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Starch derived from cereal endosperm is responsible for supporting humanity’s global
caloric requirements and is applied in various industrial applications. Semi-crystalline starch
granules are comprised of glucose polymers, amylose and amylopectin, which are synthesized by
four classes of enzymes including ADP-glucose pyrophosphorylase (AGPase), starch synthases
(SS), starch branching enzymes (SBE), and starch debranching enzymes (DBE). Several SS and
SBE isoforms form large phosphorylation-dependent heteromeric protein complexes. A class of
eukaryotic proteins called “14-3-3” dimerize and interact with phosphorylated clients to regulate
enzymatic activity, localization and protein interactions. A series of bioinformatic and biochemical
techniques identified GF14-6 as the only detectable 14-3-3 isoform in maize amyloplasts.
Recombinant GF14-6 was shown to interact with SSI, SBEIIa and SBEIIb in affinity bait assays.
Reciprocal interactions using recombinant SBEIIb demonstrated phosphorylation-dependent
interactions with endogenous 14-3-3s. These results point towards a regulatory role for 14-3-3
proteins regulating starch biosynthesis in maize endosperm.
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CHAPTER 1
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Chapter 1. General Introduction

1.1 Importance of plant derived starches
Starch is the most widely consumed macronutrient in the human diet comprising
approximately 90% of caloric intake (Tetlow, 2011). Irrespective of direct consumption, starches
are intensively utilized in industry with applications ranging from binding and gelling agents to
fuel sources after conversion to ethanol. Starch serves as an osmotically inactive polyglucan that
is produced in plastids for energy storage in plants. Transient starches are produced in
chloroplasts of leaves and follow a diurnal cycle of synthesis during the day and remobilization
at night. Starches occurring in the amyloplasts of seed endosperm are destined for long term
storage to support the next generation during germination. Coordinated actions of starch
synthases (SSs), starch branching enzymes (SBEs) and starch debranching enzymes (DBEs) are
responsible for the biosynthesis of amylopectin. Mutations in the biosynthetic pathway can cause
starch to elicit changes effecting granule morphology, size, number, accumulation and ratios of
amylose to amylopectin. Mechanisms which control starch biosynthesis and granule architecture
could allow improved targets for developing high yielding cereals and novel starches for both
human consumption and industrial applications.

1.2 General polyglucan structure and architecture of starch granules
Starch granules are composed of two distinct glucan polymers, amylose and amylopectin
(Figure 1.1). The ratios of amylose:amylopectin varies among plants and cultivars, however,
maize starch granules are comprised primarily of amylopectin (approximately 75%) (Pfister and
2

Zeeman, 2016). Amylopectin imparts structure and crystallinity to a starch granule, while
amylose may pack the empty spaces within the amylopectin array to increase granule density
(Pfister and Zeeman, 2016; Lloyd and Kossmann, 2019).

Figure 1.1 Chemical structure and schematic representation of glucan chain distribution for
amylose and amylopectin polymers. (A) Amylose, a molecule consisting of 100-10,000 glucose
units linked together by α-(1→4) glycosidic linkages at the neighboring C4 carbon. (B)
Amylopectin, a much larger molecule (~1,000,000 Glc units) of many distributed α-glucan chains
(5-50 glucosyl units) linked together by α-(1→6) branch points (Zeeman et al., 2010; Pfister and
Zeeman, 2016). Amylose is formed by long linear glucosyl chains, which is sparsely branched and
arranges into a tightly packed single helical structure. Amylopectin is highly branched (4-5%) and
neighboring chains form double helices (Manners, 1989).

3

For decades researchers have focused on elucidating the catalytic activities regulating
starch biosynthesis as it relates to the mechanisms controlling elongation and distribution of αglucan chains. A macroscopic starch granule has varying degrees of structural complexity for
which polymers of amylopectin become arranged and organized into highly ordered and
repeatable patterns resulting in secondary and tertiary structures (Figure 1.2).

Figure 1.2 Hierarchical arrangement of amylopectin into increasingly complex secondary
and tertiary structures. Glucan chains of amylopectin molecules will cluster to form double
helices at a repeatable periodicity of 9 nm (27-28 Glc units) (Waigh et al., 1998; Oostergetel and
van Bruggen 1989). This 9 nm repeat is subdivided into two distinct regions: i) Crystalline lamellae
formed by tightly packed helical clusters and ii) amorphous lamellae formed by linear spanning
regions connecting each helical cluster. The 9 nm structure repeats radially and apparently selfassembles into a proposed left-handed helical arrangement called a “blocklet”; an intermediary
structure ranging in size from 50-500 nm (Gallant et al., 1992). Blocklets are highly compact and
limit inclusion of water to impart overall crystallinity to the starch granule. Electron micrographs
of starch granules following treatment with α-amylase exposes the highly ordered and repeatable
pattern of tree-like growth rings conserved in the granule interior. Blocklets arrange radially into
tightly packed groups forming crystalline growth rings that repeat at a periodicity of 100-400 nm
(Baker et al. 2001). The crystalline rings are separated by alternating amorphous regions lacking
any defined structure. Technological limitations prevent measuring of granule density, crystallinity
and structure of the amorphous regions despite amylose comprising 15-30% of the starch granule
(Bertoft, 2017). While enzymes of starch biosynthesis are well characterized, there is limited
understanding of the mechanisms that integrate biochemical activities and formation of the various
hierarchical structures resulting in a semi-crystalline starch granule. Taken from (Goren et al.,
2018).
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1.3 General pathway of starch biosynthesis in cereal endosperm
The essential repertoire of enzyme activities required to take glucose subunits and
catalyze the formation of amylose and amylopectin relies firstly on access to useable forms of
glucan substrates. Generation of ADP-glucose by ADP-glucose pyrophosphorylase (AGPase)
primes the starch biosynthetic pathway with initial substrate needed for elongation of glucan
chains as performed by starch synthases (SSs). Branching within polyglucan structures is
performed by the inter- and intrachain transferase activity of starch branching enzymes (SBEs)
and additional fine attunement of overtly proximal chains performed by the cropping activities of
starch debranching enzymes (DBEs). The specific activities of each participating enzyme in the
starch biosynthetic pathway is merely a simplistic view of the entire process due to the highly
coordinated actions and apparent pleiotropic effects associated with the removal of any one
component. Critical enzymes of the starch biosynthetic pathway (Figure 1.3) are described in
further detail below.
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Figure 1.3 Overview of the starch biosynthetic pathway of non-photosynthetic plastids
(amyloplast) within the starch storing endosperm of cereal monocots. Glucose 1-phosphate is
converted into ADP-glucose in the first committed step of starch biosynthesis primarily by a
cytosolic variant of AGPase. An amyloplast membrane spanning ADP-glucose/ADP transporter
(BT1), is responsible for importing ADP-glucose from the cytosol into the plastid stroma. ADPglucose is utilized by starch synthases (SSs) for the elongation of glucan chains via incorporation
of the glucose moiety and release of ADP for translocation into the cytosol. SS activity in addition
to glucan branching and debranching performed by starch branching enzymes (SBEs) and starch
debranching enzymes (ISO/PUL), respectively, is responsible for forming amylopectin. Granulebound starch synthase (GBSS) is guided and targeted to starch by PTST and is responsible
exclusively for elongating of glucan chains on amylose. Starch phosphorylase (SP) is primarily
concerned with the phosphorolytic degradation of starch and catalyzes the reversible transfer of
the glucose moiety from glucose-1-phosphate onto the non-reducing end of α-1,4-glucan chains
with the release of inorganic phosphate (Pi). Evidence suggests that the Pho1 isoform of SP is
catalytically more active in the synthetic direction leading resulting in extension of maltohexose
into larger malto-oligosaccharides. Adapted from (Tetlow, 2011).

1.3.1 ADP-glucose pyrophosphorylase (AGPase)
In the first-committed step of starch biosynthesis, one unit of adenosine 5’-diphosphate
glucose (ADP-glucose) is produced in an equilibrium reaction by the catalytic conversion of one
unit glucose-1-phosphate and one unit ATP by ADP-glucose pyrophosphorylase (AGPase)
resulting in the release of inorganic pyrophosphate (PPi). In planta, the reaction is shifted
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towards synthesis of ADP-glucose due to the activity of an alkaline inorganic pyrophosphatase
responsible for converting PPi into inorganic phosphate (Pi) (Gross and ap Rees, 1986).
Glucose-1-phosphate + ATP ↔ ADP-glucose + PPi
ADP-glucose is the primary substrate utilized by starch synthesizing enzymes (Boehlein
et al., 2010) towards elongating α-glucan chains. Under optimal photosynthetic conditions,
starch accumulation is controlled by the “sink strength” (ability to assimilate fixed carbon from
photosynthates into useable metabolites for increasing biomass) of a tissue. AGPase influences
the sink strength of starch synthesizing tissues by controlling the influx of fixed carbon into
ADP-glucose where it will be committed to starch biosynthesis (Lloyd and Kossman, 2019).
Such a strategy has been implemented in potato tubers (Stark et al., 1992) and maize endosperm
(Giroux et al., 1996) to improve starch accumulation and overall plant productivity.
In dicotyledonous plants, hexose-phosphates and ATP are imported into the plastid by the
Glucose-6-P/Pi antiporter and ATP/ADP transporter, respectively (Facchinelli and Weber, 2011).
Thus ADP-glucose is entirely formed within the plastid stroma by plastid localized AGPase
(Okita et al., 1992). However, endosperm tissues from cereal monocots rely on a cytosolic
AGPase for synthesizing a majority of ADP-glucose (90%) and a plastidial AGPase for a minor
proportion (10%) (Beckles et al., 2001; Tuncel and Okita, 2013; Tetlow and Emes, 2017).
Cytosolic ADP-glucose is imported into the amyloplast stroma via an exchange mechanism that
releases ADP into the cytosol by Brittle1 (BT1), a membrane-bound adenylate transporter
(Shannon et al., 1998).
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AGPase forms a heterotetramer comprised of two identical large subunits (AGP-L) and
two identical small subunits (AGP-S) (Preiss and Sivak, 1996). Multiple genes encode for AGPL and AGP-S, however strong evidence suggests for tissue-specific expression and targeting of
various AGPase small and large subunits in the leaf, root or endosperm (Batra et al., 2017). In
higher plants, AGPase activity is allosterically stimulated by 3-phosphoglyceric acid (3-PGA)
and inhibited by inorganic phosphate (Pi) (Ghosh and Preiss, 1966; Kleczkowski, 1999). The
sensitivity of AGPase to allosteric regulation is tissue and plastid specific. For instance, cytosolic
AGPase from cereal endosperm exhibits relative insensitivity to allosteric regulation by 3-PGA
or Pi (Doan et al., 1999).
1.3.2 Elongation of glucan chains by starch synthases (GBSS and SSI-IV)
Starch synthases (SSs) are the mainstay of starch biosynthesis allowing for the
polymerization of amylose and amylopectin. Within the plant kingdom, four soluble starch
synthases (SS1, SS2, SS3, SS4) perform the coordinated action of initiating and elongating
amylopectin by catalyzing the formation of α-1,4 glycosidic linkages between the ADP-glucose
moiety and the non-reducing end of an α-glucan chain. The amylose component of starch is
synthesized within the developing matrix of amylopectin and is exclusively catalyzed by an
insoluble granule-bound starch synthase (GBSS) (Nelson and Pan, 1995). Each SS class is
represented by multiple isoforms which possess variable levels of tissue-specific expression
between starch producing organs of the leaf, root, pollen and seed (Hirose and Terao, 2004).
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Granule-Bound Starch Synthase (GBSS)
Amylose is exclusively synthesized by the activity of a granule bound starch synthase
(GBSS), an enzyme initially discovered in Zea mays and encoded by the Waxy locus (Shure et
al., 1983; Delrue et al., 1992). A deletion/mutation at the Waxy locus results in a starch
phenotype that is amylose deficient. In wild-type plastids GBSS is almost entirely associated
with starch granules and is virtually absent from the plastid stroma. More recently, localization
of GBSS was found to be mediated through direct interactions with an N-terminal coiled coil
domain on protein targeting to starch (PTST) (Seung et al., 2015). PTST possesses a
carbohydrate binding domain (CBD) which allows for association with the starch granules. In
Arabidopsis ptst mutants, plastids are characteristically amylose-free and phenotypically
identical to the waxy null mutation.
Starch Synthases (SSI-SSIV)
Starch synthase I is responsible for elongating short chain α-glucans (Commuri and
Keeling, 2001). Null mutants of the SSI locus in rice, maize and Arabidopsis possess
amylopectin with fewer short-chains, suggesting an affinity of SSI for chains of DP 6-10 and
their extension to DP 8-12 (Delvallè et al, 2005; Fujita et al., 2006; Commuri and Keeling,
2001). Cereal monocots express multiple isoforms for both the SSII and SSIII class of starch
synthases. These variants are classified as “a” or “b” isoforms and exhibit distinct expression
profiles according to tissue localization. Both SSIIa and SSIIIa predominate within the
amyloplast stroma of cereal endosperm and facilitate synthesis of starch destined for long-term
storage, while “b” type isoforms accumulate in the chloroplast stroma of photosynthetic tissue to
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participate in the diurnal cycle of transient leaf starch biosynthesis (Pfister and Zeeman, 2016). A
sugary2 (su2) variety of maize results in a null mutation at the locus encoding for SSIIa (Zhang
et al., 2004). Deficiency of SSIIa causes alterations in the amylopectin structure due to an
increased abundance of short chains and a decreased prevalence of intermediate glucans (Zhang
et al., 2004). Therefore, the starch synthase isoform SSIIa functions to elongate amylopectin
short-chains DP 8-12 to yield intermediate glucans of DP 12-25 (Zhang et al., 2004; Liu et al.,
2012). The sex6 null mutant from barley possesses a premature stop codon in the locus encoding
for SSIIa resulting in inhibition of translation. Absence of SSIIa leads to a novel starch
phenotype characterized by an altered granule morphology and having a higher amylose content
(Morell et al., 2003).
Like other SS classes, starch synthase III (SSIII) is expressed by two genes, SSIIIa and
SSIIIb, as a result of an ancient whole genome duplication event occurring in the Gramineae
prior to the monocot/dicot divergence (Yan et al., 2009). SSIII mutants exhibit an altered chain
length distribution, possessing more short and intermediate chain lengths and a significant
decrease (56-63%) in long chain glucans (DP>36). (Zhu et al., 2013). Mature kernels of the
maize dull1 mutant have a glassy, tarnished appearance indicative of the “dull” phenotype
(Mangelsdorf, 1947). While overall starch content is slightly lower, amylose content is higher in
the du1- null mutant (25.4-30.2%) compared to wild-type (21.5%) (Zhu et al., 2013). Despite an
increased ratio of amylose:amylopectin and significant alterations to chain length distributions,
dull1 derived starches have both normal physical and structural properties albeit some
morphologically abnormal starch granules (Shannon and Garwood, 1984).
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SSIV does not possess a preference or an ability to polymerize glucan chains. Rather,
SSIV is responsible for starch granule initiation (Szydlowski et al., 2009). In Arabidopsis
chloroplasts, ss4 deficient plants seldomly produce any starch granules, however rare exceptions
of some plastids yielding 1-2 rounded granules have been observed (Roldán et al., 2007;
Malinova et al., 2017). This is in stark contrast to the typical granule number and morphology of
the 5-7 lenticular granules otherwise found in wild-type plastids (Crumpton-Taylor et al., 2012).
Transgenic lines of ssIII/ssIV double null mutants are void of any starch granule initiation or
accumulation of α-glucans in the plastid stroma suggesting a partial functional redundancy
between SSIII and SSIV (Zhang et al., 2008; Szydlowski et al., 2009).
1.3.3 Branching of glucan chains by starch branching enzymes (SBEI, SBEIIa/b)
While amylose is a quasilinear polymer, the molecular structure of amylopectin has
frequent branch points produced by the activities of starch branching enzymes (SBEs). Currently,
there are two known classes of SBE, SBEI and SBEII. SBEs catalyze the cleavage of α-(1→4)
glucosyl linkages to release a non-reducing end maltooligosaccharide (MOS). The small glucosyl
chains are transferred and reattached to a glucosyl unit at the hydroxyl group of the C-6 carbon
via formation of an α-(1→6) glycosidic bond. Transglycosylation of a cleaved MOS can occur
on the original α-glucan (intrachain transfer) or occur between an adjacent chain (interchain
transfer). A minimum chain length is required for SBEI and SBEII cleavage of MOS at DP15
and DP12, respectively (Guan et al., 1997; Seo et al., 2002). SBEI has substantially greater
affinity for amylose and is able to transfer proportionally longer chains (DP<30) but most
frequently DP10-13 (Takeda et al., 1993; Kuriki et al., 1997). Meanwhile, amylopectin is the
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preferred substrate of SBEII and is responsible for transferring shorter chains of approximately
DP6-14 (Guan and Preiss, 1993).
The SBEII class is encoded by two distinct genes, SBEIIa and SBEIIb, each exhibiting
distinct expression patterns. SBEIIa is ubiquitously expressed, while SBEIIb expression is
limited to the non-photosynthetic tissues of the starch storing endosperm (Sun et al., 1998).
While SBEIIb is the most abundant branching enzyme occurring in the endosperm, there is
considerable variation in activity of this enzyme between different species. For example, SBEIIb
expression in maize endosperm occurs at levels 50x greater than SBEIIa and is responsible for
majority of branching activity (Gao et al., 1996; Gao et al., 1997). In comparison, SBEIIa
predominates in wheat endosperm and SBEIIb expression levels are essentially negligible
(Regina et al., 2005). Two amylose-extender (ae-) mutants of maize, one resulting from an
sbeIIb null mutation (ae1.1) and the other by an sbeIIb loss of function (ae1.2) have been well
characterized (Liu et al., 2009; Liu et al., 2012). Phenotypically, starches from ae-mutants are
significantly less branched and possess longer internal chains (B chains) which elicit amyloselike properties.
1.3.4 Debranching of glucan chains by starch debranching enzymes (IsoI, IsoII,
IsoIII, Pullulanase)
Starch debranching enzymes (DBEs) are responsible for trimming branched glucan
chains by catalyzing the hydrolysis of α-(1→6) glycosidic linkages. Despite having a catabolic
function, DBEs have an important role in overall accumulation of polyglucans and improving the
crystallinity of starch granules. DBEs are divided into two groups (Figure 1.4) according to
substrate preference: i) Isoamylases (ISO), which hydrolyze branch points on amylopectin and ii)
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pullulanase-type DBEs, which hydrolyze α-(1→6) linkages connecting malto-triose monomers
in the fungal polymer, pullulan, in addition debranching of polyglucans (Wang et al., 2019).
Plants possess three isoforms of ISO. ISOIII catabolizes starch polyglucans, while ISOI and
ISOII function directly in synthesizing amylopectin. Of the DBEs participating in starch
biosynthesis, only ISOI is catalytically active. ISOII is inert due to evolutionarily conserved
mutations targeting critical catalytic residues involved in hydrolysis of α-(1→6)-D-glucosidic
branch linkages (Henrissat, 1991; Hussain et al., 2003; Hennen-Bierwagen et al., 2012).
Transgenic lines of null ISOI, ISOII and the double mutants have been studied in
dicotyledonous tissues of the potato tuber and Arabidopsis leaf. In Arabidopsis leaves, each of
the ISOI, ISOII and double mutants exhibit similar phenotypic effects, characterized by an 80%
decrease in overall starch content and an accumulation of phytoglycogen equivalent to 40-50%
of wild-type leaf starch (Zeeman et al., 1998; Delatte et al., 2005; Wattebled et al., 2005). The
genetic evidence suggested that ISOI and ISOII form a heteromultimer in Arabidopsis leaf tissue
(Lin et al., 2013). However, debranching of α-glucans in the cereal endosperm is almost entirely
catalyzed by ISOI activity. This is consistent with an isoii mutant exhibiting relatively normal
starch content and an absence of phytoglycogen accumulation (Lin et al., 2012). The same
authors showed in addition to the ISOI/ISOII heteromultimer, ISOI forms a novel
homomultimeric complex in maize endosperm. Debranching of polyglucans in maize endosperm
is the responsibility of the ISOI homomultimer. However, in maize leaf tissues both hetero- and
homo-ISO multimers are functionally active (Lin et al., 2013).
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Figure 1.4 Function of starch debranching enzymes in higher plants. Starch debranching
enzymes (DBEs) are responsible for trimming branched glucan chains via hydrolysis of α-(1→6)
glycosidic linkages. Despite having a catabolic function, DBEs have an important role in overall
accumulation of polyglucans and improving the crystallinity of starch granules. DBEs are divided
into two groups according to substrate preference: A) Isoamylases (ISO), which hydrolyzes branch
points on pre-amylopectin to optimize the clustering arrangement of glucan chains to favor
crystallization and B) pullulanase-type DBEs (PUL), which hydrolyze α-(1→6) linkages
connecting malto-triose monomers in the fungal polymer, pullulan, in addition to debranching of
polyglucans.

1.3.5 Starch phosphorylase
Starch phosphorylase (SP) participates in a reversible reaction, functioning to extend or
degrade glucan chains. Glucose-1 phosphate is the substrate of SP whereby the glucosyl unit is
removed and transferred to an α-(1,4) glucan by catalyzing α-(1,4) linkages. Two isoforms of SP
have been characterized in pea and spinach leaves (Steup and Latzko, 1979). However, within
the maize endosperm only a single 112 kDa plastidial SP has been identified (Yu et al., 2001).
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Experiments using maize and Chlamydomonas reinhardtii indicate plastidial forms of SP exhibit
greater affinity for long glucan chains in amylopectin compared to glycogen which is more
highly branched (Dauville et al., 2006; Yu et al., (2001). Plastidial SP appears functionally
restricted towards storage starches. A pho1 mutant of starch phosphorylase in Arabidopsis does
not exhibit altered characteristics in the transient starches of chloroplasts (Zeeman et al., 2004),
however, starch filling in potato storage tissues appears influenced by the concentration of Pho1
and its relative activity (St-Pierre and Brisson, 1995).

1.4 Post-translational modification and heteromeric enzyme
complexes
Starch biosynthetic enzymes are regulated by post-translational phosphorylation
(Grimaud et al., 2008; Liu et al., 2009, 2012; Makhmoudova et al., 2014; Ahmed et al., 2015;
Wang et al., 2016; Patterson et al., 2018). Enzymes involved in amylopectin synthesis can form
heteromeric enzymes complexes (HECs) and coordinate catalytic activity under phosphorylating
conditions. Biochemical analysis of plastid extracts obtained from wheat endosperm provided the
first direct evidence in vitro for the formation of large heteromultimeric protein complexes
(Tetlow et al., 2004, 2008). Radio labeling of amyloplast extracts with γ-32P-ATP resulted in
phosphorylation of SBEI, SBEIIa, SBEIIb, SSIIa (Tetlow et al., 2004). Phosphorylation
stimulated SBEII activity but had no effect on the branching activity of SBEI.
Coimmunoprecipitation experiments showed that phosphorylation resulted in protein interactions
between SBEI, SBEIIb and SP. Dephosphorylation of plastid stromal proteins by an alkaline
phosphatase (APase) resulted in disassembly of protein complexes enriched from
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immunoprecipitation. Evidence to support novel and functional protein complexes in wheat were
observed between amylopectin synthesizing branching enzymes and starch synthases (Tetlow et
al., 2008). Radiolabeling of amyloplast stromal proteins with γ-32P-ATP indicated SSIIa and
both isoforms of SBEII are phosphorylated during starch deposition in wheat endosperm.
Coimmunoprecipitation experiments in tandem with gel permeation chromatography provided
evidence for interactions between SSI, SSIIa and either of SBEIIa or SBEIIb (Tetlow et al.,
2008). Phosphorylation-dependent interactions between these enzymes results in a protein
complex approximating 260 kDa and for SBEII to also form homodimers. Conversely,
disassociation of the complex occurred after dephosphorylation with APase. Similar protein
complexes to those found in wheat have been uncovered in maize, rice and barley endosperm
(Liu et al., 2009; Crofts et al., 2015; Ahmed et al., 2015). In wild-type maize,
coimmunoprecipitation of starch biosynthetic enzymes from normal amyloplasts in conjunction
with an affinity-bait chromatography approach has identified protein interactions between SSI,
SSIIa and SBEIIb/SBEIIa (Liu et al., 2009).
HECs have been observed in other cereal crops. Novel interactions between amyloplast
stromal proteins in Zea mays were first observed using a combination of methods including in
vivo yeast-two-hybrid assays, immunoprecipitation, and affinity chromatography using
recombinant protein as an immobilized ligand (Hennen-Bierwagen et al., 2008). Gel permeation
chromatography (GPC) identified two peaks corresponding to proteins with molecular masses of
approximately 600 kDa and 300 kDa. Findings from the interaction assays integrated with results
from GPC suggested formation of two protein complexes, the higher molecular weight form
(~600 kDa) comprised of SSIIa, SSIII, SBEIIa and SBEIIb, and the lower molecular weight form
16

(~300 kDa) comprised of SSIIa, SBEIIa, SBEIIb and lacking SSIII. It has subsequently been
shown that any null mutation that removed SSIIa, SSIII, SBEIIa or SBEIIb prevented assembly
of the larger protein complex (~600kDa), and excluding the SSIII mutant, prohibited formation
of the lower molecular form (~300kDa) (Hennen-Bierwagen et al., 2009). Immunoprecipitation
of SSIII from amyloplast extracts showed that in addition to SSIIa, SBEIIa and SBEIIb, two
isoforms of pyruvate orthophosphate dikinase (PPDK), the large and small subunits of ADPglucose pyrophosphorylase (AGPase) and an isoform of sucrose synthase (SUS-SH1) also coeluted. Dephosphorylation significantly reduced the amount of SSIIa, SBEIIa, SBEIIb and PPDK
that co-eluted during SSIII immunoprecipitation, while incubation with the NaF phosphatase
inhibitor restored signal from the fore mentioned SSIII interactors (Hennen-Bierwagen et al.,
2009). Taken together, phosphorylation has been shown to stimulate protein interactions.
Null mutations targeting members of a protein complex can result in pleiotropic effects.
The amylose extender (ae1.1) mutant of maize is deficient of SBEIIb, resulting in an altered
molecular structure of amylopectin, characterized by reduced branching and longer glucan chains
(Liu et al., 2009). Loss of SBEIIb protein leads to formation of a novel HEC involving partial
complementation by SBEI, SBEIIa and SP in addition to those members participating in the
wild-type complex, SSI and SSIIa. Assembly of the SSI-SSIIa-SBEI-SBEIIa-SP complex in the
ae1.1 background was neither stimulated with ATP nor weakened from treatment with an
alkaline phosphatase. However, radiolabeling with γ-32P-ATP indicated both SP and SBEI are
phosphorylated within the novel complex.
An allelic variant of the amylose extender termed ae1.2 is characterized by a catalytically
inactive form of SBEIIb (Liu et al., 2012). Amylopectin from both ae1.1 and ae1.2 mutants are
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characterized as having longer internal chains with reduced branching, resulting in a polyglucan
having amylose-like qualities. However, the ae1.2 has a markedly less intermediate glucan
chains (16-20 DP) and is characterized by starch granules which are comparatively smaller and
more irregular shaped relative to those isolated from ae1.1. Coimmunoprecipitation experiments
show discrepancies in the interaction profiles of wild-type and ae1.2 variants of SBEIIb. The
wild-type SSI-SSIIa-SBEIIb trimeric complex became substituted with a novel HEC
characterized by recruitment of SBEI to form SSI-SSIIa-SBEIIbInactive-SBEI. Both wild-type and
inactive forms of SBEIIb became phosphorylated and were required for assembly into high
molecular weight protein complexes. Irrespective of background, starch biosynthetic enzymes
from wild-type, ae1.1, and ae1.2 protein complexes became localized within the nascent starch
granules.
Molecular characterization of maize SSIIa has shown it to be controlled by the sugary-2
(SU2) locus (Zhang et al., 2004). Overall starch content and granule morphology in su2 deficient
mutants are not drastically altered compared to wild-type (Shannon and Garwood, 1984).
However, su2 mutants are characterized by an elevated amylose/amylopectin ratio, atypical
chain length distributions and reduced amylopectin crystallinity (Kramer et al., 1958; Takeda and
Preiss, 1993). An allelic variant of su2 results in the expression of a catalytically inactive form of
SSIIa (Liu et al., 2012b) in which a Gly522→Arg mutation occurs within the glycotransferase
domain. Even so, assembly of the HEC between SSI, SSIIa and SBEIIb observed in the stroma
of wild-type maize amyloplasts was not affected in the su2 background. Despite intactness of the
trimeric complex, SSI, SSIIa and SBEIIb were not entrapped within the starch granule in the su2
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background. These findings suggested that SSIIa binds to polyglucans and forms the core of the
trimeric complex to facilitate the interactions between SSI and SBEIIb.
Maize SBEIIb is phosphorylated at positions Ser286, Ser297, and Ser649 (Makhmoudova et
al., 2014). Sequence alignments of Class I and II branching enzymes from various agriculturally
important crops suggested Ser297 is conserved in all starch branching enzymes (SBEI, SBEIIa
and SBEIIb), while Ser286 is restricted to class II SBEs (SBEIIa and SBEIIb). However, Ser649
is limited to SBEIIb and only conserved in select cereal crops including maize, wheat and
sorghum. Two distinct fractions of partially purified Ca2+- dependent protein kinase activities
(K1 and K2) were identified from maize amyloplasts, with K1 responsible for Ser649 and Ser286
phosphorylation, and K2 phosphorylating Ser649 and Ser297. Information regarding the
stoichiometry of individual phosphorylation sites remains unknown due to limited sensitivity of
current quantitative phospho-proteomics (White-Gloria et al., 2018). However, identifying the
substrates of various protein kinases and phosphatases will likely become a significant focus of
future research.

1.5 General class of regulatory 14-3-3 proteins (GF14)
The 14-3-3 proteins are a large class of regulatory molecules ubiquitously expressed in
all eukaryotic organisms and commonly participate in cell signaling cascades, primary
metabolism and biotic/abiotic stress responses (Reviews- Ferl, 2004; Paul et al, 2012; Camoni et
al., 2012, Jaspert et al., 2011; Rashaun et al., 2016; Ormancey et al., 2017). 14-3-3 proteins were
initially discovered through cataloging of the neuronal tissue proteome from bovine brains
(Moore and Perez, 1967). The esoteric nomenclature relates to their chromatographic profile:
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elution through a DEAE column (fraction 14) and electrophoretic mobility (fraction 3.3) during
subsequent purification steps. The function of these acidic, small molecular weight proteins
(~29-32kDa) remained ambiguous for more than two decades until they were found to activate
tyrosine and tryptophan hydroxylases, key enzymes in neurotransmitter biosynthesis of serotonin
and dopamine, respectively (Ichimura et al., 1988). 14-3-3 proteins are highly involved in
mediating signaling transduction pathways through direct interaction with multifunctional
enzymes. For instance, 14-3-3 activates RAF proto-oncogene serine/threonine-protein kinase
(Raf-1) (Fantl et al., 1994; Freed et al., 1994) and inhibits protein kinase C (PKC) while
simultaneously mediating the interactions between both PKC and Raf-1 (Robinson et al.,1994;
Meller et al., 1996; Hoeven et al., 2000).
1.5.1 Phylogeny of plant 14-3-3 proteins
Post translational modification (PTM) enables fine tuning of cellular processes relating to
signal transduction, primary metabolism, defense cascades, cell structure, protein synthesis in
response to external stimuli. For eukaryotic organisms, protein phosphorylation is the
predominant form of PTM affecting thousands of proteins. The number of 14-3-3 isoforms varies
between eukaryotes, with yeast (Saccharomyces cerevisiae) presenting at least two distinct
genes, mammals and other vertebrates expressing seven genes, and plants having upward of 18
genes (Ferl, 2004). Within the kingdom of Viridiplantae (green plants), the number of encoded
14-3-3 genes varies between plant species: algae (Chlamydomonas reinhardtii) have two genes,
rice (Oryza sativa) seven, wheat (Triticum aestivum) ten, maize (Zea mays) twelve, Arabidopsis
thaliana thirteen (plus two pseudogenes) and soybean (Glycine max) eighteen (Guo et al., 2018;
Rosenquist et al., 2001). The nomenclature distinguishing 14-3-3 isoforms varies between
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species and does not reflect sequence homology. Mammalian isoforms are typically
distinguished by Greek letters. The first 14-3-3 protein discovered in plants was homologous to
an Arabidopsis G-box transcription factor (de Vetten et al., 1992). As such, plant isoforms
follow a “GF14” moniker followed by a Greek letter or number designation (Lu et al., 1992).
Arabidopsis expresses thirteen functional 14-3-3 isoforms (Figure 1.5) that are categorized into
two distinct phylogenetic groups: i) Epsilon group (ε, μ, o, ι, π) and ii) non-epsilon group (χ, ω,
ψ, ϕ, υ, λ, ν, κ). Non-ε isoforms are divided into three subsidiary categories, which have emerged
within the last 170 million years, and an addition fourth group exclusive to monocotyledonous
plants (Wu et al., 1997; Rosenquist et al., 2001; Delille et al., 2001, Piotrowski and Oecking,
1998; Cao et al., 2016). An amino acid sequence alignment of Arabidopsis isoforms shows the
central core region to be highly conserved with majority of divergence (~14% conservation)
occurring within the N- and C- termini (Chung et al., 1999). Orthologs sharing homology with
epsilon members have been identified in both yeast and mammals, suggesting a shared ancestral
origin before the advent of plant speciation (Wu et al., 1997). In contrast, several isoforms from
the non-epsilon group emerged from discrete gene duplication events (Piotrowski and Oecking,
1998).
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Figure 1.5 Phylogeny of expressed 14-3-3 genes in Arabidopsis. There are 13 isoforms of 143-3 proteins in Arabidopsis which are subdivided into two divergent evolutionary classes: The
epsilon (ε) and non-epsilon (non-ε) groups. The two classes diverged during early speciation of
ancient plants approximately 170 million years ago. The non-ε group of 14-3-3 within the kingdom
of Viridiplantae can be divided into three subgroups and an additional fourth subgroup which is
exclusive to monocotyledonous plants. A phylogeny of Arabidopsis thaliana 14-3-3 isoforms
illustrates the evolutionary divergence amongst ε (epsilon, mu, omicron, iota, pi) and non-ε (kappa,
lambda, phi, chi, omega, psi, upsilon, nu) isoforms. At14-3-3 members of the non-ε group are
divided into three of four subgroups. Four 14-3-3 isoforms have shown subcellular localization
within chloroplasts and are represented in each ε and non-ε class (Highlighted). Adapted from (Cao
et al., 2016).
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1.5.2 Specificity of 14-3-3 protein isoforms
Under normal growth conditions, single and double T-DNA insertional loss-of-function
mutants targeting six non-epsilon members of Arabidopsis isoforms (kappa, lambda, nu, upsilon,
phi, chi) consistently resulted in a phenotype indistinguishable from wild-type (Kleeff et al.,
2014). However, select triple mutants and all variations of quadruple mutants exhibited shorter
primary root growth suggesting some level of redundancy between non-epsilon isoforms. To
assess the functional relevance of the ancestral group of 14-3-3s, knockdown of all epsilon
members in Arabidopsis seedlings showed pronounced deformities in auxin-mediated plant
development and altered post-Golgi membrane trafficking (Keicher et al., 2017). Although
currently unresolved, non-epsilon group members are predicted to facilitate plant-specific
functions, while ancestral isoforms may be involved in basal cellular functions. Examples of
isoform specificity have been attributed to several cellular functions and demonstrated in many
plant systems under various abiotic stresses (Schoonheim et al., 2009; Tseng et al., 2012;
Mayfield et al., 2012; Peethambaran et al., 2012).
There is strong argument for both physiological and biochemical redundancy amongst
14-3-3 isoforms. In Arabidopsis, several studies evaluating single TDNA loss of function alleles
are not phenotypically distinguishable from wild-type, suggesting other 14-3-3 proteins can
compensate for the deficiency (Krysan et al., 1996; Gampala et al., 2007; Kleeff et al., 2014;).
Redundancy is most notable in yeast (Saccharomyces cerevisiae), where only two genes, BMH1
and BMH2, encode for two highly conserved isoforms of 14-3-3, sharing a 93% amino acid
identity (van Heusden et al., 1992, 1995). While a single knockout of either bmh1 or bmh2 is
viable, and generally does not result in growth defects, the double mutant is lethal. Interestingly,
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early studies have shown four Arabidopsis isoforms can rescue the bhm1/bmh2 double mutant,
suggesting several plant 14-3-3s have retained the capacity to perform basal requirements for
cellular functioning in yeast (van Heusden et al., 1996; Sorrell et al., 2003; Paul et al., 2012).
Comprehensive proteomic and Yeast-Two-Hybrid screening of tissues from Arabidopsis
seeds, tomato fruit and hypocotyls, barley leaves, and maize endosperm (Swatek et al., 2011; Li
et al., 2014; Hloušková et al., 2019; Schoonheim et al., 2007; Dou et al., 2015) have
demonstrated biochemical redundancy between several 14-3-3 isoforms through the overlap of
shared client proteins. Numerous studies have investigated the interactions between several 14-33 isoforms and their affinity for the plasma membrane H+-ATPase (Baunsgaard et al., 1998;
Fuglsang et al., 1999; Ottmann et al., 2007). In Arabidopsis leaves, twelve isoforms of 14-3-3
can interact with plasma membrane H+-ATPase in vitro. However, conditions in vivo can alter
isoforms specificity. In particular, only GF14 upsilon interacts with H+-ATPase during exposure
to the fungal toxin, fusicoccin, which can increase binding affinity by 90-fold (Alsterfjord et al.,
2004). Analysis of 14-3-3 crystal structures does not support isoform specificity for client
interactions because the amphipathic groove, which forms the surface exposed target-binding
pocket, is highly conserved across all isoforms (Petosa et al., 1998). However, non-epsilon
members display preferential binding to plasma membrane H+-ATPase compared to epsilon
isoforms and the capricious affinity for these interactions is affected by the variability of the 143-3s C-terminus (Pallucca et al., 2014). Therefore, differences in binding affinity for shared
client proteins between 14-3-3 isoforms may act as an inadvertent regulatory mechanism.
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1.5.3 14-3-3 Structure and Oligomerization
Crystal structures of mammalian and plant 14-3-3 monomers have been resolved by Xray crystallography (Liu et al., 1995; Xiao et al., 1995) (Figure 1.6). Human recombinant 14-3-3
isoforms have been expressed in E. coli and exist in an equilibrium between monomeric and
dimeric states (Yang et al., 2006). Some isoforms are entirely dimeric, while others may exist
within a ratio (70:30) of the monomeric/dimeric state(s). Monomers are less stable and more
subject to proteolysis. Therefore, the monomeric state may exist only as an intermediary stage
while subunit exchange occurs during heterodimers formation (Sluchanko and Gusev, 2012).
Phosphorylation appears to be the most important post-translation modification in regulating 143-3 dimerization and binding to target proteins. Select human isoforms can be phosphorylated at
Ser58 (Ser62 in the 14-3-3ω isoform of Arabidopsis), a residue positioned within the dimer
interface and a modification leading to disassociation of the 14-3-3 dimer (Woodcock et al.,
2003). Dissolution of the 14-3-3 dimer has shown to inhibit target binding to clients such as
ASK1 (Zhou et al., 2009), Hsp20 (Sluchanko et al., 2011) and Raf-1 (Powell et al., 2003).
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Figure 1.6 Homology model from a crystal structure of a 14-3-3 homodimer for Zea mays
GF14-6 following alignment with the known three-dimensional assembly of GF14-C from
Oryza sativa subsp. japonica. Homo-dimerization has been represented by two identical
monomers (orange and light orange) leading to a W-shaped clamp. Individual monomers are
comprised of nine anti-parallel α-helices arranged to form a palisade around an amphipathic
groove (Liu et al., 1995; Xiao et al., 1995). Residues lining the interior of the binding groove are
invariant while most variability occurs at the exposed protein outer surface. Helices α-3, α-5, α-7
and α-9 constitute the binding pocket, which is characterized by a patch of highly conserved and
positively charged residues able to bind the phosphate group of a target phosphoprotein (Xiao et
al., 1995; Yang et al., 2006). Homo- and heterodimerization occurs at the dimer interface located
at the N-terminus, whereby salt bridges and points of contact are formed amongst hydrophobic
residues and those formed between polar residues conserved within the first four α-helices
(Gardino et al., 2006; Liu et al., 1995). More specifically, helix 1 from monomer A will interact
with helices 3 & 4 from monomer B. Plant and yeast 14-3-3 isoforms are shown to bind divalent
cations (i.e. Mg2+, Ca2+, Mn2+) at loop 8 between α-helices 8 & 9, which is positioned near the Cterminus and displays properties similar to an EF-hand domain (Athwal et al., 1998). Molecular
modeling coupled with dynamics simulation supports evidence from fluorescence resonance
energy transfer that in absence of a phospho-ligand, the acidic and negatively charged C-terminal
tail interacts with positively charged residues lining the binding pocket (Silhan et al., 2004).
However, in presence of a suitable phosphopeptide-ligand, the C-terminal “gate” is displaced.
Concentrations of free Ca2+ increase in response to physiological stimuli such as light,
pathogenic effector molecules and abiotic stress (Tuteja and Mahajan, 2007). Therefore, binding
of divalent cations to the EF-hand-like loop may act as a “switch” turning off the autoinhibitory
function of the C-terminal tail and activating 14-3-3 binding (Shen et al., 2003). The model was
constructed using MODELLER for the ZmGF14-6 (XP_020403602) target sequence through
comparative modelling of a homologous template sequence (XP_015650299) and known crystal
structure of 14-3-3 protein GF14-C from Oryza sativa subsp. japonica (PDB: 3AXY). Structures
were generated using Pymol.
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1.5.4 Consensus motif recognition (modes I-III) on client proteins
14-3-3 proteins generally interact with one of three phosphorylated motifs: Mode I(R/K)XX(pT/pS)XP (Muslin 1996); Mode II- (R/K)XXX(pS/pT)XP (Muslin 1996; Yeffe et al.,
1997); Mode III (pS/pT)X1-2-COOH (Coblitz et al., 2005; Paiardini et al., 2014). However,
examples of target recognition at novel consensus motifs and indeed without the requirement for
phosphorylation exist (Yaffe et al., 1997; Sehnke 2002). Evidence supported by synthetic
phosphopeptides suggests the affinity of a 14-3-3 for a target protein is enhanced (~30-fold)
when additional phosphorylated recognition motifs appear on the same ligand (Yaffe et al.,
1997; Yaffe, 2002).
Additional regulatory complexity becomes apparent when considering the possible
combinations of 14-3-3 homo- and hetero-dimers increases with the number of encoded 14-3-3
genes. For instance, Arabidopsis, expressing 13 functional 14-3-3 gene products, can
theoretically have 91 different dimer combinations. Sequence variability of the N- and Cterminals likely influences dimer specificity via compatible stabilizing salt bridges at the dimeric
interface (Verdoodt et al., 2006; Pallucca et al., 2014). Differences in tissue-specific expression
of each 14-3-3 isoform almost certainly contributes to observable 14-3-3 dimers and the relevant
cellular function (Sluchanko et al., 2012).

1.5.5 Functional role of 14-3-3 proteins in plants
14-3-3 proteins do not harbor a catalytic activity of their own but rather sense
physiological cues elicited by protein-level phosphorylation and interact with compatible
phosphoproteins to alter cellular functions (Figure 1.7).
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Figure 1.7 Regulatory function of 14-3-3 proteins. Interaction with 14-3-3 proteins generally
requires the phosphorylation of client proteins at one of three Mode I, II, and III consensus motifs.
A resulting recognition site recruits binding of a 14-3-3 dimer to alterations in target protein
function by the following mechanisms: I) Conformation change to inhibit/activate enzymatic
activity; II) Enable cytoplasmic retention to modulate sub-cellular localization within targeted
organelles; III) Provide a chaperone-like activity to improve protein stability and limit proteolysis;
IV) Each monomer of a 14-3-3 dimer bind to different client proteins to facilitate a scaffolding
function for protein interactions.

Interaction of 14-3-3s with phosphorylated targets can lead to i) positively/negatively
regulated enzymatic activity, ii) altered subcellular localization, iii) protection against protein
degradation by proteolysis & chaperone activity for stabilizing partially unfolded proteins, iv) act
as an adaptor in protein scaffolding to maintain interactions between two or more enzymes.
Hundreds of putative interactions have been identified in plant extracts using immobilized
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recombinant 14-3-3s in tandem with large-scale proteomic analyses of tissues from Arabidopsis,
wheat, rice, barley, maize and tomato (Swatek et al., 2011; Guo et al., 2018; Zhang et al., 2019;
Schoonheim et al., 2007; Alexander and Morris, 2006; Dou et al., 2015; Hloušková et al., 2019;
Li et al., 2014). Several early discoveries describing plant 14-3-3 interactions have become
among the most well characterized. For instance, nitrate reductase (NR), which catalyzes the
reduction of nitrate into nitrite, facilitates the first committed step during nitrate assimilation in
plants. Under dark conditions, NR activity in spinach leaves is rapidly inhibited through a twostep process. NR is phosphorylated at a serine residue (Ser543), which subsequently recruits
interactions with a nitrate reductase inhibitor protein (NIP) (Douglas et al., 1995). Sequence
similarity between amino acid sequences revealed NIP to be a 14-3-3 protein and the inhibitory
function could be substituted by both yeast and mammalian 14-3-3 isoforms (Moorhead et al.,
1996).
14-3-3 interactions have been shown to enhance enzymatic activity in oat (Avena sativa)
root extracts via binding to plant plasma membrane H+-ATPase (Korthout and Boer, 1994).
Activation of plasma H+-ATPase initiates proton pumping thereby allowing secondary transport,
control of intra- or extracellular pH and modulation of cell turgor (Duby and Boutry, 2009). In
both spinach (Spinacia oleracea L.) and Arabidopsis leaves, H+-ATPase (AHA2) is embedded
within the internal thylakoid membrane of the chloroplast and is activated following subsequent
phosphorylation of Thr948 at the C-terminus (Jahn et al., 1997; Fuglsang et al., 2003; Olsson et
al., 1998). Phosphorylation results in recruitment of 14-3-3 binding and subsequent H+-ATPase
activation. Association of 14-3-3 with fusicoccin, a wilt inducing phytotoxin synthesized by the
fungal pathogen Fusicoccum amygdali, protects the phosphothreonine residue from
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dephosphorylation, leading to irreversible binding and continuous proton pumping. Fusicoccin
induced stability of the 14-3-3/H+-ATPase complex manifests as a lethal wilting syndrome due
to permanent stomatal opening (Fuglsang et al., 1999).
Protein scaffolds are key regulators in cell signal transduction by docking components of
the same cascade into closer proximity and optimized stoichiometry. Tethering of enzymes into
stable protein complex improves the rate of signal transduction, regulates the enzymatic
reactions of metabolic processes and enables co-localization of pathway components to predestined subcellular compartments such as the nucleus, cytoplasm, Golgi apparatus and plastid.
In mammalian systems, all seven human 14-3-3s (β, γ, ζ, ε, η, σ, τ) form adaptors to facilitate
scaffolding of multiple protein factors involved in class switch DNA recombination of B cell
immunoglobulins (Lam et al., 2013). To date, there is no direct evidence suggesting a role for
14-3-3 scaffolding in plant systems. However, a recombinant barley isoform of 14-3-3 was
shown to interact with cytosolic enzymes involved in sucrose metabolism: triose phosphate
isomerase, fructose-1,6-bisphosphatase, sucrose-6-phosphate synthase and sucrose-6-phosphate
phosphatase (Alexander and Morris, 2006) suggesting coordination of reactions integral to
primary carbohydrate metabolism. In addition, the recombinant 14-3-3 was shown to pull-down
several enzymes relating to starch biosynthesis including GBSSI, SSI, SSII and SBEIIa from
barley extracts suggesting a possible scaffolding mechanism by 14-3-3 proteins in the
development of HECs within cereal plastids (Alexander and Morris, 2006).
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1.5.6 Localization of 14-3-3 proteins in plant plastids
Nuclear encoded gene products commonly have a targeting sequence enabling specific
localization into the nucleus, mitochondria, Golgi, endosomes and chloroplast. Compared to the
localization signals of other organelles, plastid transit peptides are among the most heterogenous.
The length of plastid transit peptide varies between 13-146 amino acid residues and typically has
an uncharged amino terminus (Zhang et al., 2002; Li and Teng, 2013). Many transit peptides
interact with heat shock protein-70 (Hsp70) via these uncharged domains and facilitate
translocation into the chloroplast stroma (Chotewutmontri and Bruce, 2015). Despite evidence of
14-3-3 localization into plastids, these proteins do not possess transit peptides. However, 14-3-3s
may be recruited into the plastid stroma via formation of a guidance complex with Hsp70 and
chloroplast precursor proteins (May and Soll, 2000; Schemenewitz et al., 2007). Arabidopsis
isoforms ε and μ are members of the epsilon subgroup and localize to the chloroplasts (Sehnke et
al., 2001). Evidence provided by immunolocalization and blotting indicated these 14-3-3s
become entrapped within maize and Arabidopsis starch granules. The same researchers found
that ε and µ antisense lines expressing reduced levels of these 14-3-3 resulted in a four-fold
increase in total leaf starch accumulation.
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1.6 Project hypothesis and thesis objective
Hypothesis: 14-3-3 proteins are localized in the amyloplasts of maize endosperm and
regulate starch metabolism via phosphorylation-dependent interactions with integral enzymes of
the starch biosynthetic pathway.
Several studies have provided direct and indirect evidence for 14-3-3 interactions
effecting primary nitrogen and carbohydrate metabolism. Proteomic data from carbohydrate
utilizing tissues has led to the identification of targeted interactions involved in cell wall,
sucrose, and starch metabolism. As of now, interactions between 14-3-3 and starch biosynthetic
enzymes are only putative and have not been characterized or validated biochemically. Mounting
evidence shows starch synthases (SSs) and branching enzymes (SBEs) undergo post-translational
modification by protein-level phosphorylation and stimulates the formation of functionally active
heteromeric enzyme complexes (HECs). SBE and SS mutants exhibit altered chain length
distributions, granule morphology and ratios of amylose: amylopectin. Mutations targeting starch
synthase have unexpected consequences on branching enzyme activity and subcellular
localization into nascent starch granules. These pleiotropic effects reflect the complexity of
starch biosynthesis and highlights the significance of protein-protein interactions (PPI). Maize is
among Canada’s most important commercialized commodities and research into the storage
starches of cereal grains has translational applications beneficial to agriculture and industry.
To address the involvement of 14-3-3 proteins in starch biosynthesis, Chapter 2 will
investigate isoform specificity and subcellular localization into amyloplasts using the following
biochemical and bioinformatic methodologies:
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▪

Publicly available genomic, RNA-Seq and protein abundance data was
obtained from the Maize Genome Database to identify potential 14-3-3
candidates in maize endosperm.

▪

Bioinformatic tools were used to compare protein sequence conservation,
determine phylogenetic relationships and predict phosphorylation sites.

▪

Western blotting of protein extracts from the cytosol, plastid and starch
granule were used to assess subcellular localization of endogenous 14-3-3
proteins.

▪

Mass spectrometry of proteins isolated from purified amyloplasts to
confirm the presence and identity of 14-3-3 isoforms.

▪

Size exclusion chromatography to assess the oligomeric state(s) of
endogenous 14-3-3 proteins.

In Chapter 3, protein-protein interactions between starch biosynthetic enzymes and 14-3-3
proteins will be investigated with the following suite of biochemical techniques:
▪

Co-immunoprecipitation to identify protein interactions between starch
biosynthetic enzymes and 14-3-3 proteins from maize amyloplasts.

▪

Recombinant 14-3-3 (GF14-6) and SBEIIb have been constructed for
affinity-bait chromatography experiments using endogenous amyloplast
proteins as bait.

▪

Size exclusion chromatography to assess the predominant oligomeric
state(s) of recombinant 14-3-3 (GF14-6).

▪

Enzymatic assays to determine ZmGF14-6 functional redundancy.
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Chapter 2- Bioinformatics and Subcellular Localization

2.1 Introduction
In the last two decades several publications have provided evidence for direct or indirect
involvement of 14-3-3 proteins in carbohydrate metabolism. Proteomic studies identifying
putative candidates for 14-3-3 interactions have been demonstrated in barley, maize, rice, tomato
and Arabidopsis (Schoonheim et al., 2007, Li et al., 2013; Hloušková et al., 2019; Dou et al.,
2015; Zhang et al., 2019; Swatek et al., 2011). In these studies, several client proteins are
involved in starch biosynthesis, a process exclusive to plastids. However, few studies have
established the localization of different 14-3-3 isoforms. Direct evidence for localization into
chloroplasts has been observed for Arabidopsis isoforms 14-3-3ε and 14-3-3μ (Sehnke et al.,
2001). These same authors characterized 14-3-3ε and 14-3-3μ as being starch granule-associated
and a similar association was detected in a commercial preparation of maize starch, though the
purity of the latter was not determined. An example of plastid localization in a cereal crop has
been observed for a single wheat isoform, 14-3-3a, and has been identifiable in the amyloplast
proteome of two separate cultivars (Ma et al., 2018). Previous work on maize 14-3-3 isoforms
has not previously investigated plastid localization. In the results presented in Chapter 2,
bioinformatic tools in combination with experimental approaches, including cell fractionation,
immunodetection and gel permeation chromatography have been used to investigate the
subcellular localization, isoform identity, and approximate molecular weight distribution of
endogenous 14-3-3 proteins in maize endosperm.
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2.2 Materials and Methods
2.2.1 Maize Whole Cell Extracts
Maize kernels of approximately 22-26 DAP were removed from cobs and stored at -80°C
for long term storage. Upon use, maize endosperm was carefully separated from kernel pericarp
and embryos were removed. Approximately 0.5 g of endosperm was frozen in liquid nitrogen
and ground into a fine powder by pestle and mortar. Endosperm tissue was added to a 1.5 mL
microcentrifuge tube containing 1mL of aqueous rupturing buffer (RB) (100mM Tricine-KOH
pH 7.5, 5mM MgCl2, 1mM CaCl2) with 10 μL of ProteaseArrestTM [100X] protease inhibitor
cocktail (G-Biosciences Cat. No. 786-108) and allowed to chill on ice for 5 minutes. Endosperm
tissue suspended in rupturing buffer was centrifuged at 4°C for 15 minutes at 16,000xg to
separate soluble protein extract from pelleted starch. The soluble fraction was removed and
passed through a Whatman® Puradisc 13 0.2µ syringe filter (Sigma-Aldrich Cat. No. Z672831)
to remove any further debris. Whole cell extracts used in activity assays were used immediately
following passage through a desalting illustraTM NAP-5 column (GE Healthcare Cat. No. 170853-01) to remove solutes or metabolites that could possibly contribute to background activity.
2.2.2 Maize Amyloplast Isolation
Amyloplast isolations were performed on kernels approximately 22-26 DAP and stored at
-80°C for long term storage. A razor blade was used to remove the crown from the tops of maize
kernels and the endosperm was scooped out into a petri dish containing amyloplast extraction
buffer (AEB) (50 mM Hepes-KOH pH 7.5, 0.8 M sorbitol, 1 mM KCl, 2 mM MgCl2) pre-chilled
at 4°C. Anthers and embryos were removed from the petri dish prior to rapidly mincing
endosperm. A layer of cheesecloth (Fisher Scientific Cat. No. 22055053) was pre-soaked in
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chilled AEB prior filtering of endosperm slurry and removal of debris. A solution of 3% (w/v)
HistoDenzTM (Sigma-Aldrich Cat. No. 66108-95-0) was prepared fresh in 4°C AEB with 15 mL
added to a 50 mL conical tube. Filtered endosperm extracts were carefully pipetted to maintain
an upper layer above the 3% HistoDenzTM solution and centrifuged for 25 minutes at 4°C, 100xg
in a Beckman Coulter Allegra X-22R centrifuge and S4180 swing-out bucket rotor. The liquidphase was carefully removed from above the isolated amyloplasts and 500 µL of pre-chilled RB
(containing 10 µL of protease inhibitor cocktail per 1 mL) was added to resuspend the pellet.
Microfuge tubes were filled with 1mL of solution and flash frozen in liquid nitrogen prior to
being stored at -80°C.
2.2.3 Extraction and isolation of maize starch granule proteins
Isolated amyloplasts were lysed following flash freezing in liquid nitrogen (refer to the
maize amyloplast isolation protocol above in section 2.2.2). Six pelleted amyloplast preparations
(approximately 0.4 g starch) were thawed on ice following lysis and centrifuged at 13,000xg for
15 minutes at 4°C to separate pelleted starch granules from the soluble protein supernatant.
Soluble lysate was removed and the remainder of starch granule isolation was proceeded at 4°C.
Pelleted starch was washed in 1 mL of an RB (100 mM Tricine-KOH pH 7.5, 5 mM MgCl2, 1
mM CaCl2), the resuspension was centrifuged at 13,000xg for one min and supernatant removed.
Washing steps with RB were repeated five times before transferring starch granules to a 15 mL
conical tube. Starch granules were washed in 5 mL of acetone, centrifuged at 4,500xg for one
minute and acetone removed. Acetone washing was repeated three times before inverting the
tube and allowing starch granules to dry overnight.
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Extraction of starch granule proteins was performed at room temperature. Dried starch
granules (25 mg) were resuspended and washed with 5 mL of 2% sodium dodecyl sulphate
(SDS), centrifuged at 4,500xg for one minute before discarding the supernatant. Washing with
2% SDS was repeated three times prior to resuspension of starch in 600 µL of 1X SDS sample
buffer (0.0625 M Tris-HCl pH 6.8, 2% SDS (w/v), 10% glycerol (v/v), 0.004% bromophenol
blue (w/v), 1% β-mercaptoethanol (v/v)) and transferring to a 1.5 mL microfuge tube. Starch
granule proteins were extracted by boiling at 95°C for three minutes, and allowed to cool before
centrifuging at 13,000xg for 10 minutes.
2.2.4 Determination of Protein Concentration
Relying on the Bradford method, Bio-Rad protein assay dye reagent (Cat. No. 5000006)
was used to determine total protein concentrations of purified amyloplast lysate and whole cell
extracts. Proteins complexing to the Coomassie dye under acidic conditions results in a colour
change from brown to blue that can be measured photometrically at an absorbance 595 nm.
Protein extracts (795 µL H2O + 5 µL sample + 200 µL of protein dye) were compared against a
blank (800 µL + 200 µL of protein dye) using a Beckman Coulter DU-640 UV
spectrophotometer. Protein concentrations were determined from absorbance measurements
according to a BSA standard curve.
2.2.5 Desalting Protein Extracts
Prior to measuring enzyme activity, whole cell extracts were passed through an illustraTM
NAP-5 column to remove solutes and metabolites. Columns prepacked with Sephadex G-25
DNA grade resin were equilibrated with 10 mL of RB (100 mM Tricine-KOH pH 7.5, 5 mM
MgCl2, 1 mM CaCl2) prior to gravity flow of protein samples through the column. The
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maximum volume of sample (0.5 mL) was allowed to enter the gel bed and desalted protein
extracts were collected in a 1.5 mL microfuge tube after eluting with 1 mL of RB. Sample
protein concentrations were measured using the Bradford method.
2.2.6 Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
Proteins extracts were denatured by boiling for 10 minutes at 95°C in a 4:1 ratio (v/v) of
sample:5X SDS loading dye (0.3125 M Tris-HCl pH 6.8, 10% SDS (w/v), 50% glycerol (v/v),
0.02% bromophenol blue (w/v), 5% β-mercaptoethanol (v/v). Samples were loaded on 10% or
12% gels (Table 2.2.1) and proteins separated one-dimensionally by molecular weight. Gels
were run in 1X SDS running buffer (25 mM Tris pH 8.3, 192 mM glycine, 0.10% (w/v) SDS) at
120 V for approximately 120 minutes.
Table 2.2.1 Composition of 10% and 12% resolving gels for SDS-PAGE.
Resolving Gel (10% Resolving Gel (12% Stacking Gel (5%
acrylamide) (15mL) acrylamide) (15mL) acrylamide) (5mL)
Deionized H2O

5.70 mL

4.68 mL

3.50 mL

30% Acrylamide (w/v)

5.10 mL

6.12 mL

0.84 mL

1.5 M Tris-HCl (pH 8.8)

3.90 mL

3.90 mL

-

0.5 M Tris-HCl (pH 6.8)

-

-

0.60 mL

150 μL

150 μL

50 μL

150μL

150 μL

50 μL

15μL

15 μL

4 μL

10% SDS (w/v)
10% ammonium per
sulfate
TEMED
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2.2.7 Coomassie Brilliant Blue Staining
Following separation by SDS-PAGE, Coomassie Brilliant Blue was used to stain gels
non-specifically for total protein. Gels were incubated at room temperature with rotation in
0.25% (w/v) Coomassie Brilliant Blue G-250 (Sigma-Aldrich Cat. No. 27815) overnight.
Binding of dye to the amino- and carboxyl- groups of amino acids occurs electrostatically
allowing for the detection of protein. Background signal absorbed by the gel was removed to by
washing at room temperature, with shaking, in de-staining solution (5% methanol (v/v), 7.5%
acetic acid (v/v)) for approximately 3-4 hours. Following de-staining, gels were rinsed in
deionized water.
2.2.8 Silver Staining of Proteins
The silver staining method is approximately 100-fold more sensitive than Coomassie blue
for total detection of protein. SDS-PAGE gels were fixed in 100 mL of solution containing 50%
(v/v) methanol and 5% acetic acid (v/v) for 20 minutes followed by washing with 100 mL of
50% methanol solution (v/v) for 10 minutes at room temperature. Gels were washed twice with
100 mL of deionized H2O for 30 minutes before incubating with sensitizer solution (0.02%
sodium thiosulphate) (w/v) for one minute with shaking. Sensitizer solution was removed, and
gels washed twice in 100 mL deionized H2O for 1 minute at room temperature. Gels were
incubated in silver staining solution (0.1% silver nitrate) (w/v) at 4°C for 20 minutes with
occasional mixing. Silver staining solution was removed and gels washed twice with 100 mL of
deionized H2O for 1 minute at room temperature. After washing, gels were incubated with 100
mL of developer solution (0.04% formaldehyde (v/v) and 2% sodium carbonate (w/v)) at room
temperature for 7 minutes on a shaker. Gels were replaced in fresh developer and incubation
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repeated as described above. After removing developer solution, gels were washed in acetic acid
solution (5% acetic acid (v/v)) for 5 minutes at room temperature to terminate developing. After
two washes in 100 mL of deionized H2O for 30 minutes, gels were imaged or used for excising
proteins bands for mass spectrometric analysis.
2.2.9 Immunoblotting of proteins (Western blotting)
After electrophoresis, SDS-PAGE gels were immunoblotted onto nitrocellulosemembrane in transfer buffer (1x running buffer (25 mM Tris-base, 192 mM glycine), 20%
methanol (v/v)) using an XCell II Blot Module (ThermoFisher Cat. No. EI9051) at 30 V for 90
minutes. Nitrocellulose membranes were incubated with Ponceau S stain (0.1% Ponceau S (w/v),
5% acetic acid (v/v)) at room temperature for 1 minute to rapidly and reversibly detect the
successful transfer of proteins from the polyacrylamide gel. Membranes were washed in 1X
Tween 20 Tris Buffered Saline (TTBS) solution (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1%
Tween 20 (v/v)). Membranes were incubated and blocked with 1.5% (w/v) BSA in 1x Trisbuffered saline (TBS) solution (10 mM Tris-HCl pH 7.5, 150 mM NaCl) for 15 minutes at room
temperature on a platform rocker. Following blocking, nitrocellulose membranes were incubated
overnight at room temperature with purified antigen-specific antibodies. Antibodies were
suspended in 1.5% BSA in 1X TBS at various predetermined and optimized concentrations for
Western blotting. Immunoblots were washed 3 times for five minutes in 1X TTBS prior to
incubation in either rabbit or mouse secondary antibody at room temperature for 2 hours.
Primary antibodies recognizing 14-3-3 or maize specific antigens were raised in rabbit and
primary antibodies recognizing recombinant His6-Tag were raised in mice. Secondary antibodies
recognizing the IgG of primary antibodies raised in rabbit or mice were conjugated to alkaline
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phosphatase and suspended in 1.5% BSA in 1X TBS at concentrations of 1:25,000. Following
incubation in secondary antibody, membranes were washed 3 times in 1XTTBS for 5 minutes.
Colorimetric detection of proteins occurred after incubating immunoblots in BCIP®/NBT
developer solution (5-bromo-4-chloro-3-indolyl phosphate (BCIP) and nitroblue tetrazolium
(NBT); Sigma Aldrich Cat. No. B1911).
2.2.10 Sample Preparation for Mass Spectrometry
Maize amyloplast lysate (40 µg) was loaded on a 10% polyacrylamide gel and proteins
separated by one-dimensional electrophoresis. Following Coomassie staining, polyacrylamide
gels were rinsed at room temperature 3 times for 5 minutes with dH2O on a shaker. Petri dishes
and razor blades used for excision of protein bands were cleaned with ethanol to limit
contaminating keratin protein. Based on immunodetection, two putative protein bands
approximating the expected molecular weight of a 14-3-3 were excised from identical SDSPAGE gels stained with Coomassie Brilliant Blue. An additional gel band corresponding to a
non-protein region was excised and used as a negative control. Gel bands were diced into smaller
1mm2 pieces and transferred to a low retention silicon microfuge tube. Coomassie stain was
removed by the addition of 100 µl of 25 mM NH4HCO3 in 50% acetonitrile (ACN) with periodic
vortexing for 10 minutes. The supernatant was carefully removed, and gel pieces were further
dehydrated by repeating this treatment until white and shrunken. Gel pieces were incubated with
100 µL of 10 mM DTT at 50°C for 30 minutes. DTT acts as reducing agent to reduce disulfide
bridges that otherwise may interfere with the trypsin digestion of in-gel proteins. The supernatant
was removed, and gel pieces again treated with 100 µL of 100% acetonitrile until shrunken. Gel
particles were incubated with 100 µL of 55 mM iodoacetamide in the dark at room temperature
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for 30 minutes to alkylate proteins. Supernatant was removed and gel pieces washed with 200 uL
of 50 mM NH4HCO3 at room temperature for 15 minutes with periodic vortexing. Supernatant
was removed and gel pieces treated with 100 µL of 100% acetonitrile for 5 minutes before
completely drying in a speed vacuum for approximately 30 minutes. Following drying, 10 µL of
PierceTM Trypsin Protease, MS Grade (ThermoFisher Cat. No. 90057) (0.01 µg/µL trypsin, 0.07
mM HCl, 47 mM NH4HCO3) was added to gel pieces, which were allowed to rehydrate for 1
hour at room temperature before adding 50 µL of 50 mM NH4HCO3 and incubating at 37°C for
16-18 hours. Trypsin-digested peptides were released from the gel particles with the addition of
50 µL of dH2O and sonication for 10 minutes, and the supernatant transferred into a new 1.5 mL
siliconized tube. Gel pieces were further treated by an organic extraction of 75 µL of 5% formic
acid (v/v) in 50% (v/v) acetonitrile, vortexed and sonicated for 5 minutes. The supernatant was
removed and combined with first extraction and an additional organic extraction repeated except
for sonication in the bath sonicator. Tryptic peptides were concentrated by reducing the volume
on a speed vacuum to approximately 10-15 µL.
2.2.11 Antibody Purification
Preparation of purification column:
For each antibody purification (Table 2.2.2) approximately 2 mg of synthetic peptide was
homogenized in 1 mL of Tris-buffer (50 mM Tris-HCl pH 8.5, 5 mM EDTA). Approximately 2
mL of SulfoLink® Coupling Resin (ThermoFisher Cat. No. 20402) was centrifuged at 4°C for
five minutes at 1000xg and the supernatant removed. Resin beads were washed 6X with 1 mL of
Tris-buffer with centrifugation at 4°C for five minutes at 1000xg. The dissolved synthetic
peptide (2 mg/mL) (ie. epitopes on starch biosynthetic enzymes recognized by respective
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antibodies) were added to the SulfoLink resin and incubated at 4°C, overnight with rotation.
Synthetic peptides immobilize on SulfoLink resin were transferred to a 10 mL Poly-Prep®
Chromatography Column (Bio-Rad Cat. No. 7311550). Following drainage and washing of the
column with 10 mL of Tris-buffer, the resin was blocked in 1 mL of 50 mM of cysteine
dissolved in Tris-buffer at room temperature for 15 minutes.
Antibody purification using blood serum:
Polyclonal antibodies were raised against synthetic peptides of epitopes specific to maize
SSI, SSIIa, SBEI, SBEIIa, SBEIIb and SP (http://www.anaspec.com/services/antibody.asp) in
rabbit. The antisera (2nd bleed) was mixed in a 1:1 (4 mL:4 mL) ratio with phosphate buffered
saline (PBS) (10 mM phosphate buffer, 2.7 mM potassium chloride, and 137 mM sodium
chloride pH 7.4) containing 0.01% (w/v) sodium azide. The mixture (8 mL) was added to the
poly-prep column containing the cysteine-treated, resin-peptide complex and incubated at 4°C
overnight on a rotator. The column was allowed to drain and was washed with 10 mL of RIPAbuffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% (w/v) of NP-40, 0.5% (w/v) sodium
deoxycholate, 0.1% (w/v) SDS) followed by 10 mL of Tris-buffer (10 mM Tris-HCl pH 7.8).
Antibody-containing fractions were eluted with 450 μL of glycine buffer (100 mM glycine, pH
2.5) into tubes containing 50 μL of Tris-buffer (1 M Tris-HCl pH 8.5). Columns were neutralized
for reuse by washing with 10 mL of 0.05% (w/v) Na azide dissolved in Tris-buffer (10 mM TrisHCl pH 7.8).
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Table 2.2.2 Epitopes of starch biosynthetic enzymes targeted by maize specific antibodies.
Starch Biosynthetic
Enzyme (Zea mays)

Epitope Targeted by Antibody

Dilution

SSI

AEPTGEPASTPPPVPD (72-87)
GenBank accession no. AAB99957

1:1000

SSIIa

GKDAPPERSGDAARLPRARRN (69-89)

1:1000

GenBank accession no. AAD13341
SBEI

KGWKFARQPSDQDTK (809-823)

1:1000

GenBank accession no. AAC36471
SBEIIa

FRGHLDYRYSEYKRLR (142-157)

1:1000

GenBank accession no. AAB67316
SBEIIb

PRGPQRLPSGKFIPGN (641-656)

1:1000

GenBank accession no. AAC33764
SP

YSYDELMGSLEGNEGYGRADYFLV (900923)

1:2000

GenBank accession no. AAS33176
GBSSI

QDLSWKGPAKNWENV (442-456)

1:1000

GenBank accession no. ABW95928
14-3-3

Proprietary Non-Disclosed (Agrisera)
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1:2000

2.2.12 Bioinformatic Analyses
Genes expressing distinct 14-3-3 members from the B73 line of maize were identified by
performing a BLAST of the Maize Genome Database (GDB) (https://www.maizegdb.org/),
using the cDNA of GF14-6 as the query sequence. The same resource was used to obtain
primary protein sequences for the canonical isoform expressed for each gene model. A BLAST
of the National Centre for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/)
database was performed to identify the identical protein annotation for each 14-3-3 isoform.
Arabidopsis 14-3-3 isoforms are well characterized, and protein sequences were obtained from
NCBI. To assess sequence identity, Zm14-3-3 isoforms were analyzed for %identity and amino
acid similarities following an alignment of primary protein sequence performed by a T-Coffee
(http://tcoffee.crg.cat/apps/tcoffee/index.html) multiple sequence alignment (MSA). An
additional MSA was performed to compare amino acid conservation between maize and
Arabidopsis 14-3-3 isoforms.
An alignment of maize and Arabidopsis 14-3-3 protein sequences was generated by
MUltiple Sequence Comparison by Log-Expectation (MUSCLE) and used to generate a rooted
phylogram (PhyML) rendering the evolutionary relationships of 14-3-3 isoforms between both
species (TreeDyn) (http://www.phylogeny.fr/index.cgi). RNA-Seq expression profiles of maize
14-3-3 isoforms were accessed from the Maize GDB for both endosperm and leaf tissues at 1227 DAP as made available by the RNA-seq gene atlas of maize inbred line B73 (Stelpflug et al.,
2015). In addition, the Maize GDB was used to obtain normalized protein abundance data for all
14-3-3 species within starch producing tissues of the kernel endosperm (12DAP and 27DAP) and
leaf (30 days and 43 days) as provided by available proteomics data (Walley et al., 2016).
46

Transit-peptides, typically positioned at the N-terminal end, facilitate the posttranslational, subcellular localization of proteins to targeted organelles such as plastids or
mitochondria. All 14-3-3 sequences were evaluated for the presence of a plastid localization
signal using the TargetP-2.0 server (http://www.cbs.dtu.dk/services/TargetP/). Proteinphosphorylation is a common mechanism employed to regulate enzyme activities and protein
interactions. The NetPhos-3.1 server (http://www.cbs.dtu.dk/services/NetPhos/) was used to
predict post-translational phosphorylation of serine, threonine and tyrosine residues within the
GF14-6 isoform according to an ensemble of neural networks trained in recognizing both generic
and specific kinase motifs (ATM, CKI, CKII, CaM-II, DNAPK, EGFR, GSK3, INSR, PKA,
PKB, PKC, PKG, RSK, SRC, cdc2, cdk5 and p38MAPK). Residues scoring higher than a 0.75
probability threshold were included as putative sites of phosphorylation.
2.2.13 Gel permeation chromatography / size exclusion chromatography of 14-3-3
from ATP treated amyloplast lysate
Pre-treated amyloplast lysate (~1mg/mL) was subject to ATP stimulation according to
Table (2.2.3) for 1 hour at room temperature with rotation. To assess the capability of 14-3-3 to
participate in a phosphorylation-dependent protein complex, ATP treated amyloplast lysate was
fractionated according to size by gel permeation chromatography. Superdex 200 10/300 GL
(Amersham Pharmacia Biotech, USA) was equilibrated with two column volumes (50mL) of
rupturing buffer. Sample (500μL) was loaded onto the Superdex column connected to an AKTA
fast protein liquid chromatography (FPLC) system (Amersham Biosciences) and run using
Unicorn Manager software (GE Healthcare Cat. No. 29-0187-51). Proteins were separated into
0.5mL fractions in rupturing buffer at a flow rate of 0.25mL/min. Eluted GPC fractions were
boiled with 1X SDS-loading buffer at 95°C for 10 minutes. Aliquots (10 μL) from fractionated
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samples were loaded and separated by SDS-PAGE followed by Western blot analysis.
Calibration of the column prior to sample fractionation was performed using GE Healthcare gel
filtration kits for low (Cat. No. 28-4038-41) and high (Cat. No. 28-4038-42) molecular weight
protein standards to develop a semi-log plot for predicting molecular weight (Figure 2.2.1).

Table 2.2.3 ATP stimulation of amyloplast lysate prior to fractionation by size exclusion
chromatography.
Amyloplast Pre-Treatment Components

ATP Stimulation

Final
Concentration

Amyloplast Lysate (~0.8-1.0 mg/mL)

950 μL

-

2 M MgCl2
100 mM CaCl2
100X Protease Arrest
Phosphatase Inhibitor
1 M DTT
100 mM ATP
TOTAL

5 μL
10 μL
10 μL
10 μL
5 μL
10 μL
1000 μL

10 mM
1m M
5m M
1m M
-
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Protein Molecular Weight (1/log kDa)
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Figure 2.2.1. Calibration of low and high molecular weight protein standards used for gel
permeation chromatography. Two sets of protein standards (Mix A and B) containing purified
high and low molecular weight proteins were each dissolved in 1mL of rupturing buffer (RB)
(20mM Tricine, pH 7.5; 7.5mM MgCl2). Mix A proteins (blue curve) contain 0.3mg/mL
thyroglobulin (669 kDa), 4mg/mL aldolase (158 kDa), 4mg/mL ovalbumin (44 kDa) and 3mg/mL
ribonuclease A (13.7 kDa); Mix B proteins (grey curve) contain 0.3mg/mL Ferritin (446 kDa) and
3mg/mL conalbumin (75 kDa). Each protein set (500μL) was loaded on the GPC column
(Superdex 20/300 GL) and separated using RB at a flow rate of 0.4 mL/min into 40 fraction
volumes (0.5 mL). Protein detection was performed at a UV absorption of 280 nm. (A) Mix A
proteins; thyroglobulin, aldolase, ovalbumin and ribonuclease A were eluted in fraction peaks at
volumes 8.97, 12.96, 14.09 and 18.03 mL. Mix B proteins; ferritin and conalbumin were eluted in
fraction peaks at volumes 10.23 and 14.51, respectively. (B) Log values of the molecular weight
of protein standards was plotted against the GPC fraction volumes in which the corresponding UV
absorption peaks were observed. A linear regression line was used to determine the equation that
most adequately explains the relationship between molecular weight and fractions eluted from
GPC.
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2.3 Results
2.3.1 Bioinformatic analysis of 14-3-3 isoforms in the genome of Zea mays

Determining the number of 14-3-3 genes encoded within the maize genome is important
for identifying possible candidates for downstream protein-protein interaction assays, evaluating
conservation of amino acid sequences and determining differences in tissue-level expression.
GF14-6 is a known maize 14-3-3 and has previously been used in protein interaction studies
assessing metabolism, signaling, drought stress and susceptibility to fungal pathogen infection
(Dou et al., 2015; Campo et al., 2012; Visconti et al., 2008; Lalle et al., 2005;). In order to
identify all isoforms encoded within the maize genome the cDNA sequence of GF14-6
(GenBank accession no. NP_001105350.2) was used in a BLAST search to query the Maize
GDB. A BLAST search uncovered twelve homologous 14-3-3 genes. Genomic positioning and
NCBI gene annotations for each maize 14-3-3s are listed in (Table 2.3.1).
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Table 2.3.1 Genomic positioning of Zea mays 14-3-3 genes determined by a basic local
alignment of the Maize Genome Database (GDB). The cDNA sequence of the 14-3-3 gene
(GRF1) was used to query against the genome of the B73 line of maize. Twelve homologous DNA
sequences were identified with associated loci positioning and annotated gene models listed.
Accession numbers from the NCBI database relating to both the canonical mRNA and associated
protein sequences are described. RNA-Seq expression data of canonical 14-3-3 mRNA from maize
endosperm tissues at 12 and 27 days after pollination (DAP) were retrieved from the GDB (Walley
et al., 2016).

Locus Position

Maize GDB

Chromosome

Exons

Canonical mRNA Accession
No. (NCBI)

Canonical Protein
Accession No. (NCBI)

No. Amino
Acids

Zm00001d007446
(2:231918577:231921582)

GRMZM2G408768

2

6

-

ONM26879.1

276

Zm00001d003401
(2:43088493:43092367)

GRMZM2G102499 (GF14-6)

2

7

NM_001111880.2

NP_001105350.2

261

Zm00001d025617
(10:124144806:124148744)

GRMZM2G078641 (GF14-12)

10

6

XM_008663588.2

XP_008661810.1

261

Zm00001d032231
(1:218057653:218061017)

-

1

6

NM_001112207.2

NP_001105677.2

256

Zm00001d031688
(1:198649578:198653105)

GRMZM2G153823

1

6

NM_001111808.1

NP_001105278.1

257

Zm00001d048868
(4:6760654:6765415)

GRMZM2G145213

4

7

NM_001138526.1

NP_001131998.1

248

Zm00001d052796
(4:201214849:201216177)

GRMZM2G140545

4

4

NM_001156117.1

NP_001149589.1

259

Zm00001d053090
(4:213265064:213268433)

GRMZM2G106424

4

5

NM_001147581.2

NP_001141053.2

268

Zm00001d036226
(6:77963439:77965579)

GRMZM2G107756

6

5

XM_008650605.2

XP_008648827.2

257

Zm00001d038649
(6:161716055:161718253)

GRMZM2G006207

6

5

XM_020539611.2

XP_020395200.1

257

Zm00001d050375
(4:84712648:84716174)

GRMZM2G091155

4

6

NM_001158120.1

NP_001151592.1

256

Zm00001d052698
(4:197880938:197884313)

GRMZM5G866082

4

7

NM_001156042.2

NP_001149514.1

252
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Homologous 14-3-3s of Arabidopsis are highly conserved within the protein core, a
region comprised of the α-helices involved in the amphipathic binding groove. A majority of
residue variability occurs at both the N- and C-termini. These differences effect dimerization
compatibility between 14-3-3 isomers and innately affects target protein binding specificity. To
evaluate amino acid sequences between 14-3-3 proteins, a multiple sequence alignment (MSA)
of maize isoforms (Figure 2.3.1) was performed and the sequence identity compared for patterns
of conservation with Arabidopsis isoforms (Figure 2.3.2). T-coffee was used to align the maize
family of 14-3-3 proteins encoded by 12 distinct genes. Following protein sequence alignment,
sequence similarity was assessed at each amino acid position according to strict identity or group
similarity using Espript. The MSA and corresponding identity matrix (Table 2.3.2) shows a high
degree of similarity between all canonical isoforms of the maize 14-3-3 family. Strict identity or
a high degree of similarity is observed for amino acids positioned within the central and much of
the C-terminus of 14-3-3 proteins. Any variability in amino acid conservation is grouped within
the N-terminus, specifically at the fourth α-helix, or at the extremes of the C-terminal ends of
these 14-3-3 isoforms.

52

Figure 2.3.1 T-Coffee multiple sequence alignment of twelve isoforms belonging to the 14-33 family from Zea mays. A red box with a white character indicates strict amino acid identity. A
yellow box with a red character represents similarity within the group. Significant protein
sequence similarity exists amongst all maize 14-3-3 isoforms; however, differences in sequence
conservation are most prevalent at the N- and C-terminal ends. A glutamine residue positioned at
+230 contained by the frame in blue is highly conserved. GF14-6 and GF14-12 isoforms instead
have a serine residue at this position (Ser216). LC-MS/MS has shown Ser216 becomes
phosphorylated in GF14-6.
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Figure 2.3.2 T-Coffee multiple sequence alignment of the 14-3-3 family from Zea mays and
Arabidopsis thaliana. A red box with a white character indicates strict amino acid identity. A
yellow box with a red character represents similarity within the group. Significant protein
sequence similarity exists amongst all maize 14-3-3 isoforms, however, differences in sequence
conservation are most prevalent at the N- and C-terminal ends. Similarity observed between 143-3 isoforms may explain partial functional redundancy. The presumptive phosphorylated
residue, Ser216 from maize GF14-6, is observed only in its GF14-12 syntalog and the
Arabidopsis isoform AtGRF12-Iota.
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Table 2.3.2 Percent identity matrix of the 12 canonical Zea mays 14-3-3 isoforms. Pairwise
comparisons between amino acid sequences were determined by Clustal Omega v2.1. Orange,
40-59%; yellow, 60-79%; green, 80-99%.

2.3.2 Phylogenetic analysis of 14-3-3 proteins from Zea mays and Arabidopsis
thaliana
The 14-3-3 proteins in Arabidopsis are grouped into epsilon (Mu, Epsilon, Pi, Rho, Iota,
Omicron) and non-epsilon members (Kappa, Lambda, Psi, Nu, Upsilon, Omega, Phi, Chi). In
order to understand the evolutionary relationships between 14-3-3 genes within maize and
between a divergent dicot such as Arabidopsis, 14-3-3 sequences were mapped on a phylogenetic
tree (Figure 2.3.3). The sequence conservation between maize and Arabidopsis isoforms
orthologs represent a high degree of identity despite distant evolutionary divergence between
these monocotyledonous and dicotyledonous species approximately 170 million years ago. A
rooted phylogram depicting the relationship between maize and Arabidopsis 14-3-3s is divided
into two distinct clades. The phylogenetic tree is consistent with division of 14-3-3s into epsilon
and non-epsilon groups. Eleven maize isoforms are distributed within the non-epsilon group
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while a single isoform shares significant homology between Arabidopsis isoforms in the epsilon
class (Zm00001d048868). Maize isoforms from the non-epsilon class could be further divided
into five sub-groups.

Figure 2.3.3 Rooted phylogenetic tree of 14-3-3 proteins from Zea mays and Arabidopsis
thaliana. The phylogram depicts the relationship between twelve maize 14-3-3 isoforms and
thirteen Arabidopsis isoforms. The entirety of maize 14-3-3 isoforms are most closely related to
the non-epsilon group of 14-3-3 proteins from Arabidopsis. A single maize isoform (GF14-6) was
identified by LC-MS/MS to be within an isolated extract of maize amyloplasts; highlighted in red.

2.3.3 RNA-Seq expression and relative protein abundance of 14-3-3 proteins in
starch synthesizing tissues
Twelve isoforms of 14-3-3 are encoded within the maize genome (Table 2.3.1) and the locus
positions of these genes have been resolved. To determine appropriate candidates for synthesis of
a recombinant protein and use in downstream applications investigating protein-protein
interactions in maize plastids, tissue-specific expression profiles of the entire family of 14-3-3
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isoforms were evaluated using publicly available data obtained from the Maize MGD. Isoform
expression levels were compared between relevant starch producing tissues: long-term storing
endosperm and short-term storing diurnal leaves at immature and mature stages of tissue
development. RNA-Sequence data obtained for each annotated gene model was obtained from an
RNA-seq gene atlas of maize inbred B73. Each sampled tissue is an average of three biological
replicates and measured as fragments per kilobase per million reads mapped (FPKM). For further
insight, relevant gene atlas data was obtained from a large -omics study conducted by Walley et
al., 2016, of 23 distinct tissues from maize.
14-3-3 expression was investigated for endosperm (12 DAP and 27 DAP), leaf zone 3 (30
Days) and mature leaf (46 Days) (Figure 2.3.4). Expression of 14-3-3 proteins occurs
predominantly at early stages of development for both endosperm and leaf tissues. GF14-6
(Zm00001d003401) is most highly expressed relative to all other 14-3-3s. At the stage of
maturation, storage producing tissues exhibit a drastic decline in the levels of RNA. A
comparison of GF14-6 levels between endosperm at 12 DAP and 27 DAP shows more than a
seven-fold decline in expression. Similarly, mature leaf (46 days) exhibited an approximate fivefold decline in expression when compared to leaf zone 3 (30 days). Five of twelve isoforms are
predominantly expressed in endosperm tissues (Zm00001d003401, Zm00001d025617,
Zm00001d032231, Zm00001d036226, Zm00001d050375). Four of twelve isoforms are
representative of 14-3-3 expression in leaf tissue (Zm00001d003401, Zm00001d025617,
Zm00001d032231, Zm00001d050375). RNA-Seq data for the GF14-6 (Zm00001d003401)
isoform exhibits distinguishingly high expression for starch producing tissues relative to other
canonical 14-3-3 sequences.
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Levels of mRNA expression are not always indicative of the actual protein abundances inside
a tissue. To identify putatively important candidates of 14-3-3s in relevant starch synthesizing
tissues, the normalized non-modified protein abundance of each isoform was determined using
freely accessible proteomics data obtained from the MGD. The tissue-specific expression of
peptides was analyzed and quantified by mass spectrometry to generate an atlas representing
17,862 non-modified proteins, and 6,227 phosphoproteins harboring 31,595 phosphorylation
sites across several stages of maize development (Walley et al., 2016). The levels of normalized
non-modified protein abundance (Figure 2.3.5) were determined for 14-3-3 isoforms that
demonstrated relatively higher levels of mRNA expression compared to other canonical 14-3-3
transcripts in starch producing leaf and endosperm tissues (Zm00001d003401,
Zm00001d025617, Zm00001d032231, Zm00001d050375). Data for (Zm00001d032231) could
not be provided because no proteomic data was available for the specific gene model. The
abundance of each isoform was highest at earlier stages suggesting partial protein degradation at
later maturation. Protein abundance for Zm00001d025617 was considerably lower than either
Zm00001d003401 or Zm00001d050375 regardless of tissue or stage of development. At earlier
stages of leaf and endosperm development, protein levels are similar for Zm00001d003401 but
in later stages exhibit an almost four-fold difference favoring accumulation in the endosperm. By
contrast, protein abundance for the Zm00001d050375 isoform is most similar between
endosperm and leaf tissues during later stages of development. Interestingly, the RNA-Seq data
indicates GF14-6 is expressed at levels almost three-fold higher than Zm00001d050375 despite
relative protein abundance being approximately 31% less.
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Figure 2.3.4 Relative RNA-Seq expression profile from canonical transcripts of twelve 14-33 genes encoded within the Zea mays genome. Transcript levels of each 14-3-3 isoform are
shown for endosperm (12 & 27 DAP), leaf zone-3 (30 days) and mature leaf (43 days) tissues.
RNA profiling of starch synthesizing tissues indicates the expression of 14-3-3 genes occurs in
early stages before their maturation. Four canonical transcripts appear to be most highly expressed
in maize endosperm and leaf tissues (Zm00001d003401, Zm00001d025617, Zm00001d032231,
Zm00001d050375). The isoform Zm00001d003401 (GF14-6) is most predominantly expressed
with more than a two-fold increase relative to other canonical transcripts at 12 DAP. Identity of
putative Zm14-3-3 genes was determined by performing a Basic Local Alignment Search
(BLAST) using a known cDNA sequence of a maize 14-3-3 isoform (GF14-6) to query against the
maize genome. Relative transcript levels were sourced from a gene atlas of maize inbred B73
obtained from the Maize Genome Database (GDB) (Walley et al., 2016).
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Figure 2.3.5 Normalized protein abundance of three 14-3-3 isoforms from Zea mays. Protein
abundance was compared between the 14-3-3 isoforms which were most highly expressed in starch
producing tissues of the endosperm (12 & 27 DAP) and leaf (zone-3 (30 days); mature (43 days).
No protein abundance data could be obtained for Zm00001d032231, and was therefore not
included. 14-3-3 protein abundance is most prevalent in the early stages of these tissue before their
maturation. Proteomic data of tissue-specific expression of maize inbred B73 was determined by
Walley et al., (2016) and obtained from the Maize Genome Database (GDB).
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2.3.4 Phosphorylation prediction tool used to identify putative post-translational
modifications of a 14-3-3 protein
Post-translation modification (PTM) by protein-level phosphorylation is a mechanism
regulating protein-protein interactions, enzyme activity, and homo-oligomerization. Two
phosphorylated serine residues (Ser286 and Ser297) on maize starch branching enzyme IIb
(SBEIIb) have shown to increase its catalytic activity and stimulate the assembly of a large
heteromeric enzymes complex with SSI and SSIIa (Tetlow et al., 2008; Liu et al., 2009).
Phosphorylation of serine residues in the N-terminus of select mammalian and plant 14-3-3
isoforms results in dissociation of 14-3-3 dimers in favour of monomerization (Woodcock et al.,
2003; Denison et al., 2014). Phosphorylation of Ser62 in Arabidopsis 14-3-3ω has previously
been shown to inhibit homodimerization, as well as interactions with client proteins (Denison et
al., 2014). The multiple sequence alignment of maize and Arabidopsis isoforms (Figure 2.3.3)
shows an equivalent serine residue is conserved in all maize 14-3-3 isoforms (Ser65 of maize
GF14-6). Putative sites for phosphorylation were evaluated in maize GF14-6 using the online
bioinformatics tool NetPhos 3.1. The primary amino acid sequence of GF14-6 was scored at
several serine, threonine and tyrosine residues (Table 2.3.3). The NetPhos 3.1 server scores
residues in eukaryotic proteins as candidates for phosphorylation according to a neural network
trained in recognizing motifs detected by a host of general and specific protein kinases (ATM,
CKI, CKII, CaM-II, DNAPK, EGFR, GSK3, INSR, PKA, PKB, PKC, PKG, RSK, SRC, cdc2,
cdk5 and p38MAPK). Seventeen residues surpassed the 0.75 cut-off and are predicted to be
phosphorylation sites in GF14-6. Only two sites scored above 0.75 with a recognizable kinase
motif: Ser52 (RNLLSVAYK; 0.797) and Ser65 (ARRASWRII; 0.813) are predicted to be
phosphorylated by Protein Kinase C (PKC) and Protein Kinase A (PKA), respectively.
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Table 2.3.3 Phosphorylation site predictions of ZmGF14-6 by NetPhos 3.1. The server
predicts phosphorylation sites on independent sequences containing serine, threonine and
tyrosine residues using an artificial neural network method. The neural network is formed
according to a trained data set of experimentally validated kinase motifs with a sensitivity
between the range of 69%-96%. Putative phosphorylation sites scoring higher than the 75%
confidence interval are shown. Corresponding kinase predications are presented. Unsp
(Unspecified); PKC (Protein Kinase C); PKA (Protein Kinase A).
Residue Position

Peptide

Score

Kinase

7S

SAELSREEN

0.996

Unsp

13Y

EENVYMAKL

0.91

Unsp

24Y

QAERYEEMV

0.897

Unsp

40S
44T

KTVDSEELT
SEELTVEER

0.986
0.895

Unsp
Unsp

52S
65S

RNLLSVAYK
ARRASWRII

0.797
0.996

PKC
Unsp

65S
70S
117S

ARRASWRII
WRIISSIEQ
HLVPSSTAP

0.813
0.983
0.874

PKA
Unsp
Unsp

193S
210S
214T

EILNSPDRA

0.842

Unsp

DEAISELDT

0.992

Unsp

SELDTLSEE
LDTLSEESY

0.842
0.956

Unsp
Unsp

LSEESYKDS
SEESYKDST
PKRDSSEGQ

0.998
0.993
0.997

Unsp
Unsp
Unsp

KRDSSEGQ

0.985

Unsp

216S
219S
220Y
257S
258S
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2.3.5 Detection of 14-3-3 proteins in maize amyloplasts using an anti-plant 14-3-3
antibody

A general plant 14-3-3 antibody (Agrisera) known to detect Arabidopsis 14-3-3 isoforms
was tested against maize protein extracts of whole cell endosperm and purified amyloplasts
(Figure 2.3.6). 14-3-3 monomers from maize share a similar primary amino acid sequence with
Arabidopsis isoforms and have a predicted molecular weight between 25-32 kDa. Various
amounts of amyloplast (1 µg, 5 µg, 10 µg, 20 µg, 40 µg) were electrophoresed and probed with
three separate antibody dilutions (1:1000, 1:2000, 1:5000) to optimize detection. All dilutions
were able to detect the 14-3-3 polypeptide, however, the 1:2000 dilution probing 10 µg of loaded
amyloplast proteins qualitatively produced the highest signal to noise ratio (Only 1:2000 dilution
shown).
Immunodetection results (Figure 2.3.6) from both whole cell extracts and amyloplast
lysate produce a strong signal from two bands forming a doublet, with a molecular weight of
approximately 29 kDa and 30 kDa, respectively. The separation between these two bands
appears to be approximately 1kDa and the apparent molecular weight is consistent with
expectations for a 14-3-3 protein. In whole cell extracts, the upper band of the doublet (~30 kDa)
is slightly more intense than the lower band (29 kDa). However, both bands in amyloplast
samples appear equally intense. Immunodetection reveals that the predicted 14-3-3 polypeptides
produced a much greater signal in the whole cell extract relative to amyloplast lysate. However,
the antibody used is non-isoform specific, suggesting select 14-3-3s could be enriched in plastid
despite a reduction in signal when probing equivalent concentrations of amyloplast proteins
relative to whole cell extracts.
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To confirm that the polypeptides representing the doublet belong to the class of 14-3-3
proteins and to assign an isoform(s) specificity both bands were excised, trypsin digested and
identified by mass spectrometry (Figure 2.3.7). LC-MS/MS identified seventeen peptides
analyzed from a gel band at 30 kDa to be associated with a specific 14-3-3 isoform, GF14-6.
Analysis of those peptides obtained from the band at 29kDa were also identified as belonging to
GF14-6. The difference in migration between doublet bands may be explained by posttranslational modification(s) such as proteolytic cleavage. This is supported by Testerink et al.,
(2002), whereby similar proteolytic cleavage has been observed in a 14-3-3a isoform of barley.
These results indicate that assuming no contamination, GF14-6 is the only 14-3-3 localized and
enriched within maize amyloplasts.

Figure 2.3.6 Immunodetection of Zea mays 14-3-3 proteins using a general plant-specific
14-3-3 antibody. Approximately 10μg of whole cell extract amyloplast lysate (1 μg, 2 μg, 5 μg,
10 μg, 20 μg) were loaded onto a 10% SDS-PAGE gel and proteins separated by electrophoresis.
Protein was transferred to a nitrocellulose membrane and probed with a plant-specific 14-3-3
antibody (1:2000 dilution). Red arrows indicate 14-3-3 proteins.
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2.3.6 Subcellular localization of 14-3-3 proteins in maize endosperm

Immunological and proteomic methods have identified several starch biosynthetic
enzymes within the starch granule-associated proteome in maize endosperm. The proteins that
become entrapped within the glucan matrix of nascent starch granules include GBSSI, SSI,
SSIIa, SIII, SBEI, SBEIIa, SBEIIb, and SP (Mu-Forster et al., 1996; Zhang et al., 2004; Grimaud
et al., 2008). Previous evidence has supported localization of 14-3-3 proteins into plastids of
Arabidopsis and commercial starch preparations from maize (Sehnke et al., 2001). Therefore, the
hypothesized contribution of 14-3-3s as protein scaffolding or adaptors in the formation of
phosphorylation-dependent, heteromeric starch enzyme complexes would seem to necessitate
that these proteins are also within starch filling plastids (i.e. chloroplasts/amyloplasts).
Furthermore, if heteromeric complex between SSI, SSIIa and SBEIIb is maintained by 14-3-3
scaffolding then these proteins themselves could become entrapped with the matrix of the
growing starch granules.
To determine whether 14-3-3s become granule-associated, starch granules from maize
endosperm were isolated and washed to remove surface bound contaminants. Proteins extracted
from starch granules, amyloplasts and whole cell extracts were separated by SDS-PAGE
followed by silver staining or immunoblotting using enzyme specific antibodies (Figure 2.3.8).
Localization of SSI, SSIIa, SBEI, SBEIIa, SBEIIb and 14-3-3 proteins were compared between
protein whole cell, amyloplast, and starch granule extracts. All starch biosynthetic enzymes
subjected to Western blot analysis were detected in whole cell extracts and show enrichment
within amyloplasts as expected. 14-3-3 proteins are typically localized in the cytosol or targeted
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to the nucleus. Fig 2.3.8 indicates the presence of 14-3-3 but not enrichment within amyloplasts.
However, a general 14-3-3 antibody recognizing a conserved peptide across several isoforms
was used. Therefore, the acquired 14-3-3 antibody lacks specificity in targeting individual GF14
factors and is likely to recognize all 14-3-3 isoforms present in the whole cell.
Western blot analysis indicates the presence SSI, SSIIa, SBEI and SBEIIb within maize
starch granules consistent with the hypothesis that they become entrapped within the growing
matrix. SBEI is not normally observed in wild-type starch granules and is normally only seen in
maize amylose extender mutants (Liu et al., 2009, 2012). 14-3-3 proteins were not detected
within starch granules under the conditions used.

A

B

Figure 2.3.7 LC-MS/MS of putative 14-3-3 peptides derived post-electrophoresis, 30kDa
band. LC-MS/MS identified seventeen peptides analyzed from the gel band to be associated
with a specific isoform, GF14-6 (P49106), from the 14-3-3 family of proteins. (A) Peptides
analyzed provide 57% protein coverage. (B) Peptides obtained did not exhibit any posttranslational modifications (PTM).
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Figure 2.3.8 Subcellular localization of 14-3-3 and starch biosynthetic enzymes from maize
endosperm. Maize whole cell extracts (17.5 μg), amyloplast lysate (17.5 μg) and protein-bound
starch granule extracts (20 μL) were loaded on 12% SDS-PAGE gel and proteins separated
according to molecular weight. Proteins were transferred to nitrocellulose membrane and probed
with 14-3-3, SSI, SSIIa, SBEI, SBEIIa or SBEIIb specific primary antibodies.

2.3.7 Oligomerization of endogenous 14-3-3 proteins in maize amyloplasts
14-3-3 proteins transiently can form homo- and heteromeric dimers while interacting with
phosphorylated targets. To investigate this possibility, gel permeation chromatography was used
to separate amyloplast lysate into different size-fractions. Amyloplast lysate was pre-incubated
with 1 mM ATP prior to fractionation by size exclusion to promote protein interactions with
client targets (Figure 2.3.9). Western blots were subject to densitometry scanning to identify
peaks in the elution profiles amongst 14-3-3 and starch biosynthetic enzymes SSI, SSIIa, SBEI,
and SBEIIb. Molecular weights were closely approximated by plotting the elution peaks against
a semi-log plot of known protein standards and provided an inclusion criterion for possible
protein-interactions (Figure 2.3.10). 14-3-3 did not appear in the highest molecular weight
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fractions (data not shown) but was eluted in fractions covering a range of molecular mass,
approximating 77 kDa-150 kDa with signal intensity peaking at 92 kDa. In comparison, signal
peaks for SSI, SSIIa, SBEI and SBEIIb were observed at 118 kDa, 77 kDa, 121 kDa, 70 kDa,
respectively.

Figure 2.3.9 Elution of 14-3-3 and starch biosynthetic enzymes from Zea mays amyloplast
lysate following gel permeation chromatography. Protein extracts from lysed amyloplasts were
incubated with1 mM ATP at room temperature for 60 minutes. Five hundred microliters of pretreated protein extract were loaded on a GPC column (Superdex 200 10/300 GL) and subjected to
fractionation by size exclusion chromatography. GPC fractions were collected, combined with 1X
SDS loading buffer and proteins separated on 12% SDS polyacrylamide gel before transferring
onto a nitrocellulose membrane and probing with a 14-3-3 primary antibody (1:1000).
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Figure 2.3.10 Densitometric analysis of protein peaks identified following gel permeation
chromatography. Amyloplast lysate was fractionated according to size and molecular weight was
predicted for each signal maxima corresponding to 14-3-3 (13.6 mL; 92 kDa), SSI (13.04 mL; 118
kDa), SSIIa (14.0 mL; 77 kDa), SBEI (12.98 mL; 121 kDa) and SBEIIb (14.24 mL; 77 kDa). MW;
Molecular Weight.

2.4 Discussion
Proteomic studies identifying putative candidates for 14-3-3 interactions have been
demonstrated in barley, maize, rice, tomato and Arabidopsis (Schoonheim et al., 2007, Li et al.,
2013; Hloušková et al., 2019; Dou et al., 2015; Zhang et al., 2019; Swatek et al., 2011). To
attribute a direct involvement of 14-3-3 in starch biosynthesis there must be evidence for plastid
localization. Currently a wheat isoform, 14-3-3a (Ma et al., 2018), has been identified in the
amyloplast proteome along with two Arabidopsis isoforms 14-3-3ε and 14-3-3μ (Sehnke et al.,
2001) in leaf chloroplasts. There is no clear consensus on the number and identity of all
canonical 14-3-3 isoforms encoded within the maize genome, the tissue distribution of these
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isoforms and possible plastid localization. Therefore, bioinformatic tools, combined with
immune-detection and gel permeation chromatography, were used to investigate the subcellular
localization, isoform identity, and molecular size of endogenous 14-3-3 proteins in maize
endosperm.
The first objective was to address the positioning of 14-3-3 canonical genes encoded within
the maize genome and protein sequence similarity between protein products. In order to identify
all isoforms, the cDNA sequence of GF14-6 (GenBank accession no. NP_001105350.2) was
used in a BLAST search to query the Maize GDB. Twelve 14-3-3 isoforms were identified on
five of ten maize chromosomes (Chr1, 2, 4, 6, 10) and their subsequent loci positioning
catalogued (Table 2.3.1). Initial observations 14-3-3 gene annotations suggest all protein
products should be similar in molecular weight according to comparable lengths of their
respective primary amino acid sequences (248-276). An MSA was used to determine the percent
identity and regions of residue conservation between maize and Arabidopsis isoforms. The MSA
(Figure 2.3.2) indicates a majority of residue variability occurs at both the N- and C-terminus
while those amino acids that comprise the central core are most highly conserved. 14-3-3
proteins interact with phosphorylated clients at an amphipathic group that is formed by four αhelices. A group of residues on α-helices 3 and 5 comprise the polar contacts on one side of the
groove. The opposite side of the amphipathic groove has a group of hydrophobic contacts that
are derived from α-helices 7 and 9 (Xiao et al., 1995; Yang et al., 2006). The amino acid
similarity/identity may be highest in the central region of the protein because these residues are
positioned in the α-helices that comprise the amphipathic groove and interact with conserved
mode I/II 14-3-3 binding motifs. Hetero- or homo- dimerization of 14-3-3 isoforms from
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mammalian models occurs transiently by formation of salt-bridges and interactions between a
varying number of hydrophobic and polar residues positioned within the first four α-helices
(Gardino et al., 2006; Liu et al., 1995). Discrepancies in amino acid similarity within the Nterminus may dictate compatibility amongst maize 14-3-3 isoforms in forming heterodimers or
restrict specific isoforms to a monomeric state.
A phylogenetic tree was created to compare evolutionary relationships between maize and
Arabidopsis amino acid sequences (Figure 2.3.3). In Arabidopsis, 14-3-3 isoforms are grouped
into two major classifications (epsilon and non-epsilon) according to gene structures (DeLille et
al., 2001). Members of the epsilon-group are recognized as having 6-7 exons while non-epsilon
isoforms have four exons. Analysis of the constructed cladogram integrated with observations
from the MGD BLAST and MSA shows most maize isoforms share protein sequence identity
with Arabidopsis isoforms belonging to the non-epsilon group. In fact, only a single isoform
(Zm00001d048868) was found to share a phylogenetic relationship with the epsilon grouping.
14-3-3 expression in starch yielding tissues is predominantly higher across 14-3-3 isoforms
during earlier stages of development (Figure 2.3.4). Maturation of leaf and endosperm tissues is
indicative of lower expression and relative protein abundance of 14-3-3 isoforms despite
markedly high levels during earlier stages of development. Consequently, 14-3-3 proteins are,
presumably, degraded over time and do not accumulate within these tissues at later growth stages
suggesting a more predominant role during initial tissue development. In future studies, maize
kernels harvested at multiple time points during endosperm development and purified
amyloplasts compared for the abundance of 14-3-3 proteins relative to other starch biosynthetic
enzymes during starch deposition.
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The relative protein abundances of the most highly expressed 14-3-3 isoforms (Figure 2.3.5)
are markedly higher in earlier stages of endosperm and leaf development. While
Zm00001d050375 is most prevalent in endosperm, approximately 50% greater than GF14-6, the
latter observes a similar relative abundance in starch producing leaf tissues. These results might
suggest that Zm00001d050375 functions more specifically within the endosperm, while GF14-6
is involved in functions important to both leaf and endosperm tissues such as starch biosynthesis.
However, inherent functional redundancies can exist amongst 14-3-3 isoforms, and a shared
function in the endosperm and leaf tissues cannot be ruled out despite differences in expression
or relative protein abundance.
14-3-3 proteins can undergo post-translational modification. A 14-3-3ζ isoform from Rattus
norvegicus contains a serine residue (Ser58) contained within the N-terminus and at the
dimerization interface (Woodcock et al., 2003; Zhou et al., 2009). Ser58 is conserved in other rat
14-3-3 isoforms (η, β) and has shown to be promiscuously phosphorylated by various protein
kinases; sphingosine-dependent protein kinase 1 (SDK1), PKB/Akt kinase, mitogen-activated
protein kinase (MAPK)-activated protein kinase 2 (MAPKAP2) and protein kinase A (PKA)
(Woodcock et al., 2003; Pennington et al., 2018). Phosphorylation of Ser58 results in the
dissociation of 14-3-3 dimers and the resulting monomeric state has limited ability to interact
with phosphorylated target proteins. Notably, Ser58 (Ser65 of ZmGF14-6) and neighbouring
amino acids are highly conserved in all maize 14-3-3 isoforms. Therefore, Ser65 could be
phosphorylated by protein kinases and shift the oligomerization of 14-3-3s from a dimeric to
monomeric state. Altering the monomer/dimer equilibrium would have downstream
consequences on the ability for 14-3-3s to interact with the full host of client proteins and may
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act as a higher-order regulatory mechanism for cell signaling or shifting primary metabolism.
This could also offer another future avenue of investigation in maize.
Post-translational modification of proteins is a common regulatory mechanism affecting
enzyme activity, localization and protein-interactions. Protein phosphorylation is regarded as the
most abundant PTM in eukaryotes, involving the addition of a phosphoryl group on the
sidechains of either serine, threonine or tyrosine residues. Phosphorylation is a reversible
covalent modification enabling temporal and/or spatial regulatory control of protein function and
is catalyzed by a host of protein kinases that recognize specific amino acid motifs.
Phosphorylation of a client protein is the general prerequisite for interaction with a 14-3-3
protein, however, mammalian and plant isoforms can themselves undergo phosphorylation
(Woodcock et al., 2003; Zhou et al., 2009; Liu et al., 2017; Swatek et al., 2014). An MSA of
maize 14-3-3 isoforms indicates Ser65 of GF14-6, and neighboring amino acids (-1 and +3), are
conserved in all maize 14-3-3 isoforms (Figure 2.3.2). An equivalent residue in Arabidopsis
orthologs is known to be phosphorylated and regulates dimerization (Denison et al., 2014;
Gökirmak et al., 2015). NetPhos 3.1 is an online bioinformatics server that predicts
phosphorylation sites from primary amino acid sequence. A majority of the 16 phosphorylation
sites could not be assigned to a specific protein kinase (Table 2.3.3). However, Ser52 and Ser 65
were predicted to be phosphorylated by protein kinase C (PKC) and protein kinase A (PKA),
respectively.
No molecular evidence has demonstrated that PKA or PKC are genes encoded within the
maize genome. Residue Ser62 of the Arabidopsis isoform 14-3-3ω (non-epsilon) is equivalent to
residue Ser58 from the mammalian 14-3-3z isoform and has also been shown to be
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phosphorylated (Denison et al., 2014; Gökirmak et al., 2015). However, an Arabidopsis thaliana
Calcium Protein Kinase 3 (AtCPK3) is responsible for phosphorylation of Ser62 in 14-3-3ω
instead of a PKA, which has been observed in mammalian 14-3-3 isoforms (Gu et al., 2006).
Ser62 and the amino acids -23 upstream and +12 downstream in At14-3-3ω are strictly identical
in the GF14-6 isoform from maize. Currently, two partially purified Ca2+ dependent protein
kinases derived from maize amyloplasts may provide precedence for protein phosphorylation
within the plastid stroma (Makhmoudova et al., 2014). Future experiments should investigate
whether recombinant GF14-6 can be phosphorylated in vitro by amyloplast lysates, possibly
using [γ32P]-ATP and autoradiography, or mass spectrometry. Site directed mutagenesis would
also allow identification of phosphorylated residues and provide useful tools with which to
investigate other questions such as: does the phosphorylation of 14-3-3 i) inhibit the dimerization
of 14-3-3 isomers, ii) control localization into/out of plastids, iii) decrease the affinity for client
interactions, iv) Elicit metabolic and physiological changes?
A general plant anti-14-3-3 antibody (Agrisera) was evaluated as an immunoprobe to
investigate 14-3-3 localization into maize amyloplasts (Figure 2.3.6). Several proteins with
molecular weights greater than 50 kDa appear to cross-react with the anti-14-3-3 antibody, albeit
with low intensity, and are suspected to be a result of non-specifically bound epitopes. However,
two bands migrating at approximately 29 kDa and 30 kDa were clearly detectable. The migration
of these polypeptides coincided with the predicted molecular weights of 14-3-3 isoforms
encoded by the maize genome (28 kDa-32 kDa). Detection of two polypeptides, separated by 1
kDa in molecular weight and both yielding similar signal intensities would suggest at least two
or more canonical isoforms are localized within the maize amyloplast. Both bands were
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separately excised, trypsin digested, and peptides analyzed by mass spectrometry to identify their
isoform specificity (Figure 2.3.7). MS/MS results indicated each band contained peptides
belonging to a single and common isoform, GF14-6. While many enzymes localized to plastids
contain a cleavable N-terminal transit signal (Armbruster et al., 2009) this has not been predicted
as a feature of 14-3-3 proteins nor 30% of chloroplast localized proteins (ChloroP 1.1, data not
shown). Differences in migration could be explained by a post-translational proteolytic
degradation unrelated to possession of a cleavable tag. This is supported by Testerink et al.,
(2002), where similar proteolytic cleavage occurs in the 14-3-3A (30 kDa) isoform of barley,
resulting in a truncated variant (28 kDa) lacking ten to twelve amino acid residues from the nonconserved C-terminus. RNA Seq expression and relative protein abundance data obtained from
the Maize Genome Database suggests five 14-3-3 isoforms are present in maize endosperm
tissue. Identification of a single 14-3-3 isoform within amyloplasts suggests GF14-6 might
possess a more specific functional role.
While generally accumulating in the cytosol, several examples of plant 14-3-3 isoforms have
been shown to target to different subcellular organelles. For instance, nuclear import of 14-3-3λ
has been observed in Arabidopsis following phosphorylation by a cold-activated plasma
membrane protein, Cold-Responsive Protein Kinase 1 (CRPK1), which elicits interactions with
the transcription factor Cold-responsive C-repeat Binding Factor (CBF) to regulate a
physiological response to cold stress (Liu et al., 2017). The Arabidopsis isoforms 14-3-3μ and
14-3-3ε were demonstrated by Sehnke et al., (2001) to localize within chloroplast starch
granules, and are putatively involved in negatively regulating starch accumulation in leaves. This
same study detected 14-3-3 proteins within maize endosperm starch granules. However, the
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results reported were obtained using commercial starch preparations eliciting reasonable concern
for the level of contamination by cytosolic proteins.
A major objective in Chapter 2 was to determine the subcellular localization of 14-3-3
proteins in maize endosperm. Western blot analysis indicated the presence but not the
enrichment of 14-3-3 in amyloplasts when compared against whole cell extracts. However, a
general 14-3-3 antibody that recognizes a conserved peptide across 14-3-3 isoforms was used.
Therefore, a 14-3-3 antibody lacking the specificity to target the GF14-6 isoform exclusively
would instead probe all 14-3-3 isoforms present in the whole cell and elicit a stronger signal.
Western blot analysis confirmed the localization of SSI, SSIIa, SBEI and SBEIIb within maize
starch granules. SSI, SSIIa and SBEIIb (Liu et al., 2009) and are known members of a trimeric
complex which becomes entrapped within the glucan matrix. Immunoblot analysis has
previously identified maize SBEI within amylose extender granules but not wild-type starch
granules (Liu et al., 2009). However, SBEI has been identified as internal granule-associated
protein by mass spectrometric analysis (Grimaud et al., 2008). Immunoprobing for 14-3-3s from
purified starch granule extracts did not result in any detectable signal suggesting these proteins
do not become entrapped within the glucan matrix (Figure 2.3.8). Furthermore, an absence of
14-3-3 targeting to starch posits that these proteins are not involved in maintaining the
heteromeric complex between SSI-SSIIa-SBEIIb. However, one of several scenarios can be
hypothesized: 1) 14-3-3 proteins facilitate the formation of the trimeric complex but are released;
2) 14-3-3 proteins interact with one or more starch biosynthetic enzymes to negatively regulate
formation of protein complexes by withholding critical members; 3) interaction with 14-3-3
proteins may alter the activity of starch biosynthetic enzymes but not contribute to the formation
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of protein complexes; 4) 14-3-3 proteins do not interact directly or indirectly with starch
biosynthetic enzymes.
The observation of 14-3-3 proteins in maize amyloplasts is supported by similar occurrences
in barely, wheat and Arabidopsis plastids (Alexander and Morris, 2006; Ma et al., 2018; Sehnke
et al., 2001). Similar methods used in the isolation of purified amyloplasts from wheat
endosperm have yielded less than 1% contamination of cytosol, 0.2% of mitochondrial fraction
and 0.5% from endomembrane systems according to enzyme activity assays (Tetlow et al.,
1993). 14-3-3 protein in the amyloplast lysate is unlikely to be attributed to minor cytosolic
contamination because the signal intensity following immunoblotting is comparable to
equivalent concentrations of whole cell extracts. In future studies, uncertainties about cytosolic
contamination in amyloplast preparations should be addressed. Recoverable activities of UDPglucose pyrophosphorylase and alcohol dehydrogenase, marker enzymes specific to the cytosol,
should be measured from isolated amyloplasts to determine the level of contamination from
whole cell extracts. Purification of maize amyloplasts can also be evaluated for organelle
intactness by performing plastid protection experiments. Organelle intactness can be assessed by
the activity of an amyloplast marker enzyme, alkaline pyrophosphatase (APPase), and compared
between intact and lysed amyloplast preparation following trypsin digestion. Enzymes bound by
the amyloplast are protected from trypsin digestion while external proteins are subject to
proteolytic cleavage. It is expected that immunoblotting for 14-3-3 proteins from intact trypsin
treated amyloplasts would still yield a detectable signal but should be absent in those samples
which have been lysed and trypsin treated.
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The final objective of this chapter sought to fractionate maize amyloplast proteins by
molecular weight to capture the possible oligomeric state(s) and macromolecular complex(s)
involving amyloplast 14-3-3 proteins. The elution profile of 14-3-3 indicated a molecular weight
distribution ranging between 77 kDa-150 kDa and a discernable peak at approximately 92 kDa.
Presumably, 14-3-3, which is approximately 29-30 kDa, unlikely predominates in an exclusively
monomeric state within maize amyloplasts during the tested developmental stage (~22-25 DAP).
According to these findings, it would suggest that 14-3-3 oligomerizes as a trimer. However, 143-3 proteins dimerize at the N-terminal interface and there is no published evidence to suggest
higher oligomeric states are formed in any eukaryotic species. GPC results likely support
interactions with other protein targets. To explain the peak elution of 14-3-3 at approximately 92
kDa would theoretically require a 14-3-3 monomer (~30 kDa) or dimer (~60 kDa) to interact
with a client protein(s) of approximately 32 kDa or 62 kDa, respectively. Since 14-3-3s proteins
lack a plastid localization signal, interactions with a plastid destined protein may corroborate the
findings from GPC and provide a rationale for 14-3-3 targeting into the amyloplast. It has
previously been shown that a wheat 14-3-3 can form a ‘guidance complex’ via interactions with
heat shock protein 70 (Hsp70) and other cofactors to improve the efficacy of chloroplast import
(May and Soll, 2000). Such a mechanism may operate in amyloplasts to enable 14-3-3
recruitment and translocation from the cytosol into the plastid stroma.
Analysis of the lower molecular weight fractions (<150 kDa) revealed SSIIa (87 kDa) and
SBEIIb (85 kDa) primarily eluted at protein peaks corresponding to 77 kDa and 70 kDa,
respectively. However, Western blot analysis did not indicate SBEIIb nor SSIIa were subjected
to protein degradation to explain the reduced apparent molecular weight. It is foreseeable that
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starch biosynthetic enzymes may possess affinity for the cross-linked dextran constituting the
Sephadex column, causing these enzymes to be retarded through the gel matrix and artifactually
reduce their predicted molecular weights. SSI (74kDa) and SBEI (90kDa) primarily eluted at
protein peaks corresponding to 118kDa and 121kDa suggests these enzymes are subject to
protein interactions.
A high molecular weight complex approximating 300kDa is consistent with interactions
between SSI, SSIIa, and SBEIIb in wild-type maize amyloplasts (Hennen-Bierwagen et al.,
2008, Liu et al., 2009). The absence of 14-3-3 in these higher molecular weight fractions
suggests they are unlikely to be involved as scaffolding for the maintenance of such complexes.
14-3-3 proteins could assist in the initial formation of HEC’s during earlier developmental stages
of starch deposition. It is possible that 14-3-3 may interact with one or more starch biosynthetic
enzymes individually rather than as a macromolecular complex.
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CHAPTER 3
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Chapter 3- Protein-Protein Interaction Studies

3.1 Introduction
Across various starch bearing crops, the class of regulatory 14-3-3 proteins variably
interact with primary metabolizing enzymes. A series of proteomic analyses relying on methods
of affinity bait chromatography and Yeast-Two Hybrid assays show that various 14-3-3 isoforms
of starch-enriched tissues interact with proteins of cellular pathways involved in stress and
defense responses, signalling and plant metabolism (Schoonheim et al., 2007; Alexander and
Morris, 2006; Dou et al., 2015; Kleeff et al., 2014; Chang et al., 2009; Zhang et al., 2019; Guo et
al., 2018). An affinity bait experiment using a recombinant 14-3-3A isoform from barley
identified four of five targets involved in sucrose synthesis (triose phosphate isomerase, fructose1,6-bisphosphatase, sucrose-6-phosphate synthase, and sucrose-6-phosphate phosphatase) from
endosperm whole cell extracts (Alexander and Morris, 2006). With respect to starch metabolism,
GBSSI, SSI, SSII, SBEIIa, α-amylase and β-amylase were identified as putative clients for
interaction with recombinant 14-3-3A. A similar proteomic analysis in maize conducted by Dou
et al. (2015) showed two recombinant 14-3-3 isoforms (GF14-4 and GF14-6) bind starch
biosynthetic enzymes GBSSIIa, isoamylase-type starch debranching enzyme ISO-II and SBEIIb
from maize endosperm whole cell extracts using an affinity chromatography approach coupled
with two-dimensional electrophoresis and subsequent LC-MS/MS analysis. Additionally, tandem
affinity purification of 14-3-3 complexes from Arabidopsis has led GBSSI and α-glucan water
dikinase to be identified as putative candidates for interaction with the 14-3-3 omega
(At1g78300) (Chang et al., 2009).
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Recent evidence to support a regulatory role for 14-3-3 proteins in starch metabolism
(Zhang et al., 2019), demonstrated that a GF14f isoform of 14-3-3 negatively effects grain filling
of inferior spikelets in Oryza sativa L. GST-tagged GF14f incubated with a protein preparation
from whole rice grains putatively identified nine starch synthesizing and five sucrose
catabolizing client proteins. Subsequently, tissue-specific knockdown of GF14-f expression
within the endosperm of GF14-f-RNAi plants showed an increase in grain length, weight and
overall starch accumulation. Among the major carbohydrate metabolizing enzymes identified
from the GST- 14-3-3 pulldown assay were a starch synthase, sucrose synthases 2 and 3, and
glucose-1-phosphate adenyltransferase small subunit (AGP-S). Further, each exhibited increased
gene expression, albeit a modest 1.5-fold increase compared to wild-type. It was concluded that
GF14-f negatively regulates grain filling in rice. In stark contrast, proteomic profiling during
cassava root tuberization has shown starch accumulation is associated with the upregulated
expression of carbohydrate metabolism and three 14-3-3 isoforms (Wang et al., 2016). A 14-3-3
gene from cassava was transformed and overexpressed in Arabidopsis thaliana. Among older
leaves the starch and soluble sugar contents were approximately 2 to 2.5-fold greater in the
Me14-3-3 over-expressing transgenic lines relative to wild-type leaves.
The formation of starch granules in non-photosynthetic amyloplasts is performed by
functionally active and phosphorylation dependent heteromeric protein complexes. Within maize
and wheat plastids, soluble stromal enzymes of the starch biosynthetic pathway associate to form
a large complex SSI-SSIIa-SBEIIb (~260 kDa, 300 kDa), which is responsible for both
elongation and branching of amylopectin polyglucans (Hennen-Bierwagen et al., 2008; Tetlow et
al., 2008; Liu et al., 2009). While formation of the SSI-SSIIa-SBEIIb trimeric complex is
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dependent on the phosphorylation status of its members, the exact mechanism by which these
proteins associate remains unknown. In this chapter, co-immunoprecipitation, affinity-bait
chromatