tetlow, 2012).
The

-terminal domain contains a family 48 carbohydrate-binding-module (CBM48)

which acts to form or cleave the α-1,6-bonds and is common to the BEs as well as the
debranching enzymes (DBEs), isoamylase and pullulanase (Jespersen et al., 1991; Koay et al.,
2007). Studies conducted by Kuriki et al. (1997) have provided evidence that the
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-terminal

domain from maize SBEs govern the enzymes’ size preference for the glucan chain transferred.
These researchers produced a chimeric enzyme containing the central catalytic domain and Cterminal domain from maize SBEIIb, and the

-terminal domain from maize SBEI. This

hybrid enzyme had a preference for long chain transfer of DP 11-12, typical of SBEI, as opposed
to shorter chains of DP 3-9 which is the preferred glucan chain length by SBEIIb. Conclusions
from this research suggested the
preference, as the

-terminal domain must play a role in chain-length

-terminal domain was the only domain present from SBEI and was the

only domain which could account for its altered substrate specificity (Kuriki et al., 1997).
The construction of chimeric SBEs was also used to study the role of the C-terminal
domain. A chimeric form of SBE was generated containing the

-terminal and central

catalytic domains from maize SBEIIb and the C-terminal domain from SBEI (Kuriki et al.,
1997). The resulting chimeric enzyme showed substrate preference for amylose (typical of SBEI)
in contrast to SBEIIb which prefers to work on the highly-branched amylopectin. More typical of
SBEIIb was its chain-length preference of DP 6. This enzyme also showed higher activity when
compared to its wild type maize SBEI and SBEIIb counterparts. These results suggest a role for
the C-terminal domain in catalytic capacity as well as substrate preference. Deletion of 58 amino
acids from the C-terminus showed almost no change in catalytic activity or substrate preference
compared to the full-length chimeric enzyme suggesting that this region is not required for
substrate preference or catalytic activity (Hong and Preiss, 2000). However, when 87 additional
amino acids were deleted from the remaining C-terminal extension, catalytic activity was lost
(Hong and Preiss, 2000). 25% of the enzyme’s activity was regained after the 87 amino acid
deletion was replaced with the corresponding 79 amino acids from the C-terminus of SBEIIb,
however substrate preference for amylose over amylopectin remained the same. These results
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suggest there are two distinct regions in the C-terminal domain;
region important in catalytic capacity while

to

to

encode a

are important residues in the

determination of substrate preference (Hong and Preiss, 2000).
1.2.4.1 Mutations of SBEs
In wheat, RNA interference (RNAi) was used to reduce expression of both SBEIIa and
SBEIIb and the impact on the resulting starch was studied (Regina et al., 2006). Knock-down of
SBEIIb expression alone did not alter the amylose content however, when both isozymes were
down-regulated, the amylose content was increased to >70% of the starch granule. Interestingly,
reducing the expression of the dominant branching isoform in wheat, SBEIIa, did not affect the
kernel weight however it did decrease the endosperm starch content by nearly 10% (Regina et
al., 2006). In maize SBEIIa is thought to play a role in transient starch biosynthesis in the leaf
though it is expressed ubiquitously in both leaf and endosperm tissues (Blauth et al., 2001).
Maize leaves lacking in SBEIIa showed an altered starch phenotype in which amylopectin was
less frequently branched and was therefore more resistant to digestion during the dark period
(Yandeau-Nelson et al., 2011).
Mutations in the gene encoding SBEIIb are some of the most well-characterized and
often exploited mutants in storage starch synthesis. These mutations will be discussed in further
detail in section 1.3.4.1.1
1.2.4.1.1 Amylose extender
One of the earliest mutations studied in branching enzymes was the wrinkled (rugosus, r)
mutant in pea, identified by Mendel (Bhattacharyya et al., 1993, 1990; Mendel, 1865). The
mutation results in the loss of SBEI activity, the main branching isoform in pea, and is
20

characterized by a wrinkled seed containing 50% less starch when compared to wild type
varieties (Bhattacharyya et al., 1993, 1990; Mendel, 1865). This mutation results in the
accumulation of sucrose over insoluble starch which increases the osmotic potential in the
endosperm. r mutant peas appear identical to wild type until they begin to dry and lose their
excess water, when the wrinkled seed phenotype of this mutation becomes evident.
The loss of SBEIIb activity in maize is characterized by the amylose extender (ae)
mutant. This mutation results in the loss of the major branching enzyme activity (SBEIIb) in the
endosperm and therefore the majority of amylopectin branching (Banks et al., 1974; Mu et al.,
2001). Maize kernels from a variety of ae mutants display the same indented seed phenotype
displayed by Mendel’s wrinkled peas. This mutation results in an apparently high amylose
phenotype, however since there is no alteration to the catalytic activity of GBSSI (Klucinec and
Thompson, 2002), it likely contains amylose as well as linearized amylopectin which contains
longer glucan chains and fewer branches when compared with wild type amylopectin (Figure
1.7) (Klucinec and Thompson, 2002). These authors used β-amylase, isoamylase and pullulanase
to debranch starch samples from wild type and ae maize and estimated the chain-length
distribution based on high-performance size-exclusion chromatography (HPSEC). The ae
amylopectin studied was found to have a 1.5 times higher average chain length compared to wild
type (WT) amylopectin indicating a trend toward longer chains and fewer branches (Klucinec
and Thompson, 2002). The action of another branching enzyme in the ae mutant, SBEI, which
has a higher affinity for long chain α-glucans explains the shift in chain-length distribution
towards branches with longer overall chain-lengths (Guan and Preiss, 1993; Takeda et al., 1993).
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Figure 1.7: Structure of amylopectin in wild type and ae backgrounds. Wild type amylopectin
contains chains of intermediate length that are highly branched. A chains bind to B chains, while
B chains bind to other B chains along with a central C chain. There is only one C chain per
molecule. While A chains are the shortest, B chains are numbered sequentially based on their
increasing chain length. Amylopectin from the ae mutant consists of longer chains with
infrequent branch points. Fewer branches allow the chains to associate more closely making
them less susceptible to degradation by amylases.
Due to the sparsely branched nature of the linearized amylopectin, adjacent glucan chains
are able to associate more closely creating a tighter crystalline structure which is less vulnerable
to degradation by α-amylase (Eerlingen et al., 1993, 1994). Along with its effect on SBEIIb
activity, the ae mutation has a pleiotropic effect on SSI activity in the endosperm. SSI activity is
reduced in the absence of SBEIIb and this effect can be seen in both maize and rice (Boyer and
Preiss, 1981; Nishi et al., 2001). For more information on the alleles of the ae locus in maize, see
section 1.4.3.
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1.2.5 Starch Debranching Enzymes
Debranching enzymes (DBE) hydrolyze the α-(1→6) linkages introduced by the SBEs in
amylopectin (Ball et al., 1996; Zeeman et al., 1998). There are two types of DBE; isoamylasetype (ISA) which includes three isozymes (isoamylase-1, isoamylase-2 and isoamylase-3), and
pullulanase-type (PUL), though not all DBEs are involved in starch synthesis. PUL, ISA-1 and
ISA-2 are all present in the maize endosperm during starch deposition and are therefore
implicated in starch synthesis whereas ISA-3 is almost undetectable during this phase (Kubo et
al., 2010). ISA-3 transcripts are however, present in abundance during maize germination and so
are proposed to play a role in starch degradation (Kubo et al., 2010).
PUL and ISA-type DBEs were first identified in the bacterial species Pseudomonas
amyloderamosa (ISA) and Klebsiella aerogenes (PUL) and were classified as distinct enzymes
based on their differing substrate preferences (Bender and Wallenfels, 1961; Harada et al., 1968).
PUL-type DBEs get their name from their preferred substrate, pullulan; a polysaccharide
composed of maltotriose units which accumulates in some fungi. ISA-type DBE are unable to
hydrolyse the α-(1→6) bonds of pullulan but can debranch glycogen (Abdullah et al., 1966;
Harada et al., 1971; Kainuma et al., 1978).
ISA-1 is an essential DBE in starch biosynthesis. Loss of ISA-1 in maize endosperm,
encoded by the sugary1 (su1) locus, results in a reduced starch content and the accumulation of
phytoglycogen (Morris and Morris, 1939). This mutation also has a marked effect on the chainlength distribution of amylopectin in maize and rice endosperm. Compared to wild type
amylopectin, mutants lacking ISA-1 showed an increase in chains from DP 5-11 and a decrease
in chains from DP 15-23 (Dinges et al., 2001). This mutation also results in a reduction of PUL-
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type DBE activity leading researchers to originally believe that a mutation in the gene encoding
the PUL was the reason for the su1 phenotype (Doehlert et al., 1993; Pan and Nelson, 1984).
Further research into the product of the su1 gene in rice and maize provided genetic evidence
that that locus encoded for an ISA as opposed to a PUL-type DBE (James et al., 1995). Further,
when the gene encoding PUL DBE in maize was mutated, the su1 phenotype was not observed
(Dinges et al., 2003). Interestingly, mutational studies in su1 homologous genes in other species
such as barley, potato, Chlamydomonas reinhardtii and Arabidopsis showed no impact on PUL
activity (Burton et al., 2002; Bustos et al., 2004; Dauvillée et al., 2000; Zeeman et al., 1998).
In maize endosperm, ISA-2 appears unnecessary for the production of a normal amount
of starch with normal physiochemical properties (Kubo et al., 2010). Both transposon-insertion
inactivation of the ISA-2 gene and RNAi silencing of its expression in maize and rice,
respectively, did not induce phytoglycogen accumulation or reduce starch levels in the
endosperm (Kubo et al., 2010; Utsumi et al., 2011). Conversely, loss of ISA-2, ISA-1 or
concurrent loss of both enzymes results in a reduction in starch and a build-up of phytoglycogen
in Arabidopsis leaves (Delatte et al., 2005; Wattebled et al., 2005). While ISA-1 and ISA-2 are
only found in a heteromeric protein complex in Arabidopsis, in maize and rice homomeric ISA-1
can also be detected along with the heteromeric complex which provides a possible explanation
for these cereals’ lack of dependence on ISA-2 (Kubo et al., 2010; Utsumi and Nakamura,
2006).
In rice, the ISA-1 homo-oligomer is required for starch synthesis though the ISA-1 and
ISA-2 hetero-oligomer can also be detected (Utsumi et al., 2011). In maize, either the homo- or
hetero-oligomer are adequate for normal amylopectin synthesis (Kubo et al., 2010). Recently,
Lin et al. (2013) identified a catalytically-active ISA-1 homomer in ISA-2-deficient maize leaf
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with the same molecular weight as that isolated from maize endosperm. A similar complex was
also detected in wild type maize leaf. However, in the absence of the heteromeric complex,
starch content was reduced to 46% of wild type levels, granules were smaller and the
amylopectin contained an increased frequency of short chains. The authors concluded that both
the ISA-1 homomer and the ISA-1 and ISA-2 heteromer play physiological roles in maize leaf
starch synthesis however the homomer is insufficient for transient starch synthesis. Facon et al.
(2013) studied recombinant Arabidopsis ISA-1 and ISA-2 enzymes and observed that in the
absence of ISA-2, ISA-1 lost catalytic function suggesting that formation of the heteromeric
complex involving ISA-1 and ISA-2 is necessary for debranching.
In maize mutants lacking both ISA-2 and SSIII, a high phytoglycogen phenotype is
observed despite the fact that neither single mutation on their own causes phytoglycogen
accumulation (Lin et al., 2012). These researchers showed that the ISA-1 homomer from the
dul1-, isa2- had approximately the same enzymatic activity as the wild type but concluded its
functionality in the absence of ISA-2 and SSIII was not adequate to prevent accumulation of
phytoglycogen. The authors hypothesized that SSIII may have a direct role in ISA-1 homomer
activity or substrate binding in vivo, although no affinity-based experiments have confirmed an
interaction. Alternately, SSIII may indirectly influence ISA-1 homomer functionality by altering
the structure of amylopectin to form glucan chains whose length is preferred by ISA-1.
It is not clear whether ISA-1 and ISA-2 are involved in glucose mobilization during
starch degradation. An excess of leaf starch was observed in Arabidopsis double mutants lacking
PUL and ISA-3 and the remaining DBEs were unable to degrade this starch overnight (Delatte et
al., 2006; Wattebled et al., 2008). This result suggests one of two possibilities; the first is that
ISA-1 and ISA-2 do participate in transient starch degradation but are only active in the presence
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of PUL and/or ISA-3 (Hennen-Bierwagen et al., 2012). The second possibility is that ISA-1 and
ISA-2 play no role in starch degradation and so are unable to compensate for the loss of PUL and
ISA-3 (Hennen-Bierwagen et al., 2012).
There are currently two competing models that attempt to explain the role of DBEs in
starch synthesis. The first is the glucan-trimming model (Figure 1.8) which postulates that DBEs
hydrolyze unnecessary branches on amylopectin which may have otherwise prevented
crystallization (Ball et al., 1996; Myers et al., 2000). Uniformly-branched amylopectin molecules
are able to pack closely together (without impeding bulky chains), encouraging crystallization.

Figure 1.8: Diagram illustrating the glucan trimming model of debranching enzyme function in
proper organization of the starch granule. After amylopectin elongation by SSs, SBEs add
multiple branches to the existing chains. DBEs act to remove any impeding branch points that
would otherwise prevent close association between adjacent chains and subsequent
crystallization. Figure from (Mouille et al., 1996).
The second model proposes that DBEs have a clearing role in the amyloplast stroma,
removing glucan monomers and short, branched glucans referred to as water-soluble pentosans
(WSPs) which might otherwise be randomly added to the growing amylopectin chain by starch
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biosynthetic enzymes (Fujita et al., 2009; Mouille et al., 1996; Wattebled et al., 2005, 2008;
Zeeman et al., 1998). This unessential branching and elongation of amylopectin would also, in
theory, lead to an accumulation of phytoglycogen over semi-crystalline amylopectin (Figure
1.9).

Figure 1.9: Diagram illustrating the proposed clearing role of DBEs. Water-soluble pentosans
(WSPs) produced by the combined action of SSs and SBEs are debranched to maltooligosaccharides (MOS) by DBEs. In the absence of DBEs, the unessential elongation and
branching of WSPs could lead to accumulation of phytoglycogen.
1.2.6 Starch Phosphorylase
Starch phosphorylase (SP) catalyses the reversible addition of a glucose monomer to the
growing glucan chain, using glucose-1-phosphate as its glucosyl donor (Hanes, 1940a, 1940b).
This reaction is reversible and whether SP acts in a synthetic or phosphorolytic fashion depends
upon the relative concentration of soluble substrates. There are cytoplasmic and plastidial forms
of SP, the latter of which is known as Pho1. Though Pho1 has been shown to be expressed at the
same time as other biosynthetic enzymes in pea, spinach, potato, and maize, its function in starch
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biosynthesis is relatively unknown (van Berkel et al., 1991; Duwenig et al., 1997; Yu et al.,
2001). It has however, been proposed that Pho1 may act in a regulatory role, limiting the amount
of maltooligosaccarides (MOS) which are needed for amylose formation (Takaha et al., 1998).
Though previous research predicted that higher subcellular Pi concentrations would encourage
SP to act in the degradative direction (Newgard et al., 1989; Schupp and Ziegler, 2004), recent
work by Hwang et al. (2010) suggested that even under high levels of inorganic phosphate, SP
activity was mainly in the synthetic direction. Starch phosphorylase has also been implicated in
the regulation of chain length by trimming long chains in the green algae Chlamydomonas
reinhardtii to ensure proper chain clustering (Dauvillée et al., 2006).
1.3 Regulation of Starch Biosynthesis
Multiple regulatory mechanisms have been identified which coordinate the simultaneous
action of the starch biosynthesis enzymes. These mechanisms include allosteric regulation, redox
modulation of enzyme activity, protein phosphorylation and protein-protein interactions.
1.3.1 Allosteric and Redox Modulation of AGPase
The first committed step in starch synthesis is the generation of glucosyl units in the form
of ADP-Glu by AGPase, a reaction which is under multiple levels of control to regulate the
amount of substrate available for glucan synthesis. Allosteric regulation of AGPase is involved
in the control of starch biosynthesis. In plants where starch synthesis occurs in the chloroplast
and is tightly coupled with photosynthesis, AGPase is stimulated by the presence of micromolar
concentrations of 3-phosphoglyceric acid (3-PGA), a metabolic intermediate in the Calvin cycle
(Ghosh and Preiss, 1966). In contrast, AGPase is inhibited by inorganic orthophosphate (Pi)
which is found in abundance during times of reduced ATP synthesis (Ghosh and Preiss, 1966).
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These allosteric effectors ensure the synthesis of starch when photosynthetic rates are high and
sugars are abundant, and the restriction of starch accumulation during the night and other periods
of low light (Preiss, 1991). In cereal endosperm, where the conversion of glucose-1-phosphate to
ADP-glucose by AGPase occurs in the cytosol of non-photosynthetically active tissue, this
enzyme is much less sensitive to concentrations of 3-PGA and Pi (Gómez-Casati and Iglesias,
2002; Kleczkowski et al., 1993a; Tetlow et al., 2003).
Recent evidence provided by Boehlein et al. (2010), has identified the reaction
mechanism responsible for AGPase activity in maize endosperm. They found that ATP is the
first substrate to bind to the AGPase enzyme followed by Glc-1-P, and after the conversion, PPi
followed by ADP-Glc are sequentially released from the active site. These results are consistent
with those for the well-characterized AGPase enzymes from the bacterium Rhodospirillum
rubrum and barley leaf (Kleczkowski et al., 1993b; Paule and Preiss, 1971). However unlike the
heterotetrameric barley leaf AGPase, ADP-Glc from maize endosperm competitively inhibits
binding of ATP to the active site (Boehlein et al., 2010). Further, PPi competitively inhibits
binding of Glc-1-P (Boehlein et al., 2010). This mechanism is the same as that for the bacterial
enzyme characterized by Paule and Preiss (1971) and follows a Theorell-Chance BiBi
mechanism (Boehlein et al., 2010).
There is also evidence that leaf AGPase is regulated by the reduction-oxidation (redox)
state of the cell (Hendriks et al., 2003). Tiessen et al., 2002, have provided evidence for redox
regulation of AGPase in potato tubers in high or low concentrations of sucrose. When
photosynthesis is not occurring and sucrose levels are low, the AGPase S subunits dimerize
which effectively decreases the enzyme’s ability to bind to Glc-1-P. This deactivation of the
AGPase enzyme also reduces its sensitivity to allosteric activation. The S subunits were found to
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form a disulphide bridge via their cysteine residues at amino acid position 12 and substitution of
a serine or alanine residue at this site resulted in a consituituively-active heterotetrameric
AGPase (Fu, 1998; Tiessen et al., 2002). Reduction of the disulphide bond between S subunits
by the addition of dithiothreitol (DTT) was found to activate the AGPase enzyme when in the
presence of ADP-Glc. Though the

site is not present in cereal AGPases, when the tyrosine

at position 12 of the S subunit is mutated to a cysteine the enzyme is able to be activated by DTT
and ADP-Glc when in the absense of 3-PGA (Linebarger et al., 2005).
1.3.2 Protein Phosphorylation
Along with protein-protein interaction, there is evidence that protein phosphorylation
plays a key role in the control of enzymes of starch synthesis. Tetlow et al. (2004) found that
SBE isoforms were all phosphorylated on serine residues within the amyloplast of the endosperm
and leaf chloroplasts. Specifically, three phosphoserines have been identified in maize SBEIIb
and confirmed by mass-spectrometry;

,

, and

(Makhmoudova et al., 2014). It

seems SBE phosphorylation acts as a regulatory mechanism for protein complex formation; the
formation or disassociation of specific complexes (see Section 1.4.3) is dependent upon which
serine residues are phosphorylated at any given time. The

phosphorylation site is highly

phosphorylated in the presence of kinases in the amyloplast, and while this phosphorylation site
stimulates SBEIIb activity, it is not responsible for the formation of the trimeric SBEIIb-SSIIaSSI protein complex (Makhmoudova et al., 2014). In wheat, other enzymes such as SBEI and SP
have also been found to be phosphorylated when found in complex with SBEIIb (Tetlow et al.,
2004).
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1.3.3 Protein-Protein Interactions and Protein Complex Formation
The presence of heteromeric protein complexes involving starch biosynthetic enzymes
was first identified in wheat amyloplasts by Tetlow et al. (2004) using enzyme-specific
antibodies to co-precipitate interacting enzymes. This complex consisted of SBEIIb, SBEI and
SP and it was later found all enzymes involved in the interaction were phosphorylated. The same
authors demonstrated that this interaction was reversible: the presence of ATP encouraged the
interaction while addition of a non-specific protein phosphatase caused disassociation of the
heteromeric complex.
An additional protein complex was identified in wheat endosperm in which SSI, SSIIa
and the dominant form of SBE, SBEIIa, were found to interact (Tetlow et al., 2008).
Interestingly, SBEIIa involved in the protein-protein interactions was found to have a higher
affinity for starch when compared to the monomeric form (Tetlow et al., 2008). A similar
complex was identified in maize endosperm which was comprised of SSI, SSIIa and SBEIIb
(Figure 1.10) and could be detected at multiple time points during endosperm development
(Hennen-Bierwagen et al., 2008; Liu et al., 2009).
Multi-enzyme complexes were only observed at middle, 20-25 days after pollination
(DAP) and late, 29-35 DAP and that protein-protein interactions between the starch biosynthetic
enzymes could not be detected earlier on in development, 9-12 DAP (Liu et al., 2009; Tetlow et
al., 2008). It is interesting to note that the different multi-enzyme complexes are formed during
different stages of starch deposition. For example, in wheat endosperm, the functional protein
complex consists of SBEIIb, SBEI and SP and can be detected in mid-endosperm development,
12-25 DAP (Tetlow et al., 2004). However, Tetlow et al. (2008) found that earlier in wheat
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endosperm development (1-15 DAP), the SSI, SSIIa and SBEIIb complex, also found in maize,
could be detected.
Enzymes involved in stromal protein complexes were also found to be associated with
the starch granule as granule-bound proteins (Liu et al., 2009).

Figure 1.10: Complex formation in amyloplasts of wild type maize. Phosphorylation of SBEIIb
promotes complex formation with SSI and SSIIa. Complex formation is mediated via proteinprotein interactions and protein phosphorylation. Diagram from Liu et al. (2009).
The loss of SBEIIb in an ae null mutant disrupts proper complex formation and a novel
multi-enzyme complex is formed (Figure 1.11). In the absence of SBEIIb, SSI and SSIIa
associate with SBEIIa, SBEI and SP, the latter two of which were found to be phosphorylated
and associated with starch granules. Though wild type maize SBEIIb has been found to interact
with SBEI, it is not found with SBEIIb, SSI and SSIIa in the starch granule (Liu et al., 2009).

Figure 1.11: Complex formation in amyloplasts of an ae null mutant of maize. In the absence of
SBEIIb, in the ae mutant, a novel protein complex involving SBEI, SBEIIa, SP, SSI and SSIIa, is
formed. This process is also regulated via protein phosphorylation however it is not known
whether these enzymes form one large complex or several small complexes. Figure adapted from
Liu et al. (2009).
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Recently, an ae variant in maize (ae1.2), in which a 28-amino-acid deletion results in
expression of a catalytically inactive enzyme, was compared to the null ae mutation (ae1.1)
described above (Liu et al., 2012a). These researchers found the inactive SBEIIb was still able to
complex with SSI, SSIIa as well as SBEI and that all four enzymes could be detected in the
starch granule. SP was not found to interact with the ae1.2 SBEIIb, nor was it found to be
trapped within the granule (Liu et al., 2012a).
Recent studies by (Liu et al., 2012b) using a catalytically inactive form of SSIIa from
maize identified a highly-conserved single amino acid (

) which appears to be necessary

for the enzyme’s glucan-binding abilities. This su2 variant was also found to have significantly
lower levels of SBEIIb activity when this enzyme was found in complex with the inactive SSIIa
and SSI. Though the monomeric forms of SSI and SBEIIb from the su2 mutant were found to
have similar glucan binding profiles as those enzymes from wild type maize, no enzymes
involved in amylopectin synthesis were detected in the su2 starch granule. Though it is unknown
by what mechanism enzymes become confined within the granule during development, these
results suggest binding of SSI and SBEIIb to the granule occurs through the binding domain of
the central enzyme present within the trimeric complex, SSIIa (Liu et al., 2012b).
1.4 Resistant Starch
Starch constitutes a significant proportion of our daily food intake. Much of our diet
consists of simple carbohydrates and refined sugars, which are almost immediately digested in
the small intestine causing a spike in blood glucose levels. This increase and subsequent decrease
of glucose levels poses the threat of a loss in insulin sensitivity and the eventual onset of type-2
diabetes (Jenkins et al., 1998; Zhang and Hamaker, 2009). In an effort to promote good health,
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the makers of breads and other carbohydrate-dense foods have begun research into supplying
consumers with healthier whole-grain options which contain beneficial resistant starches.
Resistant starch (RS) is identified as starch that is resistant to digestion in the small
intestine and can be classified into four different groups (Table 1.1) (Rahman et al., 2007).
Resistant Starch 1

Physically inaccessible starch, such as that
found in whole or partially intact seeds,
legumes and unprocessed whole grains.

Resistant Starch 2

Starch in its natural (i.e. ungelatinized)
granular form, such as in uncooked potato,
under-ripe bananas and high amylose corn (i.e.
Hi-maize®)

Resistant Starch 3

Retrograded starch formed when starchcontaining foods are cooked and cooled, such
as in cooked-and-chilled potatoes or
retrograded high amylose corn (i.e.
Novelose®)

Resistant Starch 4

Selected chemically modified resistant starches
and industrially processed food ingredients.
Table 1.1: The four types of resistant starch. Table adapted from (Rahman et al., 2007).
High-amylose starch contains a high proportion of apparent amylose, which also includes
linearized amylopectin (see Figure 1.7). High amylose starch is identified as having an apparent
amylose concentration of 50% or more (Li and Yeh, 2001) and is resistant to digestion in the
small intestine, acting as a dietary fibre to add bulk to waste. RS carries the added health benefit
of lowering the glycemic index of foods, maintaining insulin sensitivity (Nugent, 2005). Since it
is resistant to digestion in the small intestine, it passes through to the large intestine and acts as a
carbon source for the microflora in the large gut (Annison and Topping, 1994; Asp et al., 1996).
Those bacteria in turn, produce beneficial short-chain fatty acids (SCFA), particularly butyrate,
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that act as the primary energy source for colonocites and have been shown to be associated with
lower incidence of colorectal cancer (Cummings and Macfarlane, 1991; Velázquez et al., 1996).
Hi-maize® Resistant Starch is the most widely used brand of commercially available
resistant starch, was developed in Australia through a natural corn breeding program and
contains 80-85% amylose (Brown et al., 1995). Because of its small particle size and lack of
taste and colour, it can be used to enrich breads, cereals and other foods without changing the
taste or texture of the end-product. Other examples of high-amylose maize starches include
NOVELOSE 330® and CrystaLean which are both produced by other starch manufacturers (Vue
and Waring, 1998). Commercial forms of resistant starch are also insusceptible to food
processing (e.g. cooking) and so maintain the properties of high-amylose starch (Nugent, 2005).
The most common problem in production of these high-amylose starches is that the mutations
(based on variants of the ae mutant) causing the resistant starch phenotype often confer a yield
penalty on the crop (Boyer and Preiss, 1981; Boyer et al., 1977; Liu et al., 2009).
1.5 Objectives
As previous research has indicated, SBEIIb is an important determinant of starch
structure and properties and in maize, SBEIIb mutants accumulate resistant starch which is
useful in the food industry and beneficial to health. Therefore, the objectives of the research
reported in this thesis were;
1. To identify new mutants of SBEIIb containing single nucleotide substitutions
using a technique termed Targeting Induced Local Lesions in Genomes
(TILLING).
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2. To determine how single nucleotide substitutions affect enzymatic activity of
SBEIIb.
3. To determine whether mutant forms of SBEIIb could interact with other starch
biosynthetic enzymes in heteromeric protein complexes.
4. To characterize the starch phenotypes produced by mutant(s) and determine its
physiochemical properties.
The results presented in this thesis focus on understanding whether SBEIIb mutants from
maize and a partially-purified recombinant enzyme carrying the same mutation, show altered
interaction with the other starch biosynthetic enzymes previously found to form complexes with
SBEIIb. This research aims to further our understanding of how heteromeric protein complexes
act to produce variations seen in starch structure and its physiochemical properties. This research
was part of a larger initiative whose aims were to study the effects of resistant starch on human
health funded by OMAFRA, as storage starch provides the bulk of our calorific intake. This
study has important implications in the improvement of starch for human consumption.
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Chapter 2
2.1 Introduction
The branching enzymes catalyze the addition of an α-1-6 branch point to a glucan chain
(Gao et al., 1997; Mu et al., 2001). Branching enzymes are found in both prokaryotic and
eukaryotic organisms and are a major determinant of the resulting glucan structure. The thorough
branching of a linear glucan chain leads to a highly branched, globular polysaccharide known as
glycogen. Glycogen is the preferred storage polysaccharide in mammals, fungi and bacteria and
is a water-soluble compound. Conversely, ordered, organized branching of a glucan chain leads
to synthesis of starch which accumulates in plants, green algae and some cyanobacteria. In
comparison to glycogen, starch is made up of two distinct fractions; amylose and amylopectin.
Amylose is a largely linear molecule while amylopectin is regularly branched. In wild type
maize starch, amylopectin makes up 75% of the total starch granule while amylose constitutes
25% (Sandhu and Singh, 2007). Starch is water-insoluble due to the polymodal distribution of
glucan chains which allows for close interaction between adjacent chains and results in
formation of left-handed double helices. The water-insoluble nature of starch is beneficial as it
allows for the accumulation of stored carbohydrate energy without affecting the osmotic pressure
in the cell.
As discussed in Chapter 1, starch structure is achieved through the coordinated action of
multiple starch biosynthetic enzymes. ADP-Glucose Pyrophosphorylase (AGPase) converts Glc1-P to the substrate for amylose and amylopectin synthesis, ADP-Glc (Jeon et al., 2010).
Granule-bound starch synthase (GBSS) catalyzes the addition of ADP-Glc to the growing
amylose chain and is the only enzyme required for amylose synthesis (De Fekete et al., 1960;
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Nelson and Rines, 1962). Starch synthases (SSs) elongate a glucan primer by the addition of a
glucose residue (in the form of ADP-Glc) to the non-reducing end (Tetlow, 2011). Starch
branching enzymes (SBEs) introduce branch points along the chain and these branches can be
further elongated by the starch synthases (Banks et al., 1974; Mu et al., 2001). Starch
debranching enzymes (DBEs) cleave unnecessary branch points that may impede condensing of
branches and the subsequent formation of the insoluble, semi-crystalline starch granule (Tetlow,
2011). Each of these enzymes is represented by multiple isoforms present in starch-producing
plastids (Vrinten and Nakamura, 2000).
TILLING
In order to study new mutations in the SBEIIb gene an approach called Targeting Induced
Local Lesions in Genomes (TILLING) was used to generate random mutations in maize kernels
(Figure 2.1). The TILLING technique is discussed in more detail in the Methods section of this
chapter, and a summary of the principles is provided here. This non-transgenic technique utilizes
ethyl methanesulfonate (EMS) to induce random mutations throughout the genome of the test
organism. The concentration of EMS used during mutagenesis (0.09% EMS in paraffin oil)
induces single nucleotide substitutions once in every 500,000 bases and has been optimized to
permit the highest mutation density while minimizing the number of embryonic lethal mutations
(Weil and Monde, 2009). As the maize genome is 2.3-gigabases in size containing 32,000 genes,
multiple rounds of mutagenesis must be performed in order to get full coverage (Schnable et al.,
2009). Up to 15,000 mutations can be generated by EMS mutagenesis in any given line with
400-500 of these nucleotide substitutions occurring in exons (Weil and Monde, 2009). Mutations
in a gene of interest are then detected by PCR amplification using gene specific primer pairs and
a pool of DNA from many mutagenized individuals to increase throughput. PCR products are
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heated to denature the bonds between complementary DNA strands and subsequently renatured
to encourage heteroduplex formation between WT and mutant strands. The restriction enzyme
Cel1 is used to cleave the DNA strands at the mismatch site, and the digested products are
electrophoresed to determine the position of the mutation. Once the mutation has been detected,
the individuals whose DNA were pooled can be sequenced to determine which of them contains
the mutation.

Figure 2.1: Targeting Induced Local Lesions in Genomes (TILLING). EMS is used to generate
single nucleotide substitutions throughout the haploid maize genome in pollen collected from
maize. This mutagenized pollen is used to fertilize plants whose resulting seeds are germinated
to produce the M1 mutant generation. All viable plants are self-fertilized and the resulting seed is
planted to generate the M2 mutant generation. DNA is isolated from each plant and pooled to
increase throughput. Gene-specific primer pairs are used to amplify the gene of interest and the
PCR products are heated and cooled to encourage heteroduplex formation between wild-type and
mutant DNA strands. The endonuclease Cel1, is used to cleave the DNA at the heteroduplex site
and capillary electrophoresis is used to resolve the DNA fragments and identify the site of the
mutation. Individuals from the original pool can then be sequenced to identify which plants
contain the mutation. Figure from http://www.risoe.dk/rispubl/PRD/AR2003/plr_EcoTilling.htm.
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This technique is useful in generating multiple, distinct, mutants whose mutations all lie
within the gene of interest and has the potential to identify important nucleotides, and subsequent
amino acid residues, in the mutated protein. While site-directed mutagenesis-based techniques
require mutation of one residue at a time, TILLING requires only one mutagenesis step to induce
a wide array of different mutations in different individual plants within the same gene.
TILLING was originally developed as an alternative to other reverse genetics techniques
(such as antisense RNA suppression and T-DNA insertion), to identify and characterize the
effects of gene mutations in Arabidopsis (McCallum et al., 2000). TILLING has since been
applied in many species, including agronomically-important crops such as maize (Till et al.,
2004a; Weil and Monde, 2007), rice (Till et al., 2007), and wheat (Slade et al., 2005). Recently
Slade et al. (2012) used TILLING to identify novel mutations in the gene encoding SBEIIa in
both tetraploid durum wheat and hexaploid bread wheat. Those mutations that caused premature
transcript termination or caused an alteration in gene splicing were predicted to have the most
severe effects on SBEIIa activity, and these plants were crossed to produce homozygous mutant
lines. SBEIIa mutant lines in both durum and bread wheat were found to contain 7% less total
starch compared to wild type, however the percentage of amylose was increased to 47-55%,
compared to wild-type values of 22-24%. Further, resistant starch values were 4-13 times higher
than WT in durum and bread wheat, respectively.
As with any technique, TILLING is not without its disadvantages. By altering the
concentration of the chemical mutagen one can accurately predict the frequency of induced
mutations throughout the genome. However, it is not possible to determine where all of the
thousands of mutations have occurred. In order to account for all of the background mutations in
any given TILLING line, an internal control containing the same background without the single
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nucleotide substitution in the gene of interest is used in all experiments. Use of this control line
ensures that any differences seen between it and the mutant line are due to the single nucleotide
substitution and not the effects of any background mutations induced by the EMS. In order to
fully analyze the phenotype of TILLING mutants, they must be backcrossed for several
generations into known ecotypes or germ-lines and selected for the single mutation in the gene of
interest.
Another drawback to the TILLING technique is that there are often many mutations that
lie in areas outside of coding sequences such as the intronic regions of DNA. This decreases the
number of plants that contain mutations in the coding region of the gene of interest and makes it
necessary to house a large population of these mutant plants to increase the likelihood of
identifying a potentially interesting mutation.
In addition, false-positives and false-negatives are possible disadvantages of the
TILLING technique. Misleading results can arise because of human error in interpreting
electrophoresis results (Barkley and Wang, 2008). The incidence of false-negatives can be
reduced by sequencing a small number of pools, originally identified as negative for induced
mutations, to confirm the absence of any single nucleotide substitutions. Cel1, the endonuclease
used to cleave heteroduplexes at the mismatch site also contains 5’ to 3’ exonuclease activity,
which means this enzyme is also capable of digesting the entire PCR product, resulting in falsepositives (Henikoff and Comai, 2003; Yeung et al., 2005). In order to prevent false-positives,
PCR products must not be over-digested and some optimization must be done to determine the
ideal Cel1 incubation time.
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The experiments discussed in this chapter involve the generation, identification and
characterization of a SBEIIb mutant using the TILLING method. Polymerase chain reaction
(PCR) and sequencing of genomic DNA and cDNA were used to confirm the mutation generated
by TILLING. The amylose/amylopectin ratio of the starch produced by the TILLING mutant
was identified using the ConA precipitation method and gel permeation chromatography. The
chain-length distribution of amylopectin was determined using high performance anionexchange chromatography.
2.2 Materials and Methods
2.2.1 Materials
Zea mays was grown in a glasshouse at the University of Guelph in soil containing 2:1
Sunshine Mix LA4 (Sun Gro Horticulture) and Turface (Profile Products). Nutricote (13-13-13;
Morton’s Horticultural Products) fertilizer was used to enrich the soil both at planting and
approximately 45 days after planting. Plants were watered often enough to keep soil damp;
usually every one to three days to allow adequate root aeration. Day length was set at 12 hours
with a temperature cycle of 28°C during the day and 23°C overnight.
Approximately 60 days after planting, the smallest developing ear was removed from
each plant and covers were placed on one ear per plant to prevent cross-pollination. Paper bags
were used to cover tassels and pollen was collected after a 24 hour period. The top of the ear was
cut to expose the white immature cap one day in advance and pollen collected was used to selffertilize each ear. Ears were left to develop until 22-25 days after pollination (DAP) at which
point kernels were separated from the cob and seeds were flash-frozen in liquid nitrogen and
stored at -80°C.
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2.2.2 Methods
2.2.2.1 Genotyping
2.2.2.1.1 Targeting Induced Local Lesions in Genomes
TILLING was performed at Purdue University in West Lafayette, Indiana, U.S to
generate the mutant material. Maize pollen with a waxy, bronze1, shrunken1 W22 genetic
background was mutagenized using 0.09% ethyl methanesulfonate (EMS) in paraffin oil at 30°C
for 45 minutes to generate single nucleotide substitutions throughout the maize genome (Weil,
2009; Weil and Monde, 2009). This line was originally used for recombination experiments as
all three genes, (a granule-bound starch synthase, a protein involved in anthocyanin production
and a sucrose synthase, respectively) are found on the short arm of chromosome 9. Although a
TILLING population containing a WT background was scanned for SBEIIb mutations, a lesion
in SBEIIb was only identified in the triple mutant line described above. Mutagenized pollen was
used to fertilize maize plants and the resulting seeds were then germinated to generate the M1
generation. The M1 plants were self-pollinated to generate seeds homozygous or heterozygous
for the mutation. This M2 generation was then grown and screened for mutations of interest.
DNA was isolated from the leaves of each plant and pooled in groups to increase throughput.
Gene-specific primer pairs for the SBEIIb gene(left: 5’-tttcaaacgggcaacgctct, right: 5’tgtggaaaccttgcagaaccaa), were then used to amplify the gene of interest in a PCR reaction. A
final denaturing step at 95°C followed by a cooling step down to 4°C caused the formation of
mismatch sites where one strand containing a mutation and one strand with the wild type
sequence anneal. These heteroduplexes were treated for 15 minutes at 45° with 1/1000 dilution
of CelI (50 units/ul), an endonuclease from celery which preferentially cleaves at the mismatch
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site, so that a population of full-length and truncated products exists in solution (Colbert et al.,
2001; Till et al., 2004b; Weil and Monde, 2009). These digested products were detected using
capillary electrophoresis and depending on the size of the digested fragments, the exact location
of the mutation within the gene was determined. To identify the mutant plants in the group of
samples that were pooled, each plant was individually sequenced. The resulting kernels collected
from mutant plants contained a Mendelian ratio of 2:1:1 homozygous wild type, heterozygous
and homozygous mutant. WT W22 kernels were used as a control in experiments. TILLING
kernels homozygous WT for the SBEIIb sequence but containing a waxy, bronze1, shrunken1
W22 background (referred to as “TILL”), were used to control for these mutations and any other
mutations induced by the EMS mutagenesis.
2.2.2.1.2 Preparation of Genomic DNA
Genomic DNA was isolated from maize leaf tissue for genotyping mutant plants. A small
amount of leaf tissue was ground in liquid nitrogen to a fine powder. The powder was then added
to 300uL Cetyltrimethyl Ammonium Bromide (CTAB) Buffer (2%
hexadecyltrimethylammonium bromide, 100mM Tris-HCl pH 8, 20mM EDTA, 1.4M NaCl,
0.2% 2-mercaptoethanol, 0.1mg/ml proteinase K) and incubated at 65°C for 1 hour. After the
incubation the solution was allowed to cool, and 300ul 100% chloroform was added and the
mixture vortexed thoroughly. The mix was centrifuged briefly at 13,000rpm in a Sigma 1-15
Microfuge (Sigma-Aldrich) to separate phases. The upper, aqueous phase containing the DNA
was transferred to a new tube and 300ul 100% 2-propanol was added and mixed. The solution
was centrifuged at 13,000 rpm for 5 minutes to pellet the DNA. The pellet was then washed with
500ul 70% ethanol and spun again to re-pellet the DNA. The ethanol was removed and the pellet
was allowed to air dry. The DNA was then resuspended in 100ul deionized water and the
44

concentration and quality of DNA was assessed using a NanoDrop 2000C (ThermoScientific).
The NanoDrop is a spectrophotometer that measures absorbance of a sample at 260nm to
calculate its concentration, as well as at 280nm and 230nm to assess the quality of DNA in a
sample. The 260/280 ratio is a measure of protein contamination in a nucleic acid sample and a
value of 1.8 is considered to be pure DNA; a value lower than 1.8 indicates protein or phenol
contamination. The 260/230 ratio is a measure of nucleic acid purity and a value of 2.0-2.2 is
considered to indicate a pure DNA sample. Lower values of the 260/230 ratio indicate presence
of EDTA, often used in PCR reactions, or guanidine hydrochloride which is used in the isolation
of DNA. DNA was stored at -20°C.
2.2.2.1.3 Preparation of RNA and cDNA
To confirm the cDNA sequence of the TILLING mutant, RNA was purified from mutant
kernels using the RNeasy Plant Mini Kit (Qiagen) following manufacturer’s instructions. All
buffers and columns used were provided by the manufacturer. One kernel of maize was flash
frozen in liquid nitrogen and ground to a fine powder using a mortar and pestle. The powder was
added to a tube containing 1ml Buffer RLC (containing guanidine hydrochloride to denature
protein) with 10ul β-mercaptoethanol and the sample was mixed using a vortex. The lysate was
then transferred to a lilac spin column to bind the gDNA and centrifuged for 2 min at 13,000rpm
at 4°C in a Sigma 1-15K Microfuge (Sigma-Aldrich). The supernatant was transferred to a new
tube without disturbing the pellet. 500ul 98% ethanol was added to the cleared lysate and mixed
by pipetting then the sample was transferred to a pink spin column to bind the mRNA. The
sample was centrifuged at 8000xg for 15 seconds and the flow-through was discarded. 700ul
buffer RW1 (containing guanidine thiocyanate to inhibit RNases) was applied to the column and
the sample was centrifuged again at 8000xg for 15 seconds. The flow-through was discarded and
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the above wash step was repeated once more at the same speed for 2 minutes. The column was
then placed in a new collection tube and 30ul RNase-free water was applied to the column and
allowed to incubate at room temperature 1 minute. The sample was then centrifuged at 8000xg
for 1 minute and the flow-through containing the purified RNA was checked for purity and
concentration using a NanoDrop 2000C (ThermoScientific).
cDNA was prepared using the extracted RNA and the RevertAid First Strand cDNA
Synthesis Kit and H-Minus Reverse Transcriptase (ThermoScientific). 1ul purified RNA was
mixed with 1ul (0.5ug/ul) oligo D-T primers and incubated at 67°C for 5 minutes. After this
incubation the reaction mix was chilled on and ice and briefly centrifuged. 4ul 5X Reaction
Buffer (250 mM Tris-HCl pH 8.3, 250 mM KCl, 20 mM MgCl2, 50 mM DTT), 1ul RiboLock
Ribonuclease Inhibitor and 2ul 10mM dNTP mix were added to the reaction on ice and mixed
well. The reaction was incubated at 37°C for 5 minutes. At this time 1ul RevertAid H-Minus
Reverse Transcriptase was added to the reaction and mixed. The sample was then incubated at
42°C for 1 hour. The reaction was terminated by heating the mix at 70°C for 10 minutes then
chilled on ice. In addition to the standard protocol provided, 0.5ul RNase H was added to the
20ul reaction and incubated at 37°C for 20 minutes to remove the complementary strand of RNA
from the newly-synthesized cDNA. cDNA was stored at -20°C.
2.2.2.1.4 Polymerase Chain Reaction and Sequencing
Due to the large size of the SBEIIb gene (23,449bp) only the region containing the
mutation as provided by Purdue was sequenced to confirm that mutation. The SBEIIb gene is
composed of 22 exons and 21 introns and is located on the long arm of chromosome 5 (Kim et
al., 1998; SanMiguel et al., 1996). All primers were designed using the Primer3 Server (Rozen
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and Skaletsky, 1998). Primers were designed to contain a guanine and cytosine content (%GC)
between 40-60% and primer melting temperatures between 50-60°C. Primer pairs had no greater
than a 3°C difference between their melting temperatures. A hot-start polymerase, KOD
Polymerase (Novagen), was used to amplify this region using a TC-412 Thermal Cycler
(Techne) with a heated lid at 100°C. The mix was heated to 95°C for 2 minutes to activate the
polymerase, and the PCR cycle was started. The contents were heated to 95°C for 20 seconds to
denature the template and then cooled to 58°C for 10 seconds to promote primer annealing. The
PCR was then heated to 70°C for 2 minutes to elongate the strands. This cycle was repeated 35
times and was followed by a final extension at 72°C for 10 minutes. The 50ul reaction mix
contained a final concentration of 1X Buffer for KOD polymerase (provided by manufacturer),
1.5mM

and 0.2mM dNTPs. 0.3uM forward and reverse primers (left: 5’-

catggttcccacaaaacaaatg, right: 5’-cataccttatacaccccaggctttc), were added along with 100ng of
template DNA and 1unit of KOD DNA Polymerase. PCR products were run on a 1% (w/v)
agarose gel containing 0.5ug/ml ethidium bromide at 100V for 40 minutes to visualize the
quality and quantity of DNA. 4ul of Ready-to-Use 1Kb DNA Ladder (GeneDirex) was run
alongside the PCR products to estimate band sizes. Products were then purified using a gel
extraction or PCR purification technique before being sent for DNA sequencing (see Section
2.2.2.1.5). Quality and concentration of purified PCR products was assessed using a NanoDrop
2000C (ThermoScientific). Sequencing was performed at either the Advanced Analysis Center
Genomics Unit or the Laboratory Services Division, both at the University of Guelph, using the
Sanger Sequencing method.
The SBEIIb cDNA was amplified using 4 different primer sets designed to amplify
different segments of the 2217bp coding sequence (Set #1: left: 5’-attcgatatcatggcgttcc, right: 5’47

attcgtcgactcactccactg, Set #2: left: 5’-ggatatatgaaacacatgtcg, right:5’-cttaccacttggaagtctttgc, Set
#3: left: 5’-tactccatcagggataaaggattcaattcc, right: 5’-gctttccagcatcgattaaa, Set #4: left: 5’gcagtcacccagagcagac, right 5’-ttctgggttaccaaaacgactactt). The reaction reagent concentrations
and the PCR reactions were the same as those described above for the genomic PCR with the
exception of the elongation time which was only 20 seconds (as opposed to 2 minutes) for the
cDNA amplification reactions.
2.2.2.1.5 PCR Purification
PCR samples run on agarose gels were purified from the gel using the QIAquick Gel
Extraction Kit (Qiagen) following manufacturer’s instructions, before being sent for sequencing.
A small gel slice containing the band of interest was excised from the gel, minimizing the
amount of agarose. The gel slice was weighed and 3 volumes Buffer QG (containing guanidine
thiocyanate to inhibit DNases) were added to every 1 volume of gel. Tubes were incubated at
50°C for 10 minutes with intermittent vortexing to dissolve the agarose. 1 gel volume of 100%
isopropanol was added to the mix and the solution was loaded onto a QIAquick spin column to
bind DNA. The column was centrifuged at 13,000rpm in a Sigma 1-15 Microfuge (SigmaAldrich) for 1 minute. 500ul Buffer QG was added to remove traces of agarose and centrifuged
again at the same speed for 1 minute. The column was washed with 750ul Buffer PE (containing
ethanol to remove salts), centrifuged at 13,000rpm for 1 minute and the DNA was eluted under
the same centrifugation conditions with 30ul sterile, deionized water after a five minute
incubation with the column. DNA was analyzed using a NanoDrop 2000c (Thermo Scientific).
DNA was stored at -20°C.
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PCR reactions that showed the presence of only one band after agarose gel
electrophoresis were purified using the QIAquick PCR Purification Kit (Qiagen) following the
manufacturer’s protocol. The presence of one band on the agarose gel indicated the presence of
only one amplicon within the sample so PCR purification was performed over gel extraction to
remove primers, nucleotides, polymerases and salts from the sample. The PCR purification kit
also results in higher DNA yields compared to the gel extraction kit so wherever possible the
former was used over the later to purify samples for sequencing. 5 volumes of Buffer PB were
added to every 1 volume of PCR sample and this mix was added to a QIAquick spin column and
centrifuged at 13,000 rpm for 1 minute in a Sigma 1-15 Microfuge (Sigma-Aldrich) to bind
DNA. The column was then washed with 750ul Buffer PE and centrifuged again. To elute the
DNA, 30ul water was added directly to the centre of the column and incubated at room
temperature for 5 minutes. The column was then centrifuged at 13,000 rpm for 1 minute and
DNA concentration was measured using a NanoDrop 2000c (Thermo Scientific). DNA was
stored at -20°C.
2.2.2.2 Starch Analysis
2.2.2.2.1 Preparation of Starch
Kernels frozen at -80°C were allowed to thaw at room temperature and the endosperm
was squeezed into a pre-chilled mortar containing liquid nitrogen. The endosperm tissue was
then crushed to a fine powder using a pre-chilled pestle and the powder was added to a
microcentrifuge tube containing 250ul ice-cold Rupturing Buffer (100mM Tricine/KOH buffer
pH 7.8 with 1mM DTT, 5mM

and 1U Plant Protease Inhibitor Cocktail [Plant

ProteaseArrest™ 100X, G-Biosciences]). The ground tissue and buffer were subjected to a
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vortex mixer and then centrifuged at 13,000xg for 5 minutes at 4°C in a Sigma 1-15K Microfuge
(Sigma-Aldrich). The insoluble pellet was washed in 500ul Starch Wash Buffer (50mM TrisAcetate pH 7.5, 1mM

, and 1mM DTT), and centrifuged at 13,000rpm for 1 minute at

4°C. The supernatant was discarded. This wash step was repeated 5 more times. The starch was
then washed with 500ul 95% (v/v) ethanol to solubilize any lipids. The sample was centrifuged
at 13,000rpm for 1 minute at 4°C and the supernatant was discarded. This wash step was
repeated 3 times. The sample was then freeze-dried with the use of a SpeedVac Concentrator
(Sanyo MDVU74C) at -80°C for 30 minutes.
2.2.2.2.2 Amylose/ Amylopectin Ratio Determination by Sepharose CL-6B Gel Permeation
Chromatography (GPC)
To determine the amylose:amylopectin ratio, starch samples were run on a Sepharose
CL-6B Gel Permeation Chromatography (GPC) column (Sigma-Aldrich). Starch was prepared
following the method described in Section 2.2.2.3.1. 6mg starch was then dissolved in 150ul
90% (v/v) DMSO and boiled for 5 to 10 minutes. It was allowed to fully disperse for 24 to 48
hours with stirring. The next day 1050ul hot (~60°C), distilled water and 150ul hot 100mM
Sodium Acetate Buffer pH 5.5 (28.82ml of 1M acetic acid and 273.3ml 0.3M sodium acetate
filled to 1L with deionized water) were added to the dispersed starch along with 2ul isoamylase
(1000U/ml) to debranch the starch. The solution was incubated overnight with stirring. To
inactivate the debranching enzymes, the samples were boiled again for 5 minutes until the
solution was clear. 150ul, 5M sodium hydroxide was added to each sample after cooling.
Samples were filtered through a 0.45um nylon filter (Millipore) before loading 1mL onto the
GPC column. The column was allowed to run for ~3 hours until 84ml of eluent had passed
through the column with 0.5ml in each collection tube. Samples were eluted with 5M sodium
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hydroxide. Every other tube, from 46-168 was analyzed as a minimum 23ml eluent was required
before elution of glucans. 1ml of 5% (v/v) phenol and 5ml 5M hydrochloric acid were added to
each tube which was subsequently mixed well with a vortex mixer. Samples were left to cool for
30 minutes before the absorbance at 490nm was measured in a WMP Colourwave C07500
Colorimeter. These absorbance values were added and an arithmetic sum was generated
representing the total absorbance of the original carbohydrate sample, before column separation.
The percent starch in each tube was determined by dividing the absorbance value for each
sample by the total absorbance and multiplying by 100.
2.2.2.2.3 Amylose/Amylopectin Ratio Determination Using Concanavalin A (ConA) Method
The amylose/amylopectin ratio of the purified starch was determined using the
Amylose/Amylopectin kit from Megazyme (K-AMYL) following the manufacturer’s protocol.
Starch was prepared following the method described in Section 2.2.2.3.1. 20-25mg starch was
accurately measured and recorded and added to a tube containing 1ml 100% DMSO. The tube
was stirred at low speed using a vortex mixer then heated in a boiling water bath for 1 minute to
completely disperse the starch. After dispersion of any gelatinous lumps, the contents were
mixed at high speed using a vortex, and replaced in the boiling water bath for 15 minutes with
occasional mixing. The tube was then cooled at room temperature for 5 minutes at which time
2ml of 95% (v/v) ethanol was added with continuous stirring on a vortex. Another 4ml 95% (v/v)
ethanol was added and the tube was inverted to mix. The starch precipitate was allowed to form
overnight at room temperature.
After this time the tubes were centrifuged at 2000xg for 5 minutes on a Sigma 1-15
Microfuge (Sigma-Aldrich) to precipitate the starch. The supernatant was discarded and the
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tubes were drained on tissue paper for 10 minutes ensuring all ethanol had drained. The pellet
was used in all subsequent amylose and starch determinations. 2ml 100% DMSO was added to
the starch pellet with gentle vortex mixing. The tube was placed in a boiling water bath and the
starch was allowed to disperse in the DMSO for 15 minutes. Immediately after removing the
tubes from the water bath, 4ml of ConA Solvent (30ml concentrated ConA solvent [49.3g
anyhydrous sodium acetate, 175.5g of sodium chloride, 0.5g calcium chloride dehydrate, 0.7g
magnesium chloride hexahydrate, and 0.7g manganese chloride tetrahydrate, pH adjusted to 6.4
by dropwise addition of glacial acetic acid, then volume brought up to 1L with distilled water]
diluted to 100ml with distilled water) was added to the sample. The solution was mixed
thoroughly and then quantitatively transferred to a 25ml volumetric flask by washing of the tube
with ConA Solvent. The sample was then diluted to volume (25ml) with ConA Solvent and set
aside as Solution A.
To precipitate the amylopectin and determine the amount of amylose in the sample, 1ml
Solution A was transferred to a 2ml microfuge tube and 0.5ml ConA solution (the contents of
bottle 1 in 50ml of ConA solvent) and mixed by inversion. The tube was allowed to stand at
room temperature for 1 hour. Samples were then centrifuged at 14,000xg for 10 minutes at room
temperature using a Sigma 1-15 Microfuge (Sigma-Aldrich). 1ml of the supernatant was
transferred to a 15ml test tube and 3ml of 100mM sodium acetate buffer pH 4.5 (5.9ml glacial
acetic acid in 900ml distilled water, pH adjusted to 4.5 by dropwise addition of 1M sodium
hydroxide, 0.2g sodium azide and volume brought up to 1L). The contents were mixed and
Parafilm M (Sigma-Aldrich) was used to cover the tubes. Tubes were heated in a boiling water
bath for 5 minutes to denature the ConA. The tube was then placed in a 40°C water bath and
allowed to equilibrate for 5 minutes. 0.1ml amyloglucosidase/α-amylase (100U/ml and 250U/ml,
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respectively) enzyme mixture (the contents of bottle 2 dissolved in 20ml sodium acetate buffer)
was added to each tube and incubated at 40°C for 30 minutes. Samples were then centrifuged at
2000xg for 5 minutes using a Sigma 1-15 Microfuge (Sigma-Aldrich). 4ml glucose
oxidase/peroxidase (GOPOD) Reagent (contents of bottle 4 in 20ml GOPOD Reagent Buffer
which is prepared when the contents of bottle 3 are diluted with 1L distilled water) was added to
1ml aliquots of the supernatant and incubated at 40°C for 20 minutes.
A reagent blank was prepared by adding 1ml 100mM sodium acetate buffer, pH 4.5, to
4ml of GOPOD Reagent and incubating at 40°C for 20 minutes. A duplicate D-Glucose Control
was made by adding 0.1ml of D-glucose standard solution (1mg/ml) to 0.9ml sodium acetate
buffer, pH 4.5, and 4ml GOPOD Reagent and incubating under the same conditions as the
reagent blank. The absorbance at 510nm against the reagent blank was measured for the above
sample along with the D-glucose control. The absorbance value was taken at 510nm because
glucose reacts with the GOPOD reagent to produce a light to deep pink colour which is best
measured at that wavelength.
In order to determine the total starch content, 0.5ml Solution A was mixed with 4ml of
100mM sodium acetate buffer, pH 4.5. 0.1ml of amyloglucosidase/α-amylase solution (100U/ml
and 250U/ml, respectively) was added and the mix and incubated at 40°C for 10 minutes. 1ml of
the above solution was added to 4ml GOPOD Reagent and mixed well. The sample was
incubated at 40°C for 20 minutes. Absorbance at 510nm against the reagent blank was measured
for each.
The % amylose (w/w) was determined using the following equation:

%Amylose (w/w) =
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Where 6.15 and 9.2 are dilution factors for the ConA and Total Starch extracts,
respectively.
2.2.2.2.4 Purification of Amylopectin from Starch
To separate the amylopectin from the amylose and intermediate fractions, 1g of starch
was allowed to mix with 20ml 90% (v/v) DMSO in a 90°C water bath under non-oxidizing
conditions (under a constant stream of nitrogen) for 3 hours. 80ml of 98% (v/v) ethanol was then
added drop-wise to the starch solution in an 80°C water bath using a peristaltic pump. Once all
the ethanol had been added, the sample was allowed to slowly cool to room temperature. The
solution, including the precipitate, was decanted into tubes and centrifuged at 5000rpm at 4°C
for 15 minutes in a Sorvall RT1 centrifuge (Thermo Scientific). The supernatant was discarded
and the pellet was redissolved in 28ml 90% (v/v) DMSO in a 90°C water bath under a
continuous stream of nitrogen for one hour. A vigorously stirred mixture of 12ml 100% 1butanol and 12ml 100% isoamyl alcohol in 162ml distilled water was added drop-wise to the
solution at 80°C. After this addition, the mixture was left for an additional 30 minutes with
stirring. The system was removed from the hot water bath and allowed to slowly cool to room
temperature (~25°C) during an 18 hour period in an insulated foam box.
The next day, the precipitate (amylose-butanol complex) was separated from the soluble
material by centrifugation at 10,000xg for 15 minutes at 4°C in a Sorvall RT1 centrifuge
(Thermo Scientific). The supernatant was then removed and concentrated to 50ml by rotary
evaporation at 60°C using a Rotavapor-R (Brinkmann Buchi). The amylopectin in the
concentrated solution was precipitated by the addition of 150ml 100% methanol over the course
of 1 hour. The sample was then centrifuged (same as above) to collect the precipitate at 10,000xg
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for 15 minutes at 4°C. The precipitate was dissolved in 20ml warm distilled water and
amylopectin was again precipitated by the addition of 60ml 100% ethanol overnight in a covered
container.
Amylopectin was collected by centrifugation at 10,000xg for 15 minutes at 4°C. The
precipitate was then dissolved in 20ml double distilled water and allowed to freeze dry over a 72
hour period.
2.2.2.2.5 Confirmation of Amylopectin Purity by Sepharose CL-6B Gel Permeation
Chromatography (GPC)
Amylopectin samples were prepared for Sepharose CL-6B Gel Permeation
Chromatography (GPC) (Sigma-Aldrich) analysis by dispersing 6mg amylopectin in 150ul 90%
(v/v) DMSO and boiling for 5 minutes. It was then allowed to fully disperse for 24 to 48 hours
with stirring. The next day 1050ul hot (~60°C) distilled water and 150ul hot 100mM Sodium
Acetate Buffer pH 5.5 (28.82ml of 1M acetic acid and 273.3ml 0.3M sodium acetate filled to 1L
with deionized water) were added to the dispersed starch along with 2ul isoamylase (1000U/ml)
to debranch the starch. The solution was incubated overnight with stirring. To inactivate the
debranching enzymes, the samples were boiled again for 5 minutes until the solution was clear.
150ul 5M sodium hydroxide was added to each sample after cooling, and allowed to mix.
Samples were filtered through a 0.45um nylon filter (Millipore) before loading 1mL onto the 6B
GPC column. Samples were collected and analyzed as described in Section 2.2.2.3.2. The
percent amylopectin in each tube was determined by dividing the absorbance value for each
sample by the sum of all absorbances and multiplying by 100. A graph was generated with
fraction number on the x-axis and % starch on the y-axis.
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2.2.2.3.6 Determination of Chain-Length Distribution by High Performance Anion-Exchange
Chromatography (HPAEC)
Samples were prepared for High Performance Anion-Exchange Chromatography
(HPAEC) on a Dionex (Series 45000i) column (Dionex) by dispersing 2mg purified amylopectin
in 50ul 90% (v/v) DMSO. This HPLC system included a BioLC gradient pump and pulsed
amperometric detection (PAD) which was calibrated to quantitate carbohydrate content
(Koizumi et al., 1991). Samples were boiled for 5 minutes, then allowed to mix with gentle
stirring over a 48 hour period. 400ul hot (~60°C) HPLC-grade water and 50ul hot 100mM
Sodium Acetate Buffer pH 5.5 (28.82ml of 1M acetic acid and 273.3ml 0.3M sodium acetate
filled to 1L with deionized water) were added to the sample and allowed to mix. Once cooled to
room temperature, 2ul each of isoamylase and pullulanase (1000u/ml and 60u/ml, respectively)
were added to the sample, which was left to debranch overnight at room temperature. The next
day, samples were boiled for 5 minutes to inactivate the debranching enzymes and 1500ul hot
HPLC-grade water was added. The sample was then filtered through a 0.45um nylon filter unit
(Millipore) and 25ul was injected onto the Dionex CarboPac PA-100 column (250 X 4mm).
Longer chain glucans were eluted from the column by an increasing gradient of two eluents.
Eluent A (150mM NaOH pH 12-13) and Eluent B (150mM NaOH and 500mM sodium acetate
pH 12-13) were mixed to a final concentration of 15% A and 85% B.
At a high pH, the debranched amylopectin becomes partially ionized allowing it to
interact with the positively-charged column matrix. Shorter glucan chains are less negatively
charged and so their weak association with the non-porous resin of the column is disrupted by
the addition of a relatively small volume of high-salt buffer, causing these short chains to be
eluted first. Longer chains form a stronger association with the resin and are only eluted at a high
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concentration of sodium salt. The glucan chains are detected by PAD which measures the
oxidation of hydroxyl groups when they come in contact with a working gold electrode. The
current released is proportional to the length of the glucan chain being eluted. Following each
oxidation, the gold electrode must be reduced and reoxidized to prepare the electrode for
detection of the next carbohydrate chain. Data were collected using Chromeleon software
version 7.2 (Dionex).
2.3 Results
2.3.1 Identification of mutant plants by analysis of genomic DNA
Though most TILLING experiments are done using WT maize backgrounds commonly
used in research (such as B73 and W22), the mutant described here was generated in a triple
mutant W22 background. The background consists of W22 maize containing mutations in bz1,
sh1, and wx1. These genes encode for a protein involved in anthocyanin production, a sucrose
synthase and a granule-bound starch synthase, respectively. They can all be found on the short
arm of chromosome 9, and this line was originally used for recombination experiments. While
1920 plants in total were screened for mutations in the gene encoding SBEIIb, only five
mutations were identified. Three of these mutations were found to be false-positives as identified
by sequencing of the SBEIIb cDNA sequence, and one mutation was located in an intron of the
SBEIIb sequence. The final mutation identified was found in one of the 384 individuals screened
which contained the triple mutant background.
Looking at each individual mutation present in the background separately, the bz1 gene
encodes a UDP g1ucose:flavonol 3-O-glucosyltransferase which is involved in the synthesis of
anthocyanin pigment (Dooner and Nelson, 1977). This mutation would not be expected to have
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an effect on the starch synthesis pathway. Sucrose synthase, encoded by the sh1 gene, catalyzes
the reversible reaction between sucrose (a product of photosynthesis) and uridine diphosphate
(UDP) to yield fructose and UDP-glucose. In maize endosperm where sucrose synthase activity
is almost completely abolished, the starch content is reduced by 40% of WT levels (Chourey and
Nelson, 1976). While the sh1 mutation may have an effect on the amount of carbon assimilate
available for starch synthesis, and therefore reduce the amount of starch accumulated, it would
not be expected to influence the structure or type of starch produced. Finally the wx1 mutation
encodes the GBSSI enzyme which is responsible for amylose biosynthesis and therefore could
have an influence on the amount of amylose in the sample as well as other characteristics of the
starch as a whole (Collins and Kempton, 1911). Since the background line and mutant lines share
these mutations, they will be taken into account by using the background material as a control.
The wx1 mutation in this genetic background could also be advantageous if the mutation were to
produce an amylose-free environment. In this situation, any alteration in amylopectin as a result
of TILLING mutations could be more apparent.
Of the 90 kernels received from the Maize TILLING Project at Purdue, roughly one
quarter of the seeds (21 seeds) were identified as homozygous for a guanine to adenine base
substitution at position 18211bp of the genomic DNA. Kernels containing the mutation could be
identified based on the indented kernel phenotype (Figure 2.2), indicative of ae mutations.
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Figure 2.2: Identification of mutant kernels based on seed phenotype. This picture shows a
collection of maize seeds received from the Maize TILLING Project at Purdue University, each
displaying the classic ae indented kernel phenotype. The indent is indicated by the red arrow.
One quarter of the seeds (22 seeds) were found to be homozygous wild type and half of
all seeds (47 seeds) were identified as heterozygous for the guanine to adenine base change. PCR
of the genomic DNA was used to genotype each plant grown from the seed provided by Purdue
(Figure 2.3). This figure shows the presence of a single band in each lane, approximately 1.4Kb
in size, representing the amplified region of genomic SBEIIb containing the TILLING-induced
mutation. Each PCR product was purified and sent for sequencing which identified each plant as
homozygous mutant, heterozygous or homozygous WT, lanes 1, 2 and 3 of Figure 2.3,
respectively.
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Figure 2.3: Identification of homozygous mutant, heterozygous and homozygous WT plants.
Genomic DNA (gDNA) was extracted from each plant and used in a PCR reaction to amplify a
1468 bp region containing the TILLING mutation. The amplicons were run on an agarose gel
(containing ethidium bromide) alongside the Ready-to-Use 1Kb DNA Ladder (GeneDirex) at
100V for 40 minutes. The PCR products were purified using QIAquick PCR Purification Kit
(Qiagen) following the manufacturer’s protocol and sent for sequencing.
The heterozygous individuals were identified using the electropherogram file from the
sequencing reaction (Figure 2.4).
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Figure 2.4: Identification of individuals heterozygous for the TILLING mutation.
Electropherogram file (the output from a sequencing reaction), showing the presence of two
peaks (highlighted in yellow) and an unknown base (N) at the position corresponding to 18211bp
of the SBEIIb genomic sequence. These two peaks correspond to guanine (black) and adenine
(green), indicating this plant was a heterozygote. The numbers across the top of the figure
indicate the position of each base in the sequencing results.
If two ‘species’ of DNA (one strand containing the mutation and one strand carrying the
wild type base at that position) were present in the sequencing reaction, the electropherogram file
would show two peaks representing adenine and guanine at position 18211bp. This would be
represented by an unknown value, N, in the final sequence. Only homozygous mutant plants
(Figure 2.5), and homozygous wild type plants were self-fertilized, with the seed being used in
subsequent experiments. Plants homozygous for the wild type SBEIIb are referred to for
convenience as “TILL” but represent the wx1, bz1, sh1 genotype. Individuals with this genotype
have undergone the TILLING procedure, and therefore contain the same mutations as the mutant
in other parts of the genome, but show no mutation in SBEIIb. The “TILL” genotype was used as

61

a control to account for the effects of the many mutations induced by EMS so that any change in
phenotype between the TILL and mutant lines would be due to the SBEIIb mutation alone.

Figure 2.5: Multiple sequence alignment of a segment of the full genomic sequence for SBEIIb
(NCBI) and the forward and reverse sequences of a mutant plant (Plant 1). Both sequences for
Plant 1 show the single nucleotide substitution (G to A) at position 18211bp (yellow).
2.3.2 Confirmation of mutant sequence by cDNA analysis
To ensure that the cDNA sequence of the mutant was identical to the reference SBEIIb
sequence (NCBI), except for the single nucleotide change at position 1805bp, the entire cDNA
transcript was amplified and sequenced (Figure 2.6). Multiple primers were used to amplify the
2217bp cDNA sequence on both the sense and anti-sense strands. The bands in each lane in
Figure 2.6 represent the four amplified regions of the SBEIIb coding sequence (see Methods
Section 2.2.2.1.4 for the sequences of each primer pair). The brightest band in each lane show
differing mobility due to the size of each SBEIIb region amplified. Primer pairs 1-4 amplify
regions approximately 1.4Kb, 1.1Kb, 1.5Kb and 1.3Kb in size, respectively. One band from each
lane was excised, gel purified and sent for sequencing. The sequencing results showed only a
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single nucleotide change, induced by EMS mutagenesis (Figure 2.7). This mutation results in a
cysteine to tyrosine amino acid substitution at position 663 of the SBEIIb coding sequence, and
will be referred to as C663Y from this point on.

Figure 2.6: Confirmation of full SBEIIb coding sequence. cDNA was extracted from plants
confirmed to be homozygous mutants by sequencing of genomic DNA. The full 2217bp cDNA
sequence was amplified using 4 primer sets (See Methods Section 2.2.2.1.4). Amplicons from
each PCR (PCRs 1-4) were run on an agarose gel (containing ethidium bromide) alongside the
Ready-to-Use 1Kb DNA Ladder (GeneDirex) for 40 minutes at 100V. PCRs were purified using
the the QIAquick Gel Extraction Kit (Qiagen) following manufacturer’s instructions, and sent for
sequencing.
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Figure 2.7: Multiple sequence alignment of the wild type and mutant SBEIIb cDNAs. The
highlighted nucleotides (yellow) show the single nucleotide change at position 1805bp (G to A)
induced by EMS mutagenesis which resulted in a Cys to Tyr amino acid substitution at position
663 (C663Y).
2.3.3 Amylose content of background and mutant lines
Given that the kernel phenotype appears typical of the ae mutation, and that a single
nucleotide polymorphism had been observed in the SBEIIb sequence, subsequent experiments
were focussed on further characterization of the starch phenotype. Multiple methods were used
in order to estimate the proportion of amylose in the TILL background and C663Y mutant lines.
First, the Amylose/Amylopectin Determination Kit from Megazyme was used to estimate the
percent amylose in each sample. The ConA method used to predict the amylose concentration
has a standard error of ±5-10% for the estimation of amylose content. A high amylose standard
provided in the kit was used as a control. Table 2.1 shows the results of the amylose
determination and all values are expressed as the amount (mg) of amylose per 1mg total starch.
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Table 2.1: Determination of the proportion of amylose in the TILLING background line (TILL)
and the SBEIIb C663Y mutant line, as determined using the ConA method. This kit utilizes a
carbohydrate-binding protein known as Concanavalin A (ConA) to selectively precipitate the
branched fraction of starch, amylopectin. Once the amylopectin is removed by centrifugation, the
amylose present in the supernatant is hydrolyzed to D-glucose by α-amylase and
amyloglucosidase. The glucose in solution is detected using an oxidase/peroxidase reagent
(GOPOD). Another aliquot containing both amylopectin and amylose is similarly hydrolyzed
and treated with GOPOD. The absorbance at 510nm of each of the amylose and total starch
fractions is measured and the percent amylose is calculated as the ratio of GOPOD absorbance of
the amylose-only sample to that of the total starch sample. The proportion of amylose in each
line is relative to 1mg of total starch.
Based on this method using selective precipitation of branched glucans (amylopectin) to
estimate the amount of linear chains (amylose), it was determined that the TILL sample
contained on average 0.07±0.03mg amylose per mg starch, while the C663Y mutant sample
contained on average 0.12±0.02mg amylose per mg starch. The Student’s T-test value for the
comparison of the amount of amylose in the TILL starch versus C663Y mutant starch was 0.078,
meaning these results are not statistically significant using a p value of 0.05. The high amylose
standard, provided by the manufacturer, was found to contain on average 0.57±0.02mg amylose
which is approximately 9% less than the expected value of 0.66mg (66% amylose). When the
ConA precipitation method was used to predict the proportion of amylose in wild type maize
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starch, Gibson et al. (1997) found it contained 0.23mg (23%) amylose, per 1mg of total starch.
As the TILL line contains approximately 16% less amylose than wild type starch, these results
suggest that the GBSSI mutation in the TILL background has a negative effect on the amount of
amylose accumulated, as expected.
To more accurately estimate the amylose/amylopectin ratio, starch samples were
separated on a Sepharose CL-6B Gel Permeation Chromatography (GPC) column and
debranched glucans were separated based on size (Figure 2.8). Longer chain glucans such as
those found in amylose are unable to enter the pores in the column matrix and are eluted earlier,
while short chain glucans such as those found in amylopectin are trapped in the pores for a
longer period and are eluted later. Figure 2.8 shows the percent carbohydrate at each volume of
eluent for four starch samples (commercial waxy, WT, TILL and C663Y mutant). Table 2.2
shows the amylose content for each line as determined by the area under the first peak in Figure
2.8.
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Figure 2.8: Separation of amylose and amylopectin to determine the amylose content of four
debranched maize starch samples from commercial waxy, WT, TILL, and C663Y mutant. 6mg
of each starch sample was dispersed in DMSO. Distilled water and hot sodium acetate buffer
were added to the dispersed starch along with isoamylase to debranch the starch. The samples
were boiled for 5 minutes until the solution was clear. Sodium hydroxide was added to each
sample after cooling. Samples were filtered through a 0.45um nylon filter before loading 1mL
onto a Sepharose CL-6B GPC column. Samples were eluted with sodium hydroxide and every
other tube was analyzed. Phenol and hydrochloric acid were added to each tube and mixed and
the absorbance at 490nm was measured.
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Table 2.2: Determination of the proportion of amylose in the TILLING background line and the
SBEIIb C663Y mutant line as determined using gel permeation chromatography. 6mg of each
starch sample was dispersed in DMSO. Distilled water and hot sodium acetate buffer were added
to the dispersed starch along with isoamylase to debranch the starch. The samples were boiled
for 5 minutes until the solution was clear. Sodium hydroxide was added to each sample after
cooling. Samples were filtered through a 0.45um nylon filter before loading 1mL onto a
Sepharose CL-6B GPC column. Samples were eluted with sodium hydroxide and every other
tube was analyzed. Phenol and hydrochloric acid were added to each tube and mixed and the
absorbance at 490nm was measured.
Based on the area below the first peak for each sample, the percent amylose was
calculated. waxy maize used from a commercial source was found to exhibit no initial peak and
therefore contained 0% amylose, as expected. WT maize from a B73 background was found to
contain 23.2±0.9%. TILL maize, which contains a sh1, bz1, wx1 mutant background was found
to contain 20.6±1.8% amylose which is lower than WT starch but is not as low as the value
determined by the ConA method (Section 2.2.8). The C663Y mutant starch was calculated to
contain 23.1±0.6% amylose, which is similar to the WT sample. The Student’s T-test value for
the comparison of the amount of amylose in WT maize starch compared to the amount of
amylose in TILL and C663Y mutant starch was 0.82 and 0.27, respectively. Using a p value of
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0.05, neither of these lines contains significantly more or less amylose when compared to WT
starch.
2.3.4 Confirmation of amylopectin purity by Sepharose CL-6B Gel Permeation Chromatography
Before separating debranched amylopectin chains using HPAEC, the success of the
amylopectin purification was determined using Sepharose CL-6B Gel Permeation
Chromatography (GPC). Figure 2.9 shows the percent carbohydrate at each elution volume for
the three debranched, purified samples of amylopectin.

12

Amylopectin

10

% Carbohydrate

8
WT Amylopectin
TILL Amylopectin

6

C663Y Amylopectin

4

Amylose

2

0
0

10

20

30

40
50
Elution Volume (ml)

60

70

80

90

Figure 2.9: Amylopectin purification from three maize starch samples from WT, TILL and
C663Y mutant. Amylopectin was separated from amylose in 1g of starch using the method
described in section 2.2.2.3.4. 6mg amylopectin was dispersed in DMSO. Hot distilled water and
hot sodium acetate buffer were added to the dispersed starch along with isoamylase. The samples
were boiled for 5 minutes until the solution was clear. Sodium hydroxide was added to each
sample after cooling, and allowed to mix. Samples were filtered through a 0.45um nylon filter
before loading 1mL onto the Sepharose CL-6B Gel Permeation Chromatography column.
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WT maize exhibits a single peak at an elution volume of approximately 70ml, indicating
the presence of short chains indicative of amylopectin. Similarly, the line for TILL amylopectin
contained only one peak at an elution volume of approximately 73ml representative of short
chains. The Dionex CarboPac PA100 DAEC column is not suited for the separation of highly
branched or long-chain glucans, therefore these short chains from debranched TILL amylopectin
are within the column’s capacity for resolution. Though the elution profile representing the
C663Y mutant exhibited two peaks, the first peak occurred at an elution volume of
approximately 52ml which is past the point of long-chain amylose elution. This peak could be
indicative of long chain amylopectin or the presence of intermediate material.
2.3.5 Chain-length distribution of amylopectin
To determine the chain-length distribution of amylopectin of each of the WT, TILL and
C663Y, starches were debranched using isoamylase and pullulanase and separated using a
Dionex HPAEC system. Figure 2.10 shows the molar percent of each chain length (degree of
polymerization) for each of the three samples.
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Figure 2.10: Chain-length distribution of WT, TILL and C663Y mutant amylopectin. 2mg
purified amylopectin (Section 2.2.2.3.4) was dispersed in DMSO. Hot HPLC-grade water hot
sodium acetate buffer were added to the sample and allowed to mix. Isoamylase and pullulanase
were added to the sample, which was left to debranch overnight at room temperature. Samples
were boiled for 5 minutes to inactivate the debranching enzymes and hot HPLC-grade water was
added. The sample was filtered through a 0.45um nylon filter unit and 25ul was injected onto the
Dionex High Performance Anion Exchange Chromotography column.
WT amylopectin appears to contain relatively few short chains (DP 6-9) with the bulk of
the chain lengths falling between DP 12 and DP 25. While this is not obvious from the graph,
chain lengths up to DP 75 can still be detected in very low abundance in WT amylopectin. In
contrast, amylopectin extracted from TILL background starch appears to contain a large amount
of short chain glucans, with no chains greater than a DP of 35. Compared to the TILL
background, C663Y amylopectin appears to contain fewer short chains between DP 6-9 with the
bulk of the chains falling between DP 10 and DP 20. The maximum DP for this sample is a chain
length just over 50 glucosyl units.
71

Difference plots for the chain-length distribution of amylopectin for TILL (Figure 2.11)
and C663Y mutant lines (Figure 2.12) illustrate the difference in the percent of each chain
length relative to WT amylopectin. Figure 2.13 shows the difference in chain-length distribution
for the C663Y mutant line relative to the TILL background. Figure 2.11 indicates that
amylopectin from the TILL line contained a higher proportion of DP 6-12 and a lower proportion
of DP 13-35 compared to WT amylopectin. Figure 2.12 shows that amylopectin from the C663Y
mutant also contained a higher proportion of DP 6-12 and a lower proportion of DP 13-52
compared to WT amylopectin. Comparing the two difference plots, TILL amylopectin contained
12% more chains of DP 7 compared to WT (Figure 2.11) while C663Y mutant amylopectin
contained only 1% more of these chains compared to WT (Figure 2.12). C663Y mutant
amylopectin contained a lower proportion of chains 6-12 when compared to the TILL
background (Figure 2.13) and a higher proportion of chain lengths of DP 12-50.
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Figure 2.11: Difference in chain-length distribution between WT amylopectin and TILL
amylopectin. The molar % of chains for each degree of polymerization for WT amylopectin was
subtracted from the molar % of chains for each degree of polymerization for TILL amylopectin.
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Figure 2.12: Difference in chain length distribution between WT amylopectin and C663Y
mutant amylopectin. The molar % of chains for each degree of polymerization for WT
amylopectin was subtracted from the molar % of chains for each degree of polymerization for
C663Y mutant amylopectin.
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Figure 2.13: Difference in chain-length distribution between TILL amylopectin and C663Y
mutant amylopectin. The molar % of chains for each degree of polymerization for TILL
amylopectin was subtracted from the molar % of chains for each degree of polymerization for
C663Y mutant amylopectin.
The molar percent for four distinct DP ranges were calculated so that each maize line
could be compared in more detail. These DP ranges were first introduced by Hanashiro et al.
(1996) when a periodic pattern was observed in the chain-length distributions of amylopectins
from several biological sources. Difference plots for the chain-length distribution of amylopectin
from sources including maize, rice, barley and wheat illustrate the difference in the percent of
each chain length relative to a standard sample. Hanashiro et al. (1996) noted the x-intercepts of
these difference plots occurred at multiples of DP 12 suggesting fractionation of chains into four
increasing DP ranges; DP 6-12, DP 13-24, DP 25-36 and DP≥37. These ranges likely correspond
to A chains (those that bind to B chains only), and B chains (B1-B3, increasing in length),
respectively (refer to Figure 1.7). The average DP was also calculated. The values for the
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proportion of chains in each DP range as well as the average DP for each amylopectin sample
can be found in Table 2.3.

Table 2.3: Chain-length distribution of WT, TILL and C663Y mutant amylopectin. All values,
excluding the average DP, in molar percent.
The molar percent of short chains (DP 6-12) varies widely between the three lines. 17.9%
of the WT amylopectin sample was composed of these short chains while 73.5% of TILL
amylopectin is made up of DP 6-12. The C663Ymutant was composed of 43.1% short chains
(DP 6-12) which is lower than the TILL background but higher than WT amylopectin. Glucan
chains of DP 13-24 constitute the highest proportion of chains for both WT and
C663Yamylopectin. WT amylopectin was composed of 64.7% of these chains while
C663Yamylopectin was composed of 48.5%, representing 2-2.5 times the proportion found in
the TILL line.
WT amylopectin contained a higher proportion of chain lengths of DP 25-36 when
compared to both of the other lines tested. 12.5% of WT amylopectin was composed of these
mid-length chains while TILL and C663Y amylopectin contained 1.2% and 7.1%, respectively.
Finally, the proportion of long chains, DP≥37, was the lowest for each sample line investigated.
Interestingly, long chains of 37 glucosyl units or more could not be detected in TILL
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amylopectin. WT amylopectin was found to have the highest average chain length at a DP of 19
with C663Y having an average of almost 15 DP and TILL having an average between 10 and 11
DP.
2.4 Discussion
The focus of this chapter was to characterize a single nucleotide polymorphism in the
SBEIIb gene and study the effects of the mutation on the type of starch produced by the plant.
TILLING was used to generate and identify a new guanine to adenine mutation in SBEIIb at
position 1805bp of the coding sequence. This translates to a cysteine to tyrosine amino acid
substitution at position 663 of the SBEIIb amino acid sequence, and was generated in a bz1, sh1,
and wx1 triple mutant background. A line containing this triple mutant background along with
any additional mutations induced by the EMS, but lacking the C663Y SBEIIb mutation, was
used in all experiments to control for the effects of uncharacterized mutations throughout the
genome. Seeds homozygous for the cysteine to tyrosine mutation, were first identified by their
classic ae indented kernel phenotype (Figure 2.2) and were later confirmed by genomic and
cDNA PCR and sequencing (Figures 2.3 and 2.5).
As ae mutations are known to have an effect on the proportion of branched and linear
glucans, the ConA method was used to selectively precipitate branched glucans (amylopectin) in
order to estimate the amount of amylose in the sample (Banks et al., 1974; Klucinec and
Thompson, 2002; Liu et al., 2009, 2012a; Mu et al., 2001). The results from this method (Table
2.1) estimated the amount of amylose per 1mg of starch for the TILL background sample and
C663Y mutant sample at 0.07±0.03mg and 0.12±0.02mg, respectively. While using a 95%
confidence value indicated that these values were not statistically different from one another
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(p=0.078), the significance could potentially be increased by adding additional replicates. The
ConA precipitation method can only estimate percent amylose within 5-10% of its actual value
and the longer the sample is incubated with ConA, the higher the chance that it will also
precipitate linear glucan such as amylose. In light of this, it’s possible the amylose values were
underestimated due to the limitations of this assay.
A CL-6B GPC column was used as an alternate method to estimate the amylose content
in the background and C663Y mutant lines. This column separates debranched starch based on
chain length; shorter chains such as branches from amylopectin are small enough to interact with
the pores in the column matrix, and require high volumes of eluent before they are eluted.
Longer chains, such as amylose, are too large to enter the pores and so are eluted first from the
column. This experiment found that TILL starch contained 20.6±1.8% amylose which is only
~3% less than the WT at 23.2±0.9% (Table 2.2). C663Y mutant starch was found to contain
23.1±0.57% amylose, identical to the WT. The C663Y mutant starch contained approximately
3% more amylose relative to its TILL background which is in agreement with the results of the
ConA method (7.4±3.5% for TILL starch, 12.1±2.3% for C663Y mutant starch). However, Ttest values for the comparison of the amount of amylose in TILL (p=0.82) and C663Y mutant
starch (p=0.27) compared to WT, indicated that there are no significant differences in the amount
of amylose between the three lines. The statistical significance could potentially be improved by
increasing the number of replicates. While the percent apparent amylose in the starch from the
C663Y mutant may be elevated compared to its TILL background, it is likely that the increased
amylose is actually linearized amylopectin, a characteristic of ae mutations (Klucinec and
Thompson, 2002). As it is unclear whether the waxy mutation in the TILL and C663Y lines has
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an effect on the amylose content, future research should aim to identify and characterize the
nature of the GBSSI mutation.
To characterize the starch phenotype further, amylopectin was extracted from each line,
debranched with isoamylase and pullulanase and separated using a Dionex HPAEC column. The
resulting data included the overall chain-length distribution of the amylopectin (Figure 2.10) as
well as specific molar percentages of glucan sizes in four ranges (Table 2.3). The amylopectin
extracted from TILL starch was found to contain the highest abundance of short chains (DP 612) at 73.5% when compared to the other two lines tested. WT amylopectin contained only
17.9% while C663Y amylopectin contained 43.1%. The higher abundance of short chains in the
TILL background is most likely due to the mutation in GBSSI which is thought to be responsible
for long chain amylopectin synthesis (Hanashiro et al., 2008). It’s possible the C663Y mutant
contained a lower proportion of short chains compared to the TILL background because of the
SBEIIb mutation. As maize SBEIIb transfers chain lengths of DP 3-9 with a preference for chain
lengths of DP 6-7, this result is consistent with a partially-functional SBEIIb (Takeda et al.,
1993).
WT amylopectin seemed to have an abundance of chains DP 13-24, which made up 65%
of the total chains measured (Table 2.3). This is in agreement with published data for WT maize
amylopectin which indicates that chains of DP 13-24 make up 54% of the total (Hanashiro et al.,
1996). The TILL and C663Y amylopectin samples contained less of these mid-length chains at
25.3% and 48.5%, respectively. Long chains with a DP range of 25-36 composed 12.5%, 1.2%
and 7.1% of WT, TILL and C663Y amylopectins, respectively. It’s likely these long chains are
severely reduced in the TILL background because of the presumed altered functionality of the
GBSSI enzyme and its potential role in synthesis of long amylopectin chains (Hanashiro et al.,
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2008). The ~5% reduction in long chains (DP 25-36) in C663Y amylopectin compared to WT
could also be attributed to the mutation in SBEIIb which causes fewer branch points to be made
leaving fewer reducing ends available for starch synthases to elongate.
As discussed in Chapter 1, ae mutations often result in a high-amylose phenotype
composed of starch that is resistant to digestion by α-amylases (Klucinec and Thompson, 2002).
This resistant starch is beneficial to human health as it lowers the glycemic index of foods,
maintaining the insulin response, and acts as a source of dietary fiber, promoting colon health
(Nugent, 2005). In addition, resistant starches are undigested by the small intestine and are able
to pass through to the large intestine where they provide a carbon source for the intestinal
bacteria (Annison and Topping, 1994; Asp et al., 1996). The microflora synthesize butyrate and
other short-chain fatty acids which are beneficial for colonocites and are linked to a decreased
rate of colorectal cancer (Cummings and Macfarlane, 1991; Velázquez et al., 1996). While the
C663Y SBEIIb mutation discussed in this chapter did not display an increase in the proportion of
apparent amylose, indicative of resistant starch, there were differences in amylopectin structure
compared to the TILL background. C663Y amylopectin contained fewer short chains DP 6-12
(43.1%) and more long chains DP 25-36 (7.1%) when compared to TILL amylopectin at 73.5%
and 1.2%, respectively. Though additional replicates should be performed, these results indicate
an altered amylopectin structure in the C663Y mutant consisting of fewer short chains, such as
those found at branch points, and more long chains.
Liu et al. (2012a), used fluorophore-assisted carbohydrate electrophoresis (FACE) to
determine the chain-length distribution of starch from two different ae alleles, termed ae1.1 and
ae1.2. The FACE technique utilizes reductive amination to label the glucan reducing ends with a
negatively-charged fluorophore (Shea et al., 1998). The negative charge allows separation of
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glucan chains using capillary electrophoresis, and the fluorophore label is detected using argon
laser-induced fluorescence (Liu et al., 2012a). Both ae1.1 and ae1.2 starches showed a decrease
in the proportion of short chains DP 9-15 and an increase in long chains DP 16-35, when
compared with WT maize starch (Liu et al., 2012a). This is consistent with the chain-length
distribution of ae C663Y amylopectin investigated in this chapter. Though the methods used in
each case differ (FACE compared with HPAEC), other studies have shown that these methods of
measuring chain length distribution yield comparable results (Yao et al., 2005).
Mutations in the gene encoding sucrose synthase, sh1, result in decreased starch content
to 40% of WT levels (Chourey and Nelson, 1976) as less carbon assimilate is being partitioned
into starch synthesis. A decrease in the amount of available ADP-Glc often has a much more
negative effect on the amount of amylose as opposed to the amount of amylopectin, due to
GBSSI’s relatively low affinity for the substrate (

for ADP-Glc is 0.96 mM) (Preiss, 2009),

compared with soluble starch synthases such as SSI and SSII, which have a

for ADP-Glc in

the range of 0.04-0.24 mM (Imparl-Radosevich et al., 2003). As GBSSI has been proposed to be
responsible for long-chain amylopectin synthesis (Hanashiro et al., 2008), the presence of the sh1
mutation in the TILL background may explain the excess of short chains DP 6-12 (73.5%) and
the complete lack of long chains DP≥37 in this line (0%), when compared with WT amylopectin
(17.9% and 4.9%, respectively).
While Chapter 2 sought to characterize the C663Y SBEIIb mutation based on
genotyping, seed morphology and the resulting starch phenotype, Chapter 3 investigates the
biochemical ramifications of the mutated SBEIIb. The C663Y mutation occurs in the C-terminal
domain of the SBEIIb protein, which is thought to be involved in catalytic capacity and substrate
preference (Hong and Preiss, 2000). The area around this mutation (
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to

) is

thought to play a role in the catalytic capacity of SBEIIb, with deletion of this region resulting in
total loss of SBEIIb catalytic activity (Hong and Preiss, 2000). In light of the altered chain-length
distribution of the C663Y mutant, as discussed in this chapter, and the presence of the mutation
in a catalytically-important domain, the catalytic activity of C663Y SBEIIb will be explored in
Chapter 3. The partitioning of starch biosynthetic enzymes between the soluble and granulebound fractions of the endosperm will be discussed, and the protein-protein interaction abilities
of C663YSBEIIb will be explored. In order to study the biochemical effects of the C663Y
mutation on SBEIIb enzyme activity and protein-protein interactions in the absence of other
proteins found in the endosperm, experiments using a recombinant version of the C663Y SBEIIb
will also be described.
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Chapter 3
3.1 Introduction
Protein-Protein Interactions
Maize, in common with many other plants, has two classes of starch branching enzyme,
SBEI and SBEII. SBEI has a higher affinity for amylose in vitro while SBEII is responsible for
introducing branch points to amylopectin (Guan and Preiss, 1993). In monocots, there are two
genes that encode for SBEII; SBEIIa and SBEIIb (Rahman et al., 2001). In maize, SBEIIa is
highly expressed in leaf tissue and is thought to play a role in branch addition in transient starch
(Yandeau-Nelson et al., 2011), while SBEIIb is found in the endosperm and accounts for the
majority of starch branching enzyme activity (Gao et al., 1996, 1997; Mu et al., 2001). The
dominant starch branching isoform (SBEIIb or SBEIIa), has been found to interact with two
starch synthases, SSI and SSIIa, in a multi-subunit protein complex in maize and wheat
endosperm, respectively (Hennen-Bierwagen et al., 2008, 2009; Tetlow et al., 2008).
Interestingly, enzymes participating in multimeric complexes could be detected in both soluble
stroma and granule-bound fractions (Liu et al., 2009). The phosphorylation state of SBEIIb
seems to have an effect on both the enzyme’s catalytic activity and the formation and
disassembly of this complex (Tetlow et al., 2004). In the presence of exogenous ATP and an
amyloplast-localised protein kinase, SBEIIb phosphorylation favours complex formation, while
addition of a non-specific protein phosphatase, such as alkaline phosphatase (APase), reverses
this interaction (Tetlow et al., 2004). Though three serine residues,

,

, and

have recently been experimentally identified as phosphorylation sites, it is less clear which
SBEIIb domains facilitate binding with SSIIa and SSI (Makhmoudova et al., 2014).
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The amylose-extender (ae) mutant of maize results from the loss of SBEIIb expression
from maize endosperm (Banks et al., 1974; Mu et al., 2001). The mutation results in an indented
seed phenotype and the accumulation of high-amylose starch. While there is no change in
amylose synthesis in the ae mutant, there is an alteration in the structure of amylopectin and a
reduction in the amount of starch. This mutant amylopectin contains longer overall glucan chains
and fewer branches which interact more closely with the main chain making this starch less
susceptible to digestion by α-amylase (Eerlingen et al., 1993, 1994; Klucinec and Thompson,
2002). Other starch biosynthetic enzymes in the ae null mutant exhibit altered protein-protein
interactions and granule protein partitioning. In the absence of SBEIIb, SSIIa and SSI were
found to interact with SBEI, SBEIIa and SP and all the enzymes involved in the mutant
heteromeric, stromal complex could be detected in the starch granule (Liu et al., 2009).
A second ae mutant in maize, termed ae1.2, has recently been characterized which
contains a 28-amino-acid deletion (amino acids 272-299) within the

-domain of SBEIIb and

results in expression of an inactive enzyme. The SBEIIb from the ae1.2 mutant was still able to
interact with SSI and SSIIa as well as with SBEI, and a complex consisting of SSI, SSIIa and
SBEI was detected in the amyloplast stroma (Liu et al., 2012a). All four of these enzymes could
be detected within the starch granule suggesting that the mutant SBEIIb is trafficked into the
granule by its interaction with one or more other enzymes, despite its lack of biological activity.
Recent studies by Liu et al. (2012b), have identified SSIIa as the core enzyme in the SSISSIIa-SBEIIb trimeric complex and shown that a single, highly-conserved residue (

), is

responsible for binding SSIIa to a glucan substrate. In SSIIa mutants containing a point mutation
resulting in a Gly to a Arg amino acid substitution at position 522, SSIIa loses its ability to bind
starch. As a consequence, none of the three enzymes involved in the trimeric complex were
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found within the starch granule, implying that SSIIa is important in trafficking the other enzymes
to the granule.
SBEIIb domains that are potentially important in the interactions between it and other
starch biosynthetic enzymes have been identified using bioinformatics tools (Figure 3.1). A
program called Receptor Binding Domain Finder was used to predict interaction sites based on
the characteristics most commonly found in experimentally-identified sites and uses only protein
sequence, not structure, for its prediction (Gallet et al., 2000; De Loof et al., 1986). In total, nine
potential interaction domains were identified by this program and are highlighted in blue in
Figure 3.1. In addition, NetPhos 2.0 (Blom et al., 1999), was used to identify putative
phosphoserines in the SBEIIb sequence. While 23 serines were highlighted as potential
phosphorylation sites, only four of those sites had a prediction score ≥0.99. Of these four, three
serines (

,

and

) have been experimentally identified using mass spectrometry

and are highlighted in yellow in Figure 3.1 (Makhmoudova et al., 2014).
Liu (2010), mutated one such domain to produce a recombinant, mutant SBEIIb. The
mutated domain was the KCRR domain at position 662-665 of the amino acid sequence. This
domain is highly conserved among many plant branching enzymes, and was predicted to be
involved in protein interaction by the Receptor Binding Domain Finder program.
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Figure 3.1: Bioinformatic analysis of the SBEIIb amino acid sequence. The N-terminal region
highlighted in orange is the predicted 61-amino-acid transit peptide using ChloroP 1.1 Prediction
Server (Emanuelsson et al., 1999). The methionine highlighted in green at position 62 is the start
of the mature protein sequence while the glutamic acid residue highlighted in red at position 799
is the last residue in the protein sequence. Domains highlighted in blue represent putative
protein-protein interaction domains, as predicted by the bioinformatics program, Rector Binding
Domain Finder. Serines highlighted in yellow are those putative phosphorylation sites that had a
high probability score (≥0.95) using NetPhos 2.0 Server (Blom et al., 1999) and have since been
confirmed by mass-spectrometry (Makhmoudova et al., 2014).
The second and third residues (

) in this domain were mutated to

alanine residues and Liu (2010) studied the mutations’ effect on the ability of SBEIIb to interact
with SSIIa or SBEI. S-protein agarose bound to the S-tagged recombinant SBEIIb was used as
bait to detect any interacting enzymes (Figure 3.2).
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Figure 3.2: Importance of the KCRR domain on SBEIIb for interaction with SSIIa. Use of maize
recombinant S-tagged SBEIIb to study protein-protein interactions in amyloplast lysates. Mutant
SBEIIb contained alanine substitutions at positions 663 and 664 of the amino acid sequence.
These mutations were generated in a putative protein-protein interaction domain, (KCRR) as
identified by bioinformatic tools. Wild-type and mutant recombinant SBEIIb were immobilized
onto S-agarose beads and incubated with 1ml of amyloplast lysate (0.8-1mg protein/ml) for 1
hour at room temperature. The amyloplast lysate was removed and the beads containing
recombinant SBEIIb and any interacting enzymes were thoroughly washed and then boiled in
SDS loading buffer. Proteins were separated by SDS-PAGE in 10% acrylamide gels, blotted to
nitrocellulose membranes and probed with peptide-specific anti-maize antibodies. (A)
Immunoblot probed with anti-SBEIIb antibody. (B) Immunoblot probed with anti-SSIIa
antibody. (C) Immunoblot probed with anti-SBEI antibody. Adapted from (Liu, 2010).
The first two lanes in Figure 3.2A demonstrate the cross-reaction of anti-SBEIIb with the
S-tagged mutant and WT SBEIIb enzymes. This blot confirms that both forms of S-tagged
SBEIIb were able to successfully bind to the S-protein agarose beads. The absence of a band in
lane one of Figure 3.2B suggests that the recombinant SBEIIb, containing the KCRR>KAAR
mutation, was unable to interact with SSIIa when compared to the WT recombinant protein.
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Interestingly, both the mutated and WT SBEIIb were able to bind to SBEI (Figure 3.2C).
Coupled with the bioinformatics analysis, this experiment provides compelling evidence that the
KCRR domain at the C-terminal end of SBEIIb involved in facilitating protein complex
formation with SSIIa.
Recombinant Enzymes
As the C663Y mutation of the SBEIIb enzyme identified by TILLING in Chapter 1
occurs in this C-terminal KCRR interaction domain and produces an amylose extender-like
phenotype in the grain, the focus of this chapter was to investigate the biochemical consequences
of the mutation. Zymogram activity assays and co-immunoprecipitation experiments were
performed to characterize the effects of the mutation using endosperm extract. In order to further
investigate the effects of this mutation on the functionality of SBEIIb in isolation, it was
necessary to produce a recombinant version in vitro. As this protein has been expressed before, a
pET29a vector (Figure 3.3) containing the coding sequence without the transit peptide, was
available (courtesy of Amina Makhmoudova), and a recombinant version of the mutated protein
sequence was also produced to test the hypothesis about interactions with other enzymes.
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Figure 3.3: Plasmid map of the pET29a vector used for overexpression of SBEIIb. This vector
contains an IPTG-inducible T7 promoter and is resistant to the antibiotic kanamycin. This
plasmid also contains a 44bp N-terminal S-tag coding sequence which is in frame with the
SBEIIb coding sequence. Figure from http://www.synthesisgene.com/vector/pET-29a.pdf.
Previous experiments have resulted in a high proportion of recombinant SBEIIb being
trapped in insoluble inclusion bodies. To increase the amount of enzyme present in the soluble
fraction, ArcticExpress Competent Cells (Agilent Technologies) were used for overexpression.
These cells are grown at 30°C until an optimal optical density is reached at which point they are
induced to overexpress the protein of interest by the addition of IPTG. The cells are then
transferred to a 10°C incubator which induces the cells to express cold-adapted chaperonin
proteins, Cpn10 and Cpn60 from Oleispira antarctica, which bind to unfolded proteins and
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facilitate their proper folding (Ferrer et al., 2003). To increase the efficiency of the SBEIIb
overexpression, the SBEIIb insert used contained a tyrosine to cysteine mutation at position
855bp. This mutation was generated in the middle of a stretch of seven tyrosines which were
found to negatively impact high expression of SBEIIb. This mutation does not result in an amino
acid change.
The experiments discussed in this chapter tested the hypothesis that the KCRR domain in
SBEIIb is involved in facilitating protein-protein interactions and that by mutating this site there
may be an effect on the protein complexes formed. Co-immunoprecipitation was used to study
the TILLING mutant SBEIIb enzyme’s ability to complex with SSI and SSIIa, while activity gel
(zymogram) analysis was used to identify any changes in SBEIIb activity. Recombinant versions
of the WT and C663Y SBEIIb were produced and used to study the enzyme’s activity and
complexing abilities in the absence of any other starch biosynthetic enzymes. Zymogram
analysis as well as the phosphorylase-a stimulation assay were used to measure catalytic activity,
while a “pull-down” assay, utilizing S-agarose immobilized SBEIIb, was used to detect ability to
interact with other proteins.
3.2 Methods
3.2.1 Protein Analysis from Endosperm
3.2.1.1 Preparation of Endosperm Whole Cell Extracts
Kernels frozen at -80°C were allowed to thaw at room temperature and the endosperm
was squeezed into a pre-chilled mortar containing liquid nitrogen. The endosperm tissue was
then crushed to a fine powder using a pre-chilled pestle and the powder was added to a
microcentrifuge tube containing 250ul ice-cold Rupturing Buffer (100mM Tricine/KOH buffer
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pH 7.8 with 1mM DTT, 5mM

and 1U Plant Protease Inhibitor Cocktail [Plant

ProteaseArrest™ 100X, G-Biosciences]). The ground tissue and buffer were subjected to a
vortex mixer and then centrifuged at 13,000xg for 5 minutes at 4°C in a Sigma 1-15K Microfuge
(Sigma-Aldrich). The supernatant was centrifuged at 120,000xg for 20 minutes at 30psi in an
Airfuge CLS Ultracentrifuge (Beckman Coulter) to remove membranes. The resulting
supernatant was used in Western blot and Co-Immunoprecipitation experiments.
3.2.1.2 Preparation of Starch Granule-Bound Proteins
The pellet generated from the endosperm whole cell extraction protocol was used to
extract granule-bound proteins. The pellet was washed 6 times with Starch Wash Buffer (50mM
Tris-Acetate pH 7.5, 1mM

, 1mM DTT) to remove any proteins weakly associated

with the surface of the granule. After each resuspension of the pelleted material in Starch Wash
Buffer, the sample was centrifuged at 13,000xg for 1 minute in a Sigma 1-15 Microfuge (SigmaAldrich) to re-pellet the starch. Lipids in the sample were solubilized by the addition of 95%
(w/v) ethanol and after centrifuging the sample at 13,000xg for 1 minute, the supernatant was
discarded. This washing step was repeated 3 times. 500ul of 100% acetone was then added to the
sample to aid in drying the starch. The pellet was resuspended with the acetone and subsequently
centrifuged at 13,000xg for 1 minute twice. At this point the supernatant was discarded and the
starch was dried in a FreeZone 6 Plus freeze dryer (Labconco) attached to a CentriVap
Concentator Speed Vacuum (Labconco) for 30 minutes.
After all the acetone was removed, 100mg of starch, as measured by an analytical balance
(Denver Instruments), was resuspended in 2% SDS and centrifuged at 3000xg for 2 minutes in a
Sigma 1-15 Microfuge (Sigma-Aldrich). This wash step was repeated 3 times and the SDS was
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removed after the final spin. Starch samples were then resuspended in 1X SDS Sample Buffer
(1M Tris-HCl pH 6.5, 1mM DTT and 1X SDS) and heated at 95° for 6 minutes to release
proteins entrapped within the granule. The sample was centrifuged at 13,000xg for 10 minutes in
the centrifuge described above and the supernatant containing the previously, granule-bound,
starch biosynthetic enzymes was measured for protein concentration. Samples were then boiled
for 5 minutes in an appropriate amount of 5X SDS Loading Buffer (25% [v/v] 2mercaptoethanol, 0.005% [w/v] Bromophenol Blue, 50% [v/v] Glycerol, 10% [v/v] SDS in
0.3125M Tris-HCl, pH 6.75).
3.2.1.3 Determination of Protein Concentration
A 1ml volume was used to determine the protein concentration of whole cell extracts. 5ul
of each extract was added to 795ul water and 200uL Bradford Reagent (BioRad) and mixed in a
1.5ml cuvette. An 800ul water and 200ul Bradford Reagent standard was used as a baseline.
Samples were quantified using spectrophotometry at a wavelength of 595nm against the reagent
blank. Protein concentration was determined by dividing the absorbance at 595nm for each
sample by the standard curve value. Standard curves were generated using a series of Bovine
Serum Albumin (BSA) samples of known concentration (0, 0.5, 1, 1.5, 2 and 2.5mg/ml) (Figure
3.4).

92

BSA Standard Curve
1.40
1.20

Abs 595nm

1.00
0.80
y = 0.4909x
R² = 0.9901

0.60
0.40
0.20
0.00
0

0.5

1

1.5

2

2.5

3

BSA (mg/ml)

Figure 3.4: Standard curve for determination of protein concentration. Absorbance values at
595nm for each known concentration of BSA. The
value was used as the standard curve value
to determine the concentration of unknown protein samples. Graph courtesy of Qianru Zhao.
3.2.1.4 Sodium-Dodecyl-Sulfate-Polyacrylamide Gel Electrophoresis
Whole cell endosperm extracts were run on 1.5mm-thick 10% sodium dodecyl sulphatepolyacrylamide gels (SDS gels) prepared using a Bio-Rad Model 485 Gradient Former in Trisglycine Running Buffer (25mM Tris, 192mM glycine, 0.1% SDS) using a Mini-Protean III
Vertical Electrophoresis System (Bio-Rad). Gels were run at 100V for approximately 2 hours
until samples neared or ran past the bottom of the gel plate. See Table 3.1 for gel composition.
Samples prepared for SDS-PAGE were boiled for 5 minutes in 5X SDS Loading Buffer (25%
[v/v] 2-mercaptoethanol, 0.005% [w/v] Bromophenol Blue, 50% [v/v] Glycerol, 10% [v/v] SDS
in 0.3125M Tris-HCl, pH 6.75). Precision Plus Protein All Blue Standards (BioRad) or BLUeye
Prestained Protein Ladder (GeneDirex) were used as known molecular weight markers.
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Stock Solution

Composition of SDS-PAGE gel (10ml)

Stacking gel (ml)
(5% acrylamide)

ProtoGel® Acrylamide:bisacrylamide

Resolving gel (ml)
(10% acrylamide)

1.68

3.4

0.5M Tris (pH 6.8)

1.28

-

1.5M Tris (pH 8.8)

-

2.6

10% (w/v) SDS

0.1

0.1

10% (w/v) ammonium persulfate (APS)

0.112

0.1

Distilled water

7.0

3.8

TEMED (Tetramethylethylenediamine)

0.008

0.01

(30%[w/v])

Table 3.1: Composition of resolving and stacking gel components of denaturing protein gels for
SDS-PAGE.
3.2.1.5 Western Blotting
Proteins separated by SDS-PAGE were trans-blotted to nitrocellulose membranes in
Transfer Buffer (25mM Tris, 192mM Glycine, 20% Methanol) at 30V for 90 minutes using a
Mini Trans-Blot® Electrophoretic Transfer Cell (Bio-Rad). After confirming complete transfer
based on appearance of markers, membranes were blocked in 15ml BSA (1.5% BSA in 50mM
Tris-HCl pH 7.5, 150mM NaCl) for 15 minutes. Membranes were then incubated overnight at
room temperature in primary antibody, diluted in BSA Blocking Solution (same as above). The
next day membranes were washed 3x15 minutes in 1xTTBS (50mM Tris-HCl pH 7.5, 150mM
NaCl with 0.1% Tween-20). Membranes were then incubated at room temperature in an anti-
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rabbit alkaline phosphatase-conjugated IgG secondary antibody from goat (Sigma-Aldrich),
diluted to 1:30,000 in BSA Blocking Solution, for 2 hours. After incubation, membranes were
washed 3x 15 minutes in 1xTTBS and developed in BCIP/NBT (5-bromo-4-chloro-3'indolyphosphate p-toluidine salt, nitro-blue tetrazolium chloride) until bands appeared.
3.2.1.6 Coomassie Blue Staining of Protein
To visualize total protein in each sample, SDS gels were stained in Coomassie Staining
Solution (0.1% Coomassie Brilliant Blue, 10% Acetic Acid, 40% Methanol) for approximately 2
hours. Excess stain was removed from the gel by washing once with Destain Solution (20%
Methanol, 10% Acetic Acid) overnight.
3.2.1.7 Silver Staining of Protein
To confirm equal loading of protein, an identical SDS gel was run alongside gels used in
immunoblotting for silver stain detection of proteins. After electrophoresis, gels were fixed in a
50% (v/v) methanol, 5% (v/v) acetic acid solution for 10 minutes, then washed in 50% (v/v)
methanol for 10 minutes. Gels were washed in water for 1 hour. Gels were incubated in
Sensitizer Solution (0.2mg/ml sodium thiosulphate) for 1 minute then washed with water twice.
The silver staining reagent (1mg/ml silver nitrate) was applied to the gel and incubated at 4°C for
20 minutes in the dark. Gels were rinsed in deionized water twice then developed in 2mg/ml
sodium carbonate, with 40ul 100% formalin until bands appeared. The reaction was stopped
using 5% (v/v) acetic acid solution and gels were stored in water.
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3.2.1.8 Purification of Antibodies
All primary antibodies were generated in rabbit (Anaspec) using a synthetic peptide
containing a short stretch of amino acids from the protein’s sequence (Table 3.2). Serum was
collected and peptide-specific antibodies were purified using the same synthetic peptide used to
generate the antibody, conjugated to Sulpholink Coupling Resin (Pierce). Columns were
prepared by dissolving 2mg synthetic peptide in 1ml 50mM Tris-HCl pH 8.5 with 5mM EDTA.
2mL Sulpholink Coupling Resin was thoroughly washed with the Tris buffer above and loaded
onto a 2mL Poly-Prep Column (BioRad). The dissolved peptide was loaded onto the column and
incubated with the resin overnight at 4°C. The resin-peptide mixture was then washed with 3mL
Tris Buffer (same as above) and blocked with 1mL 50mM cysteine in Tris buffer to prevent nonspecific binding when purifying the antibody. Blocking was carried out for 15 minutes at room
temperature on a Stuart SB2 rotator at 50rpm then 30 addition minutes on the bench. The column
was then washed with 16mL 1M NaCl in Tris buffer and stored in 0.05% Sodium Azide in TrisHCl pH 8.5 and kept at 4°C.
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Enzyme

Peptide sequence

Location in the
full length sequence

SSI

AEPTGEPASTPPPVPD

SSIIa

72-87

GKDAPPERSGDAARLPRARRN

69-89

SBEI

KGWKFARQPSDQDTK

809-823

SBEIIa

FRGHLDYRYSEYKRLR

142-157

SBEIIb

PRGPQRLPSGKFIPGN

641-656

SP

YSYDELMGSLEGNEGYGRADYFLV

GBSSI

QDLSWKGPAKNWENV

917–943
442-456

Table 3.2: The synthetic peptide sequences derived from full-length amino acid sequences for
the various enzymes involved in starch synthesis used to generate polyclonal antibodies.
To purify specific antibodies, 5mL sera was diluted in 3mL 1XPBS (137mM NaCl,
2.7mM KCl, 10mM

, 2mM

) containing 0.01% (v/v) sodium azide. The

diluted sera was then applied to the previously-prepared column containing the resin-peptide
mixture and incubated with the resin overnight at 4°C. After 24 hours sera was drained from the
column and kept at -80°C for further purification. The column was washed with 10mL
Radioimmunoprecipitation Assay Buffer (RIPA, 50mM Tris, pH7.5, 150 mM NaCI, 0.1% SDS,
1% NP-40, 0.5% sodium deoxycholate) 10mL NETN-Salt (1M NaCl, 20mM Tris-HCl pH 8,
1mM EDTA, 0.5% NP-40) and 10mL 10mM Tris-HCl pH 7.8 to release any unbound
antibodies. Specific antibody was then eluted by adding 750uL 100mM glycine, pH 2.5 to the
column and left to incubate at 4°C overnight. The antibody fraction was allowed to drip into a
tube containing 100ul 1M Tris-HCl pH 7.8. pH was tested using pH detector strips and
neutralized to pH 7 or 8 by the addition of 1M Tris-HCl pH 7.8. The elution step was repeated
and the column was washed and stored in 0.05% (v/v) sodium azide in 10mM Tris-HCl pH 7.8.
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Once antibodies were eluted from the beads they were tested for specificity using Western
blotting and diluted to reduce non-specific binding. Anti-rabbit alkaline phosphatase-conjugated
IgG secondary antibody from goat (Sigma-Aldrich) was used as a secondary antibody in Western
blots.
3.2.1.9 Non-Denaturing Gel Electrophoresis and Zymogram Analysis
Non-denaturing gel electrophoresis and zymogram analysis were used as a nonquantitative way to visualize starch branching enzyme activity. Non-denaturing 1.5mm, 5%
(w/v) polyacrylamide gels were made using a Bio-Rad Model 485 Gradient Former with 0.2%
(w/v) maltoheptaose as a primer and 1.4 units phosphorylase-a from rabbit muscle to elongate
the branch points introduced by the branching enzyme. 10mg of the α-amylase inhibitor
Acarbose was added to each 10ml gel to prevent the degradation of glucans. Whole cell extract
samples were prepared by the addition of an appropriate amount of 6X Tris-Glycine NativePolyacrylamide Gel Loading Buffer (0.32M Tris-HCl pH 6.8, 40% glycerol, 20% βmercaptoethanol, 1.19mM Bromophenol Blue, brought up to volume with deionized water). Gels
were run in Running Buffer (see Section 3.2.1.4), without SDS, at 90V for 3 hours at 4°C in a
Mini-Protean III Vertical Electrophoresis System (Bio-Rad). Gels were then washed 3 times for
15 minutes each in Zymogram Wash Buffer (20mM MES pH 6.6 and 100mM NaCitrate), then
incubated in Zymogram Incubation Buffer (20mM MES pH 6.6, 100mM NaCitrate, 45mM G-1P, 2.5mM AMP, 1mM EDTA, and 1mM DTT) for 2 hours at 30°C with 50rpm shaking. After
washing the native gels with distilled water, they were stained in Lugol’s solution (5%

and

10% KI), until the appearance of bands. In order to identify the bands stained with iodine, an
identical native gel with the same loading was run alongside the first, blotted to a nitrocellulose
membrane and detected using protein-specific antibodies (see Section 3.2.1.8).
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3.2.1.10 Co-Immunoprecipitation of Enzyme Complexes
Whole cell endosperm extracts prepared from the maize lines studied, were used in coimmunoprecipitation experiments to investigate complex formation. 75mg Protein A Sepharose
beads were soaked in a solution of 1X PBS for 1 hour at 4°C. Concurrently 30ug SBEIIb
primary antibody was allowed to mix with 1ml (~1mg/ml) whole cell endosperm extract on a
Stuart SB2 rotator at 50rpm at room temperature for 1 hour. After 1 hour of bead swelling, fresh
1X PBS was added, mixed and centrifuged at 1000xg for 2 minutes using a Sigma 1-15
Microfuge (Sigma-Aldrich). Most of the supernatant was removed and the remaining solution
(~200ul) was mixed with the beads. 60ul of this Protein A Sepharose bead slurry was added to
each extract and allowed to incubate for 90 minutes on a Stuart SB2 rotator at room temperature.
After the incubation the sample was centrifuged at 1000xg for 2 minutes at 4°C in a Sigma 1-15
Microfuge (Sigma-Aldrich) to precipitate the beads and the attached Protein A-antibody-antigen
complex. The supernatant was removed with a syringe and boiled in 200ul 5X SDS Loading
Buffer for 6 minutes. The beads were then washed 7 times with 1X PBS and 3 times with
HEPES buffer (10mM HEPES pH 7.5, 150mM NaCl), centrifuging at 1000xg for 2 minutes after
each wash, and discarding the supernatant. The beads were boiled in 200ul 1XSDS Loading
Buffer for 10 minutes to disassociate the protein complexes from the beads.
3.2.2 Recombinant Protein Analysis
3.2.2.1 Site-Directed Mutagenesis
To generate a recombinant protein with the same mutation as the C663Y TILLING
mutant, the QuikChange Site-Directed Mutagenesis kit (Stratagene) was used. A pET29a vector
(Novagen) containing the coding sequence for SBEIIb (without the 61 amino acid transit
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peptide) was used as the dsDNA template for the mutagenesis. A hot-start polymerase, PfuTurbo
DNA Polymerase (Stratagene), was used to amplify this region using a TC-412 Thermal Cycler
(Techne) with a heated lid at 105°C. To activate the polymerase, the PCR was heated to 95°C for
3 minutes. A 3-temperature cycle was repeated 30 times beginning with 94°C for 1 minute to
separate the DNA stands. The mix as cooled to 55°C for 1 minute to allow for primer annealing
and heated to 68°C to allow for extension of the new DNA strand. After these cycles were
completed, a final extension step at 72°C for 10 minutes was performed. The 50ul PCR
contained a final concentration of 1X PfuTurbo buffer with

(provided by the

manufacturer), 100ng dsDNA template (pet29aSBEIIb), 125ng each forward and reverse
complimentary primers containing single nucleotide substitution, 0.2mM dNTP mix, 2.5 units
PfuTurbo DNA polymerase. The primers used to introduce the guanine to adenine mutation were
as follows: forward 5’CAGTTATGACAAATATCGTCGAAGATTTGACC 3’and reverse
5’GGTCAAATCTTCGACGATATTTGTCATAACTG 3’, with the mismatched bases
highlighted in yellow.
The PCR products were then run on a 1% (w/v) agarose gel containing 0.5ug/ml ethidium
bromide at 100V for 40 minutes to ensure amplification of the plasmid. The PCR products were
treated with 1ul Dpn1 (10units/ul) for 1 hour at 37°C to digest the dam-methylated parental
plasmid. 50ul competent E.coli DH5α cells were gently thawed on ice and 4ul Dpn-1 treated
DNA was added to the cells. The transformation was incubated for 30 minutes on ice then heat
shocked for 90 seconds at 42°C. The transformation was again placed on ice for 2 minutes. 600ul
SOC broth (0.5% yeast extract, 2% tryptone, 10mM NaCl, 2.5mM KCl, 10mM

, 10mM

and 20mM glucose) was added to the cells and the transformation was incubated at 37°C
for 1 hour with 50rpm rotation on a Stuart SB2 rotator. At this point, cells were centrifuged at
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3000xg for 5 minutes in a Sigma 1-15K Microfuge (Sigma-Aldrich) and most of the SOC broth
was removed. The remaining 100ul of SOC was used to resuspend the cells and the
transformation was plated on LB agar plates (10mg/ml tryptone, 5mg/ml yeast extract, 10mg/ml
NaCl and 15mg/ml agar containing 50uM kanamycin) and incubated overnight at 37°C.
The next day, isolated colonies were chosen from the plate and used to inoculate 5ml LB
broth cultures (10mg/ml tryptone, 5mg/ml yeast extract, 10mg/ml NaCl containing 50uM
kanamycin) which were incubated overnight at 37°C with 250rpm shaking. The plasmid was
purified from the overnight culture using the High-Speed Plasmid Mini Kit (Geneaid) using
manufacturer’s instructions. All buffers used were provided by the manufacturer. 5ml cultures
were centrifuged at 3000xg for 15 minutes at 4°C in a Falcon 6/300 Refrigerated centrifuge. The
cell pellet was resuspended in 660ul PD1 Buffer and cells were lysed by the addition of 660ul
PD2 Buffer. After mixing by inversion, 990ul PD3 Buffer was added to the lysed cells and
mixed by inversion. The solution was centrifuged at 16,000xg for 15 minutes in a Sigma 1-15K
Microfuge (Sigma-Aldrich). The supernatant was removed and loaded onto a PD column in a
2ml collection tube. The column was centrifuged at 16,000xg for 30 seconds and the flowthrough was discarded. 400ul W1 Buffer was loaded onto the column and the column was
centrifuged at 16,000xg for 30 seconds. The flow-through was discarded and 600ul Wash Buffer
was added to the column and centrifuged again at 16,000xg for 30 seconds. The flow-through
was discarded and the column was centrifuged at 16,000xg for 3 minutes to dry the membrane.
The PD column was placed in a clean 1.5ml tube and 30ul DNase-free water was loaded onto the
membrane. The column was incubated at room temperature for 5 minutes and subsequently
centrifuged at 16,000xg for 2 minutes to elute the plasmid DNA. The quantity and quality of the
DNA was assed using a Nanodrop 2000C (ThermoScientific) and the DNA was sent for
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sequencing. Two sets of primers were used to amplify the entire SBEIIb insert: Set 1; forward 5’
GGATATATGAAACACATGTCG 3’, reverse 5’ CTTACCACTTGGAAGTCTTTGC 3’ and
set 2; forward 5’ TAATACGACTCACTATAGGG 3’ and reverse 5’
GCTAGTTATTGCTCAGCGG 3’. Sequencing was performed at either the Advanced Analysis
Center Genomics Unit or the Laboratory Services Division, both at the University of Guelph,
using the Sanger Sequencing method. Once it was confirmed that the site-directed mutagenesis
had been successful, the plasmid containing the mutation was transformed into Arctic Express
competent cells.
3.2.2.2 Overexpression of Recombinant Mutant and Wild Type SBEIIb in ArcticExpress
Competent Cells
Recombinant protein was overexpressed in E. coli ArcticExpress Competent Cells
(Agilent Technologies). Competent cells were thawed gently on ice, then mixed. To improve
transformation efficiency, 2ul of a 1:10 dilution of β-mercaptoethanol:water was added to 100ul
of competent cells per transformation. Cells were incubated on ice for 10 minutes with swirling
every 2 minutes. 100ng of the expression plasmid pET29a (containing the coding sequence for
SBEIIb) was added to the competent cells and swirled gently. This expression plasmid is under
the control of the IPTG-inducible T7 promoter and contains a 44bp N-terminal S-tag coding
sequence. The transformation reaction was then incubated on ice for 30 minutes. Each
transformation was heat-pulsed at 42°C for 20 seconds then incubated on ice for an additional 2
minutes. 900ul of preheated (42°C) SOC medium (0.5% yeast extract, 2% tryptone, 10mM
NaCl, 2.5mM KCl, 10mM

, 100mM

and 20mM glucose) was added to each

transformation reaction and incubated at 37°C for 1 hour with shaking at 220rpm. Cells were
then centrifuged at 3000xg for 5 minutes in a Sigma 1-15K Microfuge (Sigma-Aldrich) and most
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of the media was removed. The remaining 100ul of SOC broth was used to resuspend the cells,
and the transformations were plated on LB agar plates (10mg/ml tryptone, 5mg/ml yeast extract,
10mg/ml NaCl and 15mg/ml agar containing 50uM kanamycin and 20uM gentamicin). Plates
were incubated overnight at 37°C.
Two isolated colonies were chosen from each transformation plate to inoculate 5ml LB
broth cultures (10mg/ml tryptone, 5mg/ml yeast extract, 10mg/ml NaCl containing 50uM
kanamycin and 20uM gentamicin). 5ml cultures were grown overnight at 37°C with shaking at
250rpm. The next day, the 5ml cultures were used to inoculate 500ml LB broth cultures
containing no selection antibiotics. Larger cultures were grown for 3-5 hours at 37°C with
shaking at 250rpm until the Optical Density (OD) reached a value of 0.4 to 0.6. 100ul culture
was removed from each to serve as a non-induced control. Cultures were transferred to 10°C
with shaking at 250rpm for 10 minutes to equilibrate at which point 1mM isopropyl β-D-1thiogalactopyranoside (IPTG) was added to each. Cultures were incubated for 24 hours at 10°C
with shaking at 250rpm.
3.2.2.3 Purification of Overexpressed SBEIIb
In order to determine the efficiency of the SBEIIB recombinant protein overexpression
from E.coli ArcticExpress Cells, 20ul from each culture incubated for 24 hours at 10°C was
taken as an induced sample. 25ul of each uninduced and induced samples were boiled with an
appropriate amount of 5X SDS Loading Buffer for 5 minutes and loaded onto a 10% SDS gel.
The gel was run for 2 hours at 100V and stained with Coomassie Blue for 2 hours. Excess stain
was removed by incubating the gel with Destain Buffer overnight.

103

The remainder of each culture was centrifuged at 10,000xg for 20 minutes at 4°C in a
Falcon 6/300 Refrigerated Centrifuge. The supernatant from each tube was carefully poured off
and each pellet was resuspended in 5ml 1xPBS (137mM NaCl, 2.7mM KCl, 10mM
2mM

,

). An additional 5ml 1xPBS was used to wash each centrifuge tube to ensure all

cells were collected. The resuspended cells were then centrifuged again at 3000xg for 15 minutes
at 4°C and the supernatant was discarded. Total protein was then extracted from the cells using
BugBuster Protein Extraction Reagent (EMD Millipore). 5ml of the BugBuster Reagent was
used to resuspend each gram of cell paste, and 1ul (25 units) Benzonase Nuclease was added per
1ml BugBuster and mixed. 0.2ul (1kU) rLysozyme Solution was added per 1ml BugBuster and
mixed. 10ul 100mM PPDS Bacterial Protease Inhibitors (Roche) per 1ml BugBuster was added
and mixed. The cell suspension was then incubated on a Stuart SB2 rotator for 20 minutes at
room temperature. Insoluble cell debris was removed by centrifugation at 16,000xg for 20
minutes at 4°C in a Sigma 1-15K Microfuge (Sigma-Aldrich). The pellet was frozen at -80°C for
inclusion body purification. The supernatant was transferred to a new tube and frozen at -80°C.
24ul from each of the soluble and insoluble fractions was used to determine the
proportion of soluble and insoluble SBEIIb in each overexpression. 12ul from each was boiled
for 7 minutes with an appropriate amount of 5X SDS Loading Buffer and loaded onto a 10%
SDS gel. The gel was run for 2 hours at 100V at which point the gel was stained in Coomassie
Blue for 2 hours and destained in Destain Buffer overnight. An identical gel was blotted to a
nitrocellulose membrane and probed with SBEIIb-specific primary antibodies.
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3.2.2.4 Amyloplast Extract
Amyloplast extracts were used as a source of starch biosynthetic enzymes needed for the
protein-protein interaction experiments. Wild type B73 maize was grown in field conditions and
kernels were harvested at 22 to 25 DAP. The top of each kernel was sliced off using a sharp
blade and the inner endosperm was removed and placed into a dish containing 50ml ice cold
Amyloplast Extraction Buffer (50mM HEPES/KOH pH 7.5 with 0.8M sorbitol, 1mM KCl, 2mM
Mg

, and 1mM EDTA). Approximately 100g of endosperm was chopped until it reached a

homogenous, milky consistency. This mix was then filtered through four layers of Miracloth
(CalBiochem) which was pre-soaked in the same Amyloplast Extraction Buffer. The filtered
solution was then carefully layered onto 15ml of 3% (w/v) Histodenz (Sigma-Aldrich) in
Amyloplast Extraction Buffer and centrifuged at 100xg at 4°C for 20 minutes in a Allegra X-22R
Centrifuge (Beckman Coulter). The supernatant was carefully discarded and the pellet,
containing intact amyloplasts, was resuspended with 1ml ice-cold Rupturing Buffer (100mM
Tricine/KOH pH 7.8, 1mM DTT, 5mM Mg

and 1U of a Plant Protease Inhibitor Cocktail

[Plant ProteaseArrest™ 100X, G-Biosciences] per 1ml buffer). The ruptured plastids were then
centrifuged at 13,000xg at 4°C for 5 minutes in a Sigma 1-15K Microfuge (Sigma-Aldrich) to
pellet the starch. The supernatant (soluble fraction) were flash-frozen in liquid nitrogen then
stored at -80°C until use. After thawing the lysates, they were centrifuged at 120,000xg for 20
minutes at 30psi in an Airfuge CLS Ultracentrifuge (Beckman Coulter) to remove membranes.
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3.2.2.5 Immobilization of Recombinant SBEIIb on S-Protein Agarose Beads and Pull-Down
Assay
To study protein-protein interactions, the S-tagged SBEIIb recombinant protein was
immobilized to S-protein agarose beads and used as bait for interacting proteins present in maize
amyloplast. 400ul S-tagged recombinant protein was incubated with 200ul S-protein agarose
bead slurry (EMD Millipore) on a Stuart SB2 rotator at room temperature overnight. The next
day, the mix was applied to a BioRad column and washed with 50ml 1x Bind/Wash Buffer
(20mM Tris/HCl pH 7.5, 750mM NaCl, 0.1% (v/v\0 Triton X100, and 1mM DTT). The beads
were then equilibrated with 1ml Amyloplast Extraction Buffer (50mM HEPES/KOH pH 7.5,
0.8M sorbitol, 1mM KCl, 2mM Mg

and 1mM EDTA) to remove excess salt. The beads were

blocked in 1.5% (w/v) BSA (1.5% BSA in 50mM Tris-HCl pH 7.5, 150mM NaCl) on a Stuart
SB2 rotator at room temperature for 30 minutes. After the BSA was removed, the beads were
incubated with 1mg amyloplast lysate (with or without 1mM ATP) on a Stuart SB2 rotator at
room temperature for 1 hour. Beads were then washed with 175ml 1X Wash Buffer (20mM
Tris/HCl pH 7.5, 150mM NaCl and 0.1% (v/v) Triton X100) to wash away unbound protein.
Beads were then pipetted into centrifuge tubes and centrifuged at 500xg for 10 minutes at 4°C in
a Sigma 1-15K Microfuge (Sigma-Aldrich). The supernatant was discarded and the beads were
boiled for 10 minutes in 200ul 1X SDS Loading Buffer. Samples were then analysed using
Western blotting (See Sections 3.2.1.4 and 3.2.1.5).
3.2.2.6 Size Exclusion Chromatography
In order to separate the monomeric recombinant protein from multimeric protein
aggregates, the crude bacterial lysate from each overexpression was loaded onto a Superdex 200
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GPC column (GE Life Sciences). 0.5ml bacterial lysate was filtered through a 0.45um nylon
filter (Millipore) and injected onto the column using an AKTAExplorer HPLC system (GE Life
Sciences). Fractions were eluted using Rupturing Buffer (100mM Tricine/KOH buffer pH 7.8
with 1mM DTT, 5mM

and 1U Plant Protease Inhibitor Cocktail [Plant ProteaseArrest™

100X, G-Biosciences]) and peak fractions containing SBEIIb protein monomers were identified
using SDS-PAGE, Western blotting and Coomassie Blue protein staining (See Sections 3.2.1.4,
3.2.1.5 and 3.2.1.6). Peak fractions were pooled and concentrated using Amicon Centrifugal
Filter Devices and used in subsequent activity assays. The column was calibrated using low
molecular weight and high molecular weight protein standards (Amersham Biosciences). The
standards run were as follows: ribonuclease A (13.7kDa), chymotrypsinogen A (25kDa),
ovalbumin (43kDa), albumin (67kDa), aldolase (158kDa), catalase (232kDa), ferritin (440kDa),
and thyroglobulin (669kDa). The standards were separated on the column in two runs to ensure
complete elution of each in distinct fractions. The calibration curve was prepared using the
elution volumes of each standard versus the log of the molecular weight (Figure 3.5). The
elution volume of SBEIIb was calculated using the equation on the graph.
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Figure 3.5: Calibration curve of high and low molecular weight standards. The elution volume
for each standard protein was measured and plotted against the log molecular weight. Figure
from (Liu, 2010).
3.2.2.7

Phosphorylase-a Stimulation Assay

To determine the activity of the recombinant WT and C663Y SBEIIb, a radiolabelled
Glucose-1-Phosphate (G-1-P) assay was performed in triplicate. This assay indirectly measures
the branching enzyme activity by measuring its ability to provide new reducing ends which
stimulate the action of phosphorylase-a.

-labelled G-1-P is used as a substrate for glucan

synthesis, and its incorporation into glycogen can be measured using a scintillation counter.
120ul of a Master Mix (100mM Sodium Citrate, 0.2U/ml Phosphorylase-a, 1mM EDTA, 1mM
DTT and 25mM AMP in deionized water) was added to 60ul (0.2ug) recombinant protein along
with 20ul 0.5M

G-1-P (7.40GBq/mmol). The mix was incubated at 25°C for a series of time

points (5, 15, 30, 60 and 90 minutes) and the reaction was terminated by a 5 minute incubation at
95°C.

samples were incubated at 95°C for 5 minutes directly following the addition of

G-

1-P. A sample of uninduced bacterial lysate was used as a control and its activity values at each
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timepoint were subtracted from the samples to generate a corrected value. The solution was
centrifuged for 1 minute at 14,000rpm in a Sigma 1-15 Microfuge (Sigma-Aldrich) and 25ul
(80mg/ml) oyster glycogen (Sigm-Aldrich) was added. 1ml 75:1 methanol/KCl was added and
vortexed to mix. The solution was left to stand at room temperature for 5 minutes to fully
precipitate the glucans. The reaction was centrifuged for 5 minutes at 14,000rpm and the
supernatant was carefully decanted. 300ul water was added to the pellet and the solution was
mixed using a Disruptor Genie (Scientific Industries) for 5 minutes to disperse the glucan. 1ml of
the methanol/KCl solution was added to precipitate the glycogen and the sample was centrifuged
at top speed for 7 minutes. The supernatant was carefully discarded and the glycogen was
dispersed in 500ul water on a disrupter for 5 minutes. The whole solution was then added to a
vial containing 4.5ml scintillation fluid and the radioactivity was counted using a scintillation
counter.
The effects of reduction/oxidation state on branching enzyme activity were studied using
the Phosphorylase-a Stimulation Assay described in this section. Samples contained 10mM DTT,
1mM hydrogen peroxide or no treatment. Prior to this experiment, samples were dialyzed to
remove DTT used in GPC purification (Section 3.2.2.8).
3.2.2.8 Dialysis of Monomeric Recombinant SBEIIb
To remove DTT from monomeric GPC fraction containing recombinant SBEIIb for redox
experiments, samples were dialyzed using Float-A-Lyzer G2 membranes (Spectra/Por).
Membranes were equilibrated in cold (4°C) deionized water for 30 minutes. 500ul of each
sample was loaded into the dialysis membrane and dialyzed in 1L of cold 10mM Tris Buffer, pH
7.8 at 4°C for 8 hours. After 8 hours, the buffer was changed and 1L of fresh 10mM Tris Buffer
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was added. The samples were left to dialyze for an additional 8 hours at 4°C. After dialysis
samples were removed and the protein concentration was measured using the Bradford method
(Section 3.2.1.3).
3.3 Results
3.3.1 Confirmation of antibody specificity
In order to ensure their specificity, the SBEIIb antibodies purified from 2nd bleed rabbit
sera were tested against wild type maize cell extracts containing SBEIIb, to determine their
purity. When compared to pre-immune serum (serum collected from rabbit before challenging
the immune system with the synthetic peptide used to generate the antibody), the purified
SBEIIb antibody detects three bands (Figure 3.6B and Figure 3.6C). These bands could
represent phosphorylated and non-phosphorylated forms of SBEIIb and are detected at the same
location as when a reference anti-SBEIIb antibody is used (courtesy of Amina Makhmoudova)
(Figure 3.6A). Coomassie Blue staining shows few bands in the 1st elution of the purified antiSBEIIb antibody when compared to the many bands present in the pre-immune serum (Figure
3.6D). These results suggest a high level of purity of the anti-SBEIIb primary antibody used to
detect SBEIIb in subsequent experiments.
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Figure 3.6: Purity of anti-SBEIIb primary antibody. Anti-SBEIIb was purified from 2nd bleed
rabbit sera using a synthetic peptide containing the epitope site (Table 3.2). (A) WT whole cell
extract from maize incubated with a sample of reference anti-SBEIIb antibody (courtesy of
Amina Makhmoudova). (B) WT whole cell extract from maize incubated with rabbit preimmune serum. (C) WT whole cell extract incubated with a 1:30,000 (v/v) dilution of purified
anti-SBEIIb antibody, 1st elution. The black arrows show the presence of three bands, each
potentially representing a different form of SBEIIb. (D) Coomassie Blue staining of an SDS gel
containing pre-immune serum and anti-SBEIIb antibodies, 1st elution. The red arrow indicates
the purified SBEIIb antibody.
3.3.2 Subcellular localization of starch biosynthetic enzymes
Using peptide-specific, polyclonal antibodies the presence of each of the major starch
biosynthetic enzymes in the maize mutant endosperm whole cell extract was determined. Whole
cell extracts from the endosperm of 22-25 DAP plants were prepared for the WT W22
background, TILLING background line and the C663Y mutant. TILLING kernels containing a
waxy1, bronze1, shrunken1 W22 background (referred to as “TILL”), but homozygous WT for
the SBEIIb sequence, were used to control for these mutations and any other mutations induced
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by EMS mutagenesis. The “TILL” genotype was used as a control to account for the effects of
the many mutations induced by EMS so that any change in phenotype between the TILL and
C663Y mutant lines would be due to the SBEIIb mutation alone. The protein concentration of
each extract was determined using the Bradford method and equal amounts of protein were
loaded on denaturing SDS gels (Figure 3.7). This gel shows the protein profile of endosperm
from each line.

Figure 3.7: Soluble proteins from WT, TILL and C663Y mutant lines. Whole cell endosperm
extracts were prepared from each of the three lines. Total protein concentrations were determined
using the Bradford method and an equal amount of protein (40ug) from each line was boiled in
5X SDS Loading Buffer and separated on a SDS gel and run at 100V for 2 hours. The gel was
stained with Coomassie Blue for 2 hours and then destained overnight in Destain Solution.
It appears that despite the mutation, SBEIIb is still expressed in the C663Y mutant line.
Though the band appears less intense compared to the control lines, western blotting is a nonquantitative method (Figure 3.8B). All other starch biosynthetic enzymes including SBEI,
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SBEIIa, SSI, SSIIa and SP were present in the soluble fraction of the C663Y mutant line (Figure
3.8).

Figure 3.8: Presence of the major starch biosynthetic enzymes in the soluble fraction of maize
lines studied. Protein was boiled in an appropriate amount of 5X SDS Loading Buffer. 40ug of
soluble protein from each sample were separated on denaturing SDS gels and blotted to
nitrocellulose membranes. Membranes were probed with; (A) anti-SSIIa antibody. (B) antiSBEIIb antibody. (C) anti-SSI antibody. (D) anti-SBEIIa antibody. (E) anti-SBEI antibody. The
red arrow indicates the bands representing SBEI. (F) anti-SP antibody.
Figure 3.9 shows a silver-stained SDS gel which contains equal protein loading (40ug)
from each starch granule extract. This gel shows the protein profile of the insoluble starch
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granule after repeated washing of the starch to remove loosely-bound proteins and that all
proteins appear to be in relatively equal quantity between each line. Figure 3.10 shows a series
of western blots, each probed with a different peptide-specific antibody, which identify those
proteins present in the starch granule of each line studied. SBEIIb appears to be in a higher
abundance in the C663Y mutant granule, when compared to the amount of SBEIIb present in the
WT and TILL granule fractions (Figure 3.10B). Of particular note is the observation that SBEI
was also detected in the C663Y mutant starch granule but not in the WT or TILL starch granules
(Figure 3.10E). SP was not detected in the granules of any of the lines investigated (Figure
3.10D). Surprisingly, despite the apparent mutation in the waxy gene, GBSSI could still be
detected in equal amounts in all lines tested (Figure 3.10F).

Figure 3.9: Granule-bound proteins from WT, TILL and C663Y mutant lines. Granule-bound
proteins were prepared from thoroughly-washed starch samples by heating the samples at 95°C
in for 6 minutes in 1X SDS Sample Buffer. The protein concentration was determined using the
Bradford method and 40ug protein from each line was boiled with an appropriate amount of 5X
SDS Loading Buffer and loaded onto a SDS gel. After electrophoresis, gels were stained using
Silver Staining reagents (see Methods Section 3.2.1.7).
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Figure 3.10: Presence of the major starch biosynthetic enzymes in the starch granules of maize
lines studied. Lanes labelled “WT whole cell extract” contain protein from the soluble fraction
which was used as a positive control. 40ug of granule-bound protein from each line was loaded
onto a denaturing SDS gel and run for 2 hours at 100V. Proteins were then electroblotted to
nitrocellulose and treated with peptide-specific antibodies raised against; (A) SSI. (B) SBEIIb.
(C) SSIIa. (D) SP. (D) SBEI. (F) GBSSI.

115

3.3.3 Catalytic activity of SBEIIb
The activity of SBEIIb was visualized by loading equal protein amounts (40ug) of
endosperm whole cell extracts on a non-denaturing gel (see Methods Section 3.2.1.9). Following
electrophoresis, the gel was incubated with a buffer containing 45mM Glc-1-P, the zymogram
being a version of the phosphorylase-a stimulation assay, for branch synthesis and elongation
(see Methods Section 3.2.1.9). The presence of branched glucan within the gel was visualized by
staining with iodine (Figure 3.11A). A blue-black band is indicative of the presence of linear
glucan chains, amylose, while a reddish-orange colour indicates the presence of a branched
polymer, amylopectin. The non-denaturing activity gel (zymogram) was compared with an
identical gel, blotted to a nitrocellulose membrane and probed with SBEIIb-specific antibody
(Figure 3.11B).

Figure 3.11: Activity of SBEIIb from whole cell extracts of TILL and C663Y mutant lines. 40ug
of protein was loaded onto a non-denaturing gel containing maltoheptaose and phosphorylase-a,
and run for 3 hours at 90V at 4°C. After electrophoresis, the gel was incubated with Zymogram
Incubation Buffer containing Glc-1-P for 2 hours at 30°C. (A) Stained with Lugol’s iodine to
detect glucan. (B) Nitrocellulose blot probed with anti-SBEIIb antibody (red arrow).
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The SBE activity stain revealed multiple bands corresponding to elongated and branched
glucan (Figure 3.11A). In order to determine which band from each line corresponded to the
activity of SBEIIb, the zymogram was compared to an identical western blot treated with antiSBEIIb (Figure 3.11B). The C663Y mutant SBEIIb appears to be active however compared to
the TILL line, it appears to be less active. The lower abundance of SBEIIb in the C663Y mutant
soluble fraction (Figure 3.8B), and higher abundance in the C663Y mutant starch granule
(Figure 3.10B) when compared to both WT and TILL lines, may be correlated with its decreased
activity. To determine whether the mutant SBEIIb really had lower activity compared to
background levels, or if its apparently decreased activity was due to its lower abundance, a
titration experiment was conducted where 40ug-90ug of total protein from mutant whole cell
endosperm extract were loaded onto the activity gel alongside 40ug whole cell extract from the
TILL line. This experiment demonstrated that even at a higher concentration of total protein (and
therefore a higher amount of SBEIIb), the mutant SBEIIb was still not able to match the activity
level of the TILL sample (data not shown).
3.3.4 Effect of C663Y SBEIIb mutation on protein-protein interactions
Due to the location of the C663Y SBEIIb mutation in a putative interaction domain, the
mutant enzyme’s capacity to form multimeric complexes with other starch biosynthetic enzymes
was investigated using co-immunoprecipitation. Whole cell endosperm extracts from each maize
line studied were incubated with anti-SBEIIb antibody. Sepharose beads conjugated to protein A,
a protein from Staphylococcus aureus that binds IgG (Moks et al., 1986), were used to bind the
SBEIIb antibody-antigen complex. The beads were precipitated by centrifugation and washed
thoroughly (see Methods Section 3.2.1.10) to remove any proteins bound non-specifically.
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Figure 3.12 shows a series of western immunoblots comparing the ability of WT, TILL and
C663Y mutant SBEIIb to co-precipitate with SBEI, SSI and SSIIa.
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Figure 3.12: Effect of SBEIIb C663Y mutation on protein-protein interactions. 30ug SBEIIb
primary antibody was incubated with 1mg protein from whole cell endosperm extracts of each
line studied for 1 hour. 60ul protein A Sepharose beads was added to each protein/antibody mix
and incubated for 90 minutes. Beads were thoroughly washed. Beads were boiled for 10 minutes
in 1X SDS loading buffer to release the bound proteins (See Methods Section 3.2.1.10). 30ul of
each Co-IP was loaded onto an SDS gel. Following electrophoresis, proteins were electroblotted
to nitrocellulose and probed with peptide-specific antibodies to; (A) SBEIIb. (B) SSIIa. (C)
SBEI. (D) SSI. (E) SP. Red arrows indicate cross reaction between the antibody and its antigen
while black arrows indicate absence of cross reaction. “Supernatant” lanes were loaded with 30ul
of the remaining antibody/endosperm extract following incubation with the beads. Lanes labelled
“IP” were loaded with 30ul of the Co-IP from the boiled beads.
The supernatant samples used in each immunoblot (Figure 3.12) confirm the presence of
each enzyme in the whole cell extract. The “IP” lanes show the presence or absence of a specific
enzyme, based on their ability to bind to the SBEIIb-antibody-protein A Sepharose complex,
after repeated washing. Figure 3.12A indicates that SBEIIb from each line studied was
successfully immunoprecipitated by the antibody-protein A-bead complex. The data in Figure
3.12B indicate that SSIIa was co-immunoprecipitated with SBEIIb in WT and TILL lines, but
not in the C663Y mutant (Figure 3.12B). No band corresponding to SBEI could be detected in
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any of the “IP” lanes from Figure 3.12C, though it was detected in each supernatant lane.
Similarly, the SSI antibody used did not detect any bands in the “IP” lanes from each line tested,
however SSI was detected in each supernatant (Figure 3.12D). Finally, Figure 3.12E indicates
that SBEIIb in all three lines tested was unable to co-immunoprecipiate SP though SP could be
detected in the supernatant of all three lines tested.
3.3.5 Site-directed mutagenesis of recombinant SBEIIb
To confirm the success of the site-directed mutagenesis, the entire SBEIIb insert was
sequenced. Since the vector used was pET29a, forward and reverse primers for the T7 promoter
and T7 terminator, respectively, could be used. A set of forward and reverse primers specific to
the middle sequence of SBEIIb were used to confirm that stretch of sequence was the same as
the sequence from NCBI. Figure 3.13 shows the pairwise sequence alignment of the SBEIIb
cDNA sequence, minus the transit peptide, and the sequence generated using the T7 terminator
reverse primer.
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Figure 3.13: Site-directed mutagenesis of recombinant SBEIIb. Pairwise sequence alignment of
the SBEIIb cDNA sequence (NCBI) and the site-directed mutagenized sequence, from the
SBEIIb insert in the pET29a vector. The single nucleotide change (G to A) is identified in yellow
at position 1805bp and results in a Cys to Tyr amino acid substitution at position 663 (C663Y).
The above figure shows the two sequences are identical except for the single nucleotide
change from guanine to adenine at position 1805bp (in yellow). This is the same mutation found
in the TILLING mutant and this sequence generated an identical SBEIIb recombinant protein.
3.3.6 Overexpression and extraction of recombinant SBEIIb
Both WT and C663Y mutant versions of the SBEIIb protein were overexpressed in E.
coli ArcticExpress BL21 cells. These cells are useful in the overexpression of recombinant
protein because they are grown at a lower temperature (10°C) which activates expression of two
chaperones, Cpn10 and Cpn60, that aid in the solubilization of the protein being expressed.
Figure 3.14 shows an SDS gel stained with Coomassie Blue demonstrating the difference in
protein expression between uninduced and induced bacterial lysates from cells.
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Figure 3.14: Overexpression of recombinant WT and C663Y SBEIIb. For details on protein
overexpression refer to Methods Section 3.2.2.2. 25ul of uninduced and IPTG-induced samples
were boiled with an appropriate amount of 5X SDS Loading Buffer for 5 minutes and loaded
onto a 10% SDS gel. The gel was run for 2 hours at 100V and stained with Coomassie Blue for 2
hours. Excess stain was removed by incubating the gel with Destain Buffer overnight. The red
arrows indicate the recombinant WT and C663Y SBEIIb present in the induced samples.
Though native SBEIIb extracted from maize migrates in a SDS gel to around 85kDa, the
recombinant version contains an S-tag which causes the recombinant protein to run higher in the
gel. The band present in each lane between 75 and 100kDa in Figure 3.14 represents the SBEIIb
recombinant protein (as indicated by the red arrows). In both the WT uninduced and C663Y
uninduced lysates there is a minimal amount of leaky expression before the overexpression has
been induced by the addition of IPTG. After IPTG induction, both WT and C663Y SBEIIb
appear to have been successfully overexpressed.
In order to determine what proportion of recombinant SBEIIb was present in the soluble
fraction, samples from both the supernatant and pelleted material from the bacterial lysate were
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run on SDS gels which were either stained with Coomassie Blue or blotted to nitrocellulose
membranes and probed with SBEIIb antibody. Figure 3.15 shows the amount of recombinant
protein found in each fraction from both WT and C663Y overexpressions.

Figure 3.15: Expression of recombinant SBEIIb in soluble and insoluble fractions of E. coli. For
details on recombinant protein purification see Methods Section 3.2.2.3. 12ul from each of the
soluble and insoluble fractions were boiled with an appropriate amount of 5XSDS Loading
Buffer and loaded onto identical 10% SDS gels. The gels were run for 2 hours at 100V. (A) The
first gel was stained with Coomassie Blue for 2 hours and destained overnight. The red arrows
indicate the SBEIIb protein in the soluble and insoluble fractions. (B) The second gel was blotted
to a nitrocellulose membrane and probed with anti-SBEIIb antibody. The red arrows indicate
cross-reaction between the antibody and the SBEIIb present in soluble and insoluble fractions.
Figure 3.15A indicates the presence of recombinant S-tagged SBEIIb in both the soluble
and insoluble fractions. The Coomassie Blue stained gel in Figure 3.15A suggests that the
majority of the overexpressed protein for both WT and C663Y SBEIIb was present in the
insoluble, pelleted fraction, but that enough protein was present in the soluble supernatant for
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subsequent experiments. Figure 3.15B shows that SBEIIb in the soluble fraction for both WT
and C663Y lines is readily detectible. The first lane in this western blot shows the presence of
SBEIIb from whole cell endosperm extract. The recombinant SBEIIb in Figure 3.15B has a
higher molecular weight compared to the endosperm extract due to the presence of the S-tag at
the N-terminus.
3.3.7 Protein-protein interactions using immobilized recombinant SBEIIb
Crude bacterial lysates from both WT and C663Y SBEIIb overexpressions were used in
pull-down experiments to determine each enzyme’s ability to complex with other starch
biosynthetic proteins. S-protein agarose beads coupled with S-tagged recombinant SBEIIb were
used as bait to capture any proteins present in WT amyloplast extract which could interact with
the WT or mutant recombinant SBEIIb. The experiment was performed in the presence or
absence of ATP, the latter having previously been shown to stimulate protein-protein interactions
(Hennen-Bierwagen et al., 2008; Liu et al., 2009; Tetlow et al., 2004). Figure 3.16 shows a
series of Western blots indicating the interactions between the recombinant WT and C663Y
SBEIIb and enzymes in the amyloplast.
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Figure 3.16: Interaction of recombinant WT and C663Y SBEIIb with enzymes of starch
synthesis. 3mg (400ul) S-tagged recombinant protein was incubated with 200ul S-protein
agarose bead slurry on a rotator at room temperature overnight. The beads were blocked in BSA
then incubated with 1mg (1ml) protein from amyloplast lysate (with or without 1mM ATP). The
beads were boiled for 10 minutes in 1X SDS Loading Buffer (See Methods Section 3.2.2.5). 30ul
of protein released from the boiled beads was loaded onto an SDS gel and run for 2 hours at
100V. The proteins were electroblotted to a nitrocellulose membrane at 30V for 90 minutes and
probed with; (A) anti-SBEIIb antibody. (B) anti-SSIIa antibody. (C) anti-SSI antibody. (D) antiSBEI antibody. Red arrows indicate cross-reaction between the antibody and its target protein.
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Figure 3.16A provides evidence that equal amounts of WT and C663Y recombinant
protein were bound to the S-agarose beads based on the intensity of the bands observed. Figure
3.16B suggests that both forms of recombinant SBEIIb are able to complex with SSIIa in the
presence and absence of ATP. The preincubation of C663Y mutant recombinant protein with
ATP appears to stimulate additional interaction with SSIIa, although this was not quantified
(Figure 3.16B).
Figure 3.16C indicates the interaction of SSI with SBEIIb, although this is particularly
weak with the C663Y mutant. As with SSIIa, the C663Y SBEIIb-SSI protein-protein interaction
is clearly stimulated by ATP which seems less clear for the SSI-SBEIIb WT interaction. Figure
3.16D indicates that neither WT nor C663Y mutant recombinant proteins are able to complex
with SBEI.
3.3.8 Separation of monomeric and multimeric recombinant protein
Before measuring activities of the overexpressed recombinant proteins, both WT and
C663Y crude bacterial lysates were first purified using GPC on a Superdex 200 column, to
ensure monomeric forms of SBEIIb would be used in subsequent assays (and avoid
contamination with multimeric protein aggregates). Previous standard protein runs on the GPC
column indicated that a protein around 87kDa in size (SBEIIb plus the S-tag) should be eluted
from the column in fraction B10 (Liu, 2010). Figure 3.17 shows the presence or absence of
SBEIIb in a range of fractions from B7-B15.
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Figure 3.17: Elution of monomeric WT recombinant SBEIIb protein from the GPC column.
0.5ml (4mg) crude bacterial lysate was injected onto a Superdex 200 column using an FPLC
system (See Methods Section 3.2.2.6). 30ul from each fraction were boiled with an appropriate
amount of 5X SDS Loading Buffer and loaded onto a 10% SDS gel. The gel was run for 2 hours
at 100V. (A) Stained with Coomassie Blue for 3 hours and destained overnight. The red arrows
indicate the highest abundance of SBEIIb can be found in fractions B10-B12. (B) Nitrocellulose
blot probed with anti-SBEIIb antibody. Red arrows indicate the cross reaction between the
antibody and SBEIIb.
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The Coomassie Blue-stained gel in Figure 3.17A shows the protein from WT crude
bacterial lysate present in fractions B7 to B15. The dense band just below 100kDa from fractions
B10-B12 represents elution of the bulk of the monomeric recombinant SBEIIb, which was
predicted using molecular weight standards. These fractions were pooled, concentrated and used
in subsequent activity assays. An identical gel was run alongside the gel in Figure 3.17A, blotted
to nitrocellulose and probed with anti-SBEIIb antibody (Figure 3.17B). The Western blot in
Figure 3.17B shows that while SBEIIb is present in GPC fractions B7-B15, a higher abundance
can be found in fractions B10-B12. This Western blot confirms the results shown in Figure
3.17B and fractions B10-B12 were pooled, concentrated and used in subsequent activity assays.
An aliquot of C663Y mutant SBEIIb crude bacterial lysate was also separated into
soluble protein aggregates and monomeric fractions using GPC. The same fractions as those
collected from the WT GPC separation were run on identical SDS gels and stained with
Coomassie Blue (Figure 3.18A) or blotted to a membrane and then treated with anti-SBEIIb
(Figure 3.18B) to identify peak fractions.
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Figure 3.18: Elution of monomeric C663Y recombinant SBEIIb protein from the GPC column.
0.5ml (4mg) crude bacterial lysate was injected onto the Superdex 200 column using an HPLC
system (See Methods Section 3.2.2.6). 30ul from each fraction were boiled with an appropriate
amount of 5X SDS Loading Buffer and loaded onto a 10% SDS gel. The gel was run for 2 hours
at 100V. (A) Stained with Coomassie Blue for 3 hours and destained overnight. The red arrows
indicate the highest abundance of C663Y SBEIIb can be found in fractions B10-B12. (B)
Nitrocellulose blot probed with anti-SBEIIb antibody. Red arrows indicate the cross reaction
between the antibody and C663Y SBEIIb.
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Similarly to WT SBEIIb recombinant enzyme, the monomeric C663Y mutant
recombinant enzyme was also eluted in abundance from the GPC column between fractions B10
and B12 (Figures 3.18A and 3.18B). These fractions were pooled, concentrated and used in
subsequent activity assays.
3.3.9 Activity of monomers based on zymogram analysis
To determine whether or not the overexpressed WT and C663Y recombinant SBEIIb
enzymes were active, compared to the native enzyme, non-denaturing gel electrophoresis
coupled with zymogram analysis was used. Two native polyacrylamide gels were run
simultaneously, each containing maltoheptaose as a substrate and phosphorylase-a for elongation
of new branches. Following electrophoresis, the gel was incubated with a buffer containing G-1P as the component necessary for branch synthesis and elongation. The presence of branched
glucan within the gel was visualized by staining with iodine (Figure 3.19A). Proteins from the
other native gel were blotted to a membrane and treated with anti-SBEIIb antibodies to identify
the bands corresponding to SBEIIb on the activity gel. Figure 3.19B shows the activity of the
WT and mutant recombinant protein compared to SBEIIb activity from whole cell endosperm
extract.
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Figure 3.19: Activity of WT and C663Y recombinant SBEIIb. Monomeric SBEIIb collected
from the GPC column was pooled and concentrated. 40ug WT whole cell endosperm extract and
WT monomeric SBEIIb, and 90ug C663Y monomeric SBEIIb were loaded onto a nondenaturing gel and run for 3 hours at 90V. After electrophoresis, the gel was incubated with
Zymogram Incubation Buffer (See Methods Section 3.2.1.9). (A) The gel was stained with
Lugol’s iodine to detect glucan. The red arrows indicate the activity of SBEIIb while the black
arrow indicates lack of activity. (B) An identical non-denaturing gel was blotted to nitrocellulose
and probed with anti-SBEIIb antibody to show the migrated position of the native enzyme. The
red arrow indicates the cross-reaction between SBEIIb and SBEIIb antibody.
The first lane in the zymogram gel in Figure 3.19A and the Western blot in Figure
3.19B, show the presence and activity of native SBEIIb from whole endosperm extract. The
second lane in each figure shows the presence and activity of monomeric WT recombinant
SBEIIb. The mobility of WT recombinant SBEIIb is retarded in a non-denaturing gel, when
compared to the native protein, because of its N-terminal S-tag. The dense amber-coloured band
in the second lane of Figure 3.19A shows that the WT recombinant protein is active. Double the
amount of protein was loaded for the C663Y mutant SBEIIb in an attempt to determine whether
the monomers had any activity based on zymogram analysis. C663Y SBEIIb protein seems to
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have been loaded in similar abundance as its WT counterpart (Figure 3.19B), but shows little to
no activity (Figure 3.19A). This suggests that although C663Y mutant SBEIIb was successfully
overexpressed, it has little or no activity when compared to the WT enzyme.
3.3.10 Activity of SBEIIb using

phosphorylase-a stimulation assay

In order to further study the activity of the C663Y mutant recombinant SBEIIb, a
phosphorylase-a stimulation assay was performed. This assay is a semi-quantitative way to
determine the activity of recombinant branching enzyme. It measures SBEIIb activity indirectly,
as the ability of SBEIIb to stimulate phosphorylase-a activity by the provision of new nonreducing ends for elongation. Figure 3.20 shows the corrected activities (minus background
activity values of uninduced bacterial lysate) over a time course.
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Figure 3.20: Activity of recombinant WT and C663Y mutant SBEIIb determined by
Phosphorylase-a Stimulation assay. 120ul of a Master Mix containing phosphorylase-a (See
Methods Section 3.2.2.7) was added to 60ul (0.2ug) recombinant protein along with 20ul 0.5M
G-1-P (7.40GBq/mmol). The mix was incubated at 25°C for varied periods and the reaction
terminated by a 5 minute incubation at 95°C (See Methods Section 3.2.2.7). samples were
incubated at 95°C for 5 minutes directly following the addition of
G-1-P. A sample of
uninduced bacterial lysate was used as a control and these values at each time point were
subtracted from the samples.
Figure 3.20 indicates that the C663Y mutant recombinant SBEIIb has a lower activity
compared to the WT recombinant enzyme.
3.3.11 Effect of reduction/oxidation state on recombinant SBEIIb activity based on
phosphorylase-a stimulation assay
A

phosphorylase-a stimulation assay was used to test the sensitivity of recombinant

SBEIIb to the presence of reducing (DTT) or oxidizing (

) agents. DTT has been found to

stimulate SBEIIb activity, possibly by inhibiting intra- and intermolecular disulfide bonds
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between cysteine residues (Makhmoudova, unpublished). Given that a cysteine residue has been
mutated, the activities of WT and C663Y mutant recombinant protein were measured with and
without the addition of DTT or

over a series of timepoints. Figure 3.21 shows activities

over a 90-minute time course. The catalytic activity of WT SBEIIb was not significantly
stimulated in the presence of DTT or

. Both DTT and

seem to have a stimulating

effect on C663Y SBEIIb activity as both of these samples had higher activity values over time
when compared to the untreated enzyme, though activity was than for the WT enzyme.
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Figure 3.21: Effect of redox state on the activity of recombinant WT and C663Y mutant
SBEIIb. Activity was measured by the
phosphorylase-a stimulation assay. 120ul of a Master
Mix containing phosphorylase-a (See Methods Section 3.2.2.7) was added to 60ul (0.2ug)
recombinant protein (containing 10mM DTT, 1mM hydrogen peroxide or no treatment) along
with 20ul 0.5M
G-1-P (7.40GBq/mmol). Reactions were terminated by a 5 minute
incubation at 95°C (See Methods Section 3.2.2.7). samples were incubated at 95°C for 5
minutes directly following the addition of
G-1-P. A sample of uninduced bacterial lysate was
used as a control and its activity values at each timepoint were subtracted from the samples.
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3.4 Discussion
Given that the location of the C663Y mutation was in a putative protein-protein
interaction domain, as suggested by bioinformatics and previous experiments (Liu, 2010), the
experiments outlined in this chapter attempted to investigate the importance of this domain in the
functioning of SBEIIb. Whole cell endosperm extracts were used to compare activity of SBEIIb
in the WT and mutant maize lines, as well as the effect of the mutation on protein-protein
interactions with other starch biosynthetic enzymes. A recombinant version of the enzyme
containing the C663Y lesion was also generated in order to investigate the enzyme’s catalytic
activity, and to test its ability to interact with other starch biosynthetic enzymes.
The sub-organellar location of C663Y mutant SBEIIb was examined. Previous studies
have noted that amyloplast enzymes involved in multisubunit complexes can be detected in both
the soluble stroma and insoluble starch granule, and that mutations in SBEIIb can alter the
granule composition (Liu et al., 2009; Tetlow et al., 2008). SBEIIb was localized both in the
soluble fraction (Figure 3.8B) and the starch granule (Figure 3.10B) in all lines investigated. It
is evident, however that SBEIIb appears to be less abundant in the soluble fraction and more
abundant in the starch granule in the mutant line, when compared to its TILL background.
Importantly, Figure 3.10E shows that SBEI is found within the starch granule in the C663Y
mutant but not in the WT or TILL background lines. Previous studies have shown that loss of
SBEIIb expression, as in the ae1.1 mutation, results in an altered protein composition in the
starch granule, including the appearance of SBEI in the starch granule (Liu et al., 2009).
Similarly, in another ae allele (ae1.2) which results in expression of a catalytically-inactive form
of SBEIIb, SBEI is also localized to the starch granule (Liu et al., 2012a). Though WT SBEIIb is
able to form a complex with SBEI, SBEI is not normally found in the insoluble starch granule,
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suggesting altered protein-protein interactions and trafficking of enzymes into the starch granule.
Unlike the null ae1.1 mutant, SP was not found within the starch granule of the C663Y mutant.
(Figure 3.10D). It has been speculated that the presence of SP in the ae1.1 mutant granule
suggests a role for SP in elongation of glucan chains to fit the chain-length preferences of SBEI
and SBEIIa (Liu et al., 2009). If SP does play a role in the determination of chain length in ae1.1
then its absence in the ae1.2 mutant granule could account for the reduction in long chains and
lower amylose content (49%) when compared to ae1.1 (66%) (Liu et al., 2012a). As the amylose
content of C663Y starch was 23% (Table 2.2), the absence of SP in the C663Y starch granule
could account for this. Overall, the C663Y mutant appears to have a starch granule-bound
protein composition consisting of SBEIIb, SSI, SSIIa and SBEI but not SP, which is identical to
that found in the loss-of-function ae1.2 mutant.
While the C663Y substitution was not a mutation within the conserved regions of the
central catalytic domain ((I) residues 376-381, (II) residues 443-452, (III) residues 498-505 and
(IV) residues 562-570) (MacGregor et al., 2001), it was nevertheless important to identify its
influence on the activity of SBEIIb (Brayer et al., 1995). The location of this mutation is within
the C-terminal domain of SBEIIb which is thought to govern substrate preference and catalytic
capacity (Hong and Preiss, 2000). Therefore, it was possible that the C663Y mutation may have
an effect on enzymatic activity. Zymogram analysis of endosperm extracts showed a decrease in
starch branching enzyme IIb activity in the C663Y mutant when compared to its TILL
background (Figure 3.11A). To identify the band from each line corresponding to the activity of
SBEIIb, the zymogram was compared to an identical western blot, with equal protein loaded,
treated with anti-SBEIIb (Figure 3.11B). This western blot further confirmed the lower
abundance of SBEIIb in the C663Y mutant soluble fraction. The phosphorylase-a stimulation
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assay could be used in future research to determine the difference in branching enzyme activity
levels between the C663Y mutant and the TILL reference genotype. However, this method
would estimate the overall activity of all branching isoforms present in the endosperm extract.
Co-immunoprecipitation experiments were performed to determine whether the C663Y
mutation had any effect on protein-protein interactions among starch biosynthetic enzymes. The
resulting immunoblot (Figure 3.12B) from this experiment provides evidence that the C663Y
SBEIIb was unable to co-immunoprecipitate SSIIa, the core enzyme in the trimeric SBEIIbSSIIa-SSI complex (Liu et al., 2012b). Through molecular dynamic simulations and structural
homology modelling of SBEIIb, Makhmoudova et al. (2014) have identified that
phosphorylation of

promotes formation of a salt-bridge between it and

which

stabilizes the SBEIIb protein. As the arginine involved in the salt-bridge is part of the KCRR
interaction domain, it is likely that this salt-bridge formation stabilizes the SBEIIb-SSIIa proteinprotein interaction (Makhmoudova et al., 2014). As the C663Y mutation affects the sequence of
the KCRR protein-protein interaction domain, it is possible that it inhibits, at least partially, the
SBEIIb-SSIIa interaction. It is less clear however, whether or not this mutant SBEIIb is able to
form protein-protein interactions with the third member of the complex, SSI (Figure 3.12D). As
no interaction between SBEIIb and SSI was detected in either of the WT or TILL lines, it is not
clear whether the C663Y mutation interferes with this interaction, or if the Co-IP was not
sensitive enough to detect it. Figure 3.12C illustrates that the SBEIIb-antibody-bead complex
from each line was unable to co-immunoprecipitate SBEI, which has been found to bind to
SBEIIb from maize previously (Liu et al., 2009; Tetlow et al., 2004). Positive controls for each
of the SSI and SBEI antibodies confirmed that these antibodies were able to identify their
respective antigens.
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Recombinant protein technology is a powerful tool for studying the effects of single
nucleotide mutations on the overall functionality of the resulting enzyme. By using site-directed
mutagenesis to introduce the desired mutation and overexpressing that altered protein in bacteria,
the overexpressed recombinant protein can be purified and studied in isolation.
After confirmation of the sequence (Figure 3.13), WT and C663Y mutant versions of
SBEIIb were overexpressed in Arctic Express Cells. The overexpression was confirmed by SDSPAGE and Coomassie Blue staining by running samples of both uninduced and induced bacterial
samples (Figure 3.14). After cell lysis, the soluble and insoluble cell material was analyzed
using SDS-PAGE and Coomassie Blue staining to determine how much of the overexpressed
SBEIIb could be found in each fraction (Figure 3.15). The results of this experiment confirmed
that a useable amount of protein could be found in the soluble fraction, however a larger amount
of recombinant protein could be found in insoluble protein aggregates. It was decided that only
the soluble fraction would be used for subsequent experiments to prevent having to extract and
refold protein from the pellet.
Pull-down experiments using S-protein agarose beads bound to S-tagged recombinant
protein were used to study the WT and C663Y mutant proteins’ ability to bind to SSI, SSIIa and
SBEI (Figure 3.16). Though crude bacterial lysate was used as a source of recombinant protein
and no further protein purification steps were performed, it was assumed that the S-protein
agarose beads would only bind to the S-tagged recombinant SBEIIb. In order to support this
assumption, so-called “empty beads” that were not incubated with crude bacterial lysate were
used as a negative control. If, after repeated washing to remove unbound protein from the beads,
the beads were indeed “empty”, then no other proteins should be detectable unless they are
bound non-specifically.
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As protein phosphorylation has been found to be a regulator of the SBEIIb-SSIIa-SSI
trimeric complex, pull-down experiments were performed in both the presence and absence of
added ATP (Tetlow et al., 2004). The results of this experiment showed that both the WT and
C663Y mutant recombinant SBEIIb were able to bind to the beads in relatively equal quantity
(Figure 3.16A). Both recombinant enzymes were able to complex with SSI and SSIIa. However
interaction of C663Y SBEIIb with amyloplastidic SSI and SSIIa was clearly stimulated by the
addition of ATP (Figures 3.16B and 3.16C). Without the addition of ATP to the C663Y pulldown, the interaction between SBEIIb, SSI and SSIIa appeared to be weaker (Figures 3.16B and
3.16C). While these results seem to contradict those from the Co-IP experiments, it should be
noted that the interaction between recombinant SBEIIb and endogenous amyloplast enzymes is
made much more likely due to the large excess of recombinant protein present (3mg) on the Sagarose beads. In addition, while the C663Y SBEIIb-SSIIa interaction seems weaker than the
WT SBEIIb-SSIIa interaction in the absence of ATP, this is overcome by stimulation with ATP
(Figure 3.16B). The same can be said for the C663Y SBEIIb-SSI interaction, highlighting the
influence of protein phosphorylation on protein complex formation, possibly through
stabilization of the KCRR domain of SBEIIb (Figure 3.16C).
Soluble, monomeric WT and C663Y recombinant SBEIIb were partially purified from
bacterial cell extracts by GPC. Zymograms provided evidence that WT recombinant SBEIIb was
active whereas recombinant C663Y SBEIIb appears to be inactive (Figure 3.19B). Though there
is a faint blue band present in this lane on the zymogram gel, this band is not likely to be
indicative of SBEIIb activity. A blue iodine stain indicates the presence of amylose while a
brown stain indicates the presence of branched glucan, indicative of amylopectin. This data
seems to contradict the results of the zymogram measuring activity of the endogenous C663Y
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SBEIIb activity. These results suggested that although C663Y SBEIIb was found in lower
abundance in the stroma, it was still active when compared to the SBEIIb from the TILL
background (Figure 3.11A). As the endogenous C663Y SBEIIb would have been purified along
with any protein kinases found in the amyloplast, it is possible that it was in a phosphorylated
state upon extraction, stimulating its activity. In contrast, recombinant C663Y SBEIIb was
overexpressed in E.coli, which is likely devoid of any amyloplastidial protein kinases, namely
protein kinases K1 and K2 capable of SBEIIb phosphorylation at each of the identified
phosphoserine residues, which may explain its inactivity (Makhmoudova et al., 2014). As seen in
Figure 3.16B and 3.16C, the ability of C663Y SBEIIb to interact with SSIIa is especially
sensitive to the presence of ATP, so while WT recombinant SBEIIb may be somewhat active in
its dephosphorylated form, C663Y may require phosphorylation for measurable activity
stimulation.
The phosphorylase-a stimulation assay was used as a semi-quantitative measure of the
activity of the two recombinant enzymes. Based on the results of this time course assay,
recombinant C663Y SBEIIb was nearly four-fold less active than its WT counterpart (Figure
3.20). While activity of C663Y SBEIIb appeared to plateau around 80 minutes of incubation
with

G-1-P, the WT enzyme continues to increase in activity up until and including the 90

minute mark. If the enzyme had been incubated for longer, it’s possible it would have continued
to be active. Though this level of activity could not be detected using zymogram analysis, the
phosphorylase-a stimulation assay is more sensitive in detecting even low levels of activity.
The activity of WT and C663Y SBEIIb was also measured using the phosphorylase-a
stimulation assay in the presence of either a reducing or oxidizing agent to determine the
recombinant enzymes’ sensitivity to redox modulation (Figure 3.21). The data suggest that the
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WT and C663Y mutant SBEIIb are active in the presence of both reducing and oxidizing agents.
This is in contrast to previous research which suggested that DTT stimulated SBEIIb activity,
possibly by reducing or preventing intra- and intermolecular disulfide bonds between cysteine
residues (Makhmoudova, unpublished).
MacLeod (1994) characterized a number of new alleles at the r locus in pea which is the
gene encoding the major form of branching enzyme in pea, SBEI (Bhattacharyya et al., 1993,
1990; Mendel, 1865). One such mutation, Seed-Induced Mutant 57 (SIM 57) results in a 25%
increase in amylose content when compared to WT pea, and results in an arginine to cysteine
mutation at position 665 of the pea SBEII amino acid sequence (MacLeod, 1994). This mutations
falls within the conserved KCRR protein-protein interaction domain and is only 2 residues away
from the maize C663Y SBEIIb mutation studied here (Figure 3.22). As in the C663Y mutation,
the SIM 57 SBE shows a reduction in branching activity, when compared to WT pea (MacLeod,
1994). In addition, despite its decreased catalytic activity, SBEI in the SIM 57 mutant could still
be detected in the starch granule (MacLeod, 1994). Though currently nothing is known in
regards to starch biosynthetic enzyme protein complexes in pea, it is nevertheless interesting that
both maize and pea mutations result in a reduction in catalytic activity but the branching enzyme
is still localized to the starch granule.
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Figure 3.22: Comparison of the amino acid sequence of the conserved KCRR putative proteinprotein interaction domain between WT maize SBEIIb, C663Y maize SBEIIb, and pea SIM 57
SBEI.
Based on the present study, it appears the C663Y SBEIIb mutation inhibits, at least
partially, its interaction with SSIIa. While it is less clear whether C663Y SBEIIb can complex
with SSI, it is likely that if the SBEIIb-SSIIa interaction is disrupted, so will the SBEIIb-SSI
complex. As SSIIa is the core of the SBEIIb-SSIIa-SSI trimeric complex, and is thought to
traffic these enzymes into the starch granule, the mechanism by which the C663Y mutant
SBEIIb becomes entrapped within the starch granule is unknown (Liu et al., 2012b). In addition,
it is unclear why C663Y SBEIIb is found in higher abundance in the starch granule and lower
abundance in the stroma, when compared to the WT and TILL lines. While no interaction
between SBEIIb and SBEI could be detected using the Co-IP and pull-down experiments, it is
nevertheless interesting that SBEI can be found in the C663Y mutant granule, and not in the
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granule of the TILL background. It is possible that if the SBEIIb-SSIIa interaction is partially
disrupted due to the C663Y mutation interaction between SSIIa and SBEI is facilitated, leading
to the appearance of the latter in the starch granule (Figure 3.23).

Figure 3.23: Complex formation in amyloplasts of maize. (A) Phosphorylation of WT SBEIIb
promotes formation of the SBEIIb-SSIIa-SSI trimeric complex. (B) The interaction between
C663Y mutant SBEIIb and SSIIa is decreased, but can be stimulated in the presence of ATP.
SBEI is found in the mutant starch granule and is presumed to be trafficked there via an
interaction with SSIIa.
The presence of SBEI in the starch granule of C663Y mutant, along with the decreased
activity of C663Y SBEIIb may explain the decreased proportion of short chains DP 6-12 and
increased proportion of mid-length (DP 13-24) and long chains DP 25-36 in the C663Y mutant
amylopectin, when compared to the TILL background (Table 2.3). As SBEI can transfer chains
up to DP 30 with a preferred chain length between DP 10-13, its presence in the starch granule
may explain the altered amylopectin phenotype observed in the C663Y SBEIIb mutant (Guan et
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al., 1997; Kuriki et al., 1997; Takeda et al., 1993). This connection between the biochemical
ramifications of the C663Y SBEIIb mutation and the resulting starch phenotype will be
discussed further in Chapter 4.
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Chapter 4
4.1 General Discussion
Starch branching enzymes catalyze the formation of α-1-6 branch points in glucans and
are important determinants of starch characteristics and morphology (Gao et al., 1997; Mu et al.,
2001). Along with the soluble starch synthases, which elongate a glucan primer by the addition
of ADP-glucose and the starch debranching enzymes, which cleave α-1-6 branches, SBEs work
towards synthesis of the water-insoluble, semi-crystalline starch granule (Tetlow, 2011). ADPglucose pyrophosphorylase provides the substrate for amylose and amylopectin synthesis by
conversion of Glc-1-P to ADP-Glc (Jeon et al., 2010). Due to its simpler, relatively linear
structure, amylose requires the action of only one enzyme, granule-bound starch synthase, for its
synthesis (De Fekete et al., 1960; Nelson and Rines, 1962). Each of the enzymes involved in
starch biosynthesis is present in multiple isoforms in the amyloplast (Vrinten and Nakamura,
2000).
The complicated process of starch biosynthesis is under multiple levels of control. The
production of the substrate for starch synthesis, ADP-Glc, is controlled via allosteric and redox
modulation of AGPase (Ghosh and Preiss, 1966). In leaves, AGPase is stimulated in the presence
of 3-PGA and inhibited by Pi, each of which are found in abundance during times of elevated
and reduced photosynthetic activity, respectively (Ghosh and Preiss, 1966). Starch biosynthetic
enzymes also act to regulate each other. In the ae mutant which is characterized by a knockout of
SBEIIb expression, catalytic activity of SSI was found to be reduced in maize (Boyer and Preiss,
1981) and rice (Nishi et al., 2001). This reduction in starch synthase activity is likely due to the
deficit of available non-reducing ends that would normally be provided by SBEIIb branching
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activity (Hawker et al., 1974). Evidence suggests starch biosynthesis is regulated via the
formation of multi-subunit complexes whose assembly and disassembly are controlled by protein
phosphorylation. These heteromeric complexes have been detected in wheat (Tetlow et al., 2004,
2008), and maize (Hennen-Bierwagen et al., 2008; Liu et al., 2009) during multiple stages of
endosperm development. In maize, a functional trimeric complex consisting of SBEIIb, SSIIa
and SSI has been identified in the amyolplast stroma and these enzymes can be detected in the
starch granule as granule-bound proteins (Hennen-Bierwagen et al., 2008; Liu et al., 2009). In
the presence of ATP and a source of protein kinase, SBEIIb becomes phosphorylated and this
phosphorylated form can be detected as part of the trimeric complex (Liu et al., 2009).
Recently, Makhmoudova et al. (2014) identified three phosphoserine residues (
and
bridge between

,

) on SBEIIb. Using a molecular model of the protein, formation of a saltand

was stimulated when

was phosphorylated, and this

intramolecular bond was postulated to provide stability for SBEIIb in the region containing
(Makhmoudova et al., 2014). While comparatively speaking, much is known in regards
to SBEIIb protein phosphorylation and its impact on protein complex formation, little is known
about the SBEIIb domains which facilitate its interaction with other proteins, including SSIIa and
SSI.
There are many ways to characterize new mutations, potentially affecting protein-protein
interactions, of SBEIIb. One such method would be to utilize naturally occurring mutations such
single nucleotide polymorphisms (SNPs) in a given population and their effect on the production
of starch, including altered starch structure (Umemoto and Aoki, 2005). Though there are
databases available such as Panzea containing known SNPs in maize, many sequences are
incomplete due to limitations in sequencing technology (Zhao et al., 2006). Another option is to
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generate new point mutations in a gene of interest using site-directed mutagenesis. In contrast to
the above method, site-directed mutagenesis is a very specific way to study new mutations in
starch biosynthetic enzymes. However, this method would require the synthesis of a recombinant
sequence with the site-directed mutation and subsequent transfection of that mutated gene into
maize lacking that particular enzyme's function. The transgenic plant must then be backcrossed
multiple times to ensure the recombinant protein is present in all tissues. The most relevant
downside to this approach is that it requires genetic modification (GM) of the starch biosynthetic
enzyme in order to study the production of novel starches. GM foods are highly controversial
among the general public posing a problem should one of these novel starches be used in the
future in the manufacture of foodstuffs.
In the research provided in this thesis, a TILLING technique was used in order to identify
new mutations in the SBEIIb gene. TILLING was pioneered by (McCallum et al., 2000) when
traditional reverse-genetics methods, such as antisense RNA suppression and insertional
mutagenesis, did not produce a wide enough variety of alleles to help them determine the
function of newly-discovered genes in Arabidopsis. Though this procedure has been used to
investigate new mutations in countless genes in Arabidopsis (Greene et al., 2003), rice (Till et al.,
2007), wheat (Slade et al., 2005), and maize (Till et al., 2004a; Weil and Monde, 2007), the ae
locus has never been TILLed in maize.
This thesis focused on characterizing the effects of a single amino acid substitution
within a putative protein-protein interaction domain of SBEIIb on enzyme activity, complex
formation and the resulting starch phenotype. Bioinformatic tools as well as previous
mutagenesis studies identified the KCRR domain at position 662-665 of the SBEIIb amino acid
sequence, as a potential interaction domain (Liu, 2010). Mutation of
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and

of the

KCRR domain to alanine residues, disrupted the SBEIIb-SSIIa interaction in vitro (Liu, 2010).
As the mutation studied in this thesis was a cysteine to tyrosine amino acid substitution at
position 663 (C663Y), it was hypothesized that this mutation would have an effect on protein
complex formation.
Analysis of starch from the C663Y mutant was complicated by the bz1, sh1, and wx1
triple mutant background. As these loci are all found on the short arm of chromosome 9, this
genotype was originally developed for recombination experiments. The bz1 gene encodes an
enzyme involved in anthocyanin production and was not expected to have an effect on the starch
synthesis pathway (Dooner and Nelson, 1977). The sh1 gene encodes a sucrose synthase and
because its down-regulation has been found to reduce starch content by 40%, when compared to
WT (Chourey and Nelson, 1976), it was expected that this mutation may have an influence on
the amount of starch produced. The most potentially problematic of all of the background
mutations was the wx1 mutation, which encodes GBSSI. As GBSSI is responsible for amylose
synthesis it was predicted that this mutation may have a negative effect on the amount of
amylose and the characteristics of the starch in the C663Y mutant (Collins and Kempton, 1911).
To control for the effects of these background mutations, a maize bz1, sh1, and wx1 line that had
undergone the TILLING procedure but contained no mutation at the ae locus, was used in all
experiments (TILL).
Analysis of the granule-bound proteins in the C663Y and TILL lines suggested that
GBSSI was still expressed and localized to the granule. In addition, analysis of the proportion of
amylose by both the ConA method and GPC suggested the presence of amylose in each of the
lines tested. Additional replicates should be performed in order to increase the statistical
significance of these results as it was unclear whether the wx1 mutation had an effect on the
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amount of amylose in each line. As a classic wx1 mutation would be expected to produce an
amylose-free starch (Tsai, 1974), future research should aim to characterize the wx1 mutation in
this TILLING line. In addition, the C663Y mutation of SBEIIb should be backcrossed into a
known maize genetic background such as W22 or B73 to produce an isogenic line free from the
bz1, sh1, and wx1 mutations, as well as any other unidentified mutations introduced in the maize
genome by exposure to EMS. Maize plants containing the C663Y SBEIIb mutation were stunted
in their growth and seemed to produce less pollen when compared to WT maize. This is
potentially due to the many uncharacterized mutations introduced by the EMS mutagenesis.
Because of the difficulties in growing and self-fertilizing the C663Y mutant plants, whole cell
endosperm extracts and starch were in low quantities, limiting the types of experiments and
number of replicates that could be performed.
As discussed in Chapter 3, both the endogenous and recombinant C663Y SBEIIb
appeared to be less catalytically active when compared to WT SBEIIb. While C663Y SBEIIb
appeared to be in lower abundance in the soluble endosperm extract, which could explain its
lower activity, the phosphorylase-a stimulation assay showed that, even at equal concentrations,
the recombinant WT enzyme was far more active than the recombinant C663Y SBEIIb. Domain
swapping experiments performed by Hong and Preiss (2000), suggest the location of the C663Y
mutation is involved in catalytic capacity of SBEIIb. This reduction in activity could explain the
altered chain-length distribution of the C663Y mutant amylopectin. The amylopectin from the
maize C663Y mutant contained approximately 30% fewer short chains DP 6-12 when compared
to its TILL background. Maize SBEIIb can transfer chains of DP 3-9 (Takeda et al., 1993), so the
reduction in the number of these chains in C663Y amylopectin could be explained by the lower
catalytic activity of C663Y SBEIIb.
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As with the KCRR>KAAR mutant SBEIIb studied by Liu (2010) (See Figure 3.2), loss
of the SBEIIb-SSIIa interaction was observed in the C663Y SBEIIb mutant. While it is less
clear whether C663Y SBEIIb can bind with SSI, as evidence suggests SSIIa is the core of the
SBEIIb-SSIIa-SSI trimeric complex, it is likely that the SBEIIb-SSI interaction is disrupted as
well (Liu et al., 2012b). Though the recombinant C663Y SBEIIb was able to interact with SSIIa,
this interaction is made more much likely as the recombinant protein was present in excess. This
interaction seems to be strengthened in the presence of ATP which likely causes phosphorylation
of

and salt-bridge formation between it and

(Makhmoudova et al., 2014). As this

salt-bridge is thought to stabilize the KCRR interaction domain, it is likely that the C663Y
mutation inhibits, at least partially, the SBEIIb-SSIIa interaction. As the presence of ATP was
found to stimulate the SBEIIb-SSIIa interaction in the pull down experiments using recombinant
C663Y SBEIIb, in future, the effect of ATP on immunoprecipitation of SSIIa using the C663Y
SBEIIb extracted from the endosperm should be investigated.
As with the ae1.2 loss-of-function mutant (See Section 1.4.3), the granule-bound protein
composition was altered in the C663Y mutant, when compared to the TILL line. Though the
SBEIIb-SSIIa interaction was disrupted by the C663Y mutation, it is possible that this can be
overcome upon phosphorylation of

, allowing partial interaction with SSIIa so that it may

still be trafficked into the granule. While SBEIIb was still localized to the granule, due to its
reduced ability to interact with SSIIa, an additional branching isoform, SBEI, was also recruited.
While potential interactions between SBEI and SSIIa were not explored in this thesis, if the
SSIIa-SBEIIb interaction is disrupted, SSIIa would be more available for interaction and
trafficking of SBEI into the starch granule. The KCRR interaction domain discussed in this
thesis is also conserved in other maize branching enzymes, particularly SBEI. If this domain is
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indeed involved in formation of the SBEIIb-SSIIa interaction, it is possible the same domain
allows for protein-protein interactions between SBEI and SSIIa. The affinity of SBEI for longer
chain branch transfer (DP 10-30), compared to SBEIIb (DP 3-9), may explain the altered
amylopectin phenotype seen in the C663Y mutant (Guan et al., 1997; Kuriki et al., 1997; Takeda
et al., 1993).
As other ae mutations resulting in the loss of SBEIIb expression or activity have resulted
in a so-called “high amylose” phenotype characterized by longer chain amylopectin with fewer
branch points that is resistant to digestion by α-amylases (Banks et al., 1974; Klucinec and
Thompson, 2002; Mu et al., 2001), it was hypothesized that the C663Y mutation may condition a
resistant starch phenotype. Though the C663Y SBEIIb appeared to be less active compared to
the WT enzyme, it was, nevertheless still active, indicating the addition of α-1-6 branch points in
amylopectin. Though the amylose content of C663Y starch may be similar to TILL starch, the
approximately 30% reduction in short chains of DP 6-12 and approximately 23% increase in
mid-length chains of DP 13-24 in C663Y amylopectin when compared to TILL amylopectin,
indicates a significant change in starch structure. Future research should focus on confirmation of
the proportion of amylose and amylopectin in the C663Y SBEIIb mutant, and quantification of
resistant starch using commercially-available kits (Megazyme). TILLING has been used to
identify novel mutations in the gene encoding SBEIIa in both tetraploid durum wheat and
hexaploid bread wheat (Slade et al., 2012). While the total starch in the SBEIIa TILLING lines
was reduced by 7% compared to wild type, the percentage of amylose was increased to 47-55%,
compared to wild-type values of 22-24%. In addition, resistant starch values were 4-13 times
higher than WT in durum and bread wheat, respectively.
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Additional information on the regulation of starch synthesis has been provided in this
thesis. The KCRR region of SBEIIb is highly conserved among the branching enzymes of
cereals such as wheat, barley, rice and maize as well as in Arabidopsis and potato, suggesting
this domain plays an important role in starch synthesis. While the starch from the C663Y SBEIIb
mutant was not high amylose, it is possible that through further, targeted manipulation of SBEIIb
and disruption of the SBEIIb-SSIIa-SSI trimeric complex, resistant starch without a significant
yield penalty could be produced. As starch constitutes up to 80% of the human daily calorific
intake and resistant starches have been found to be beneficial for human health, it is important to
identify new ways to modify the starch synthesis pathway and produces starches with novel
structures and characteristics.
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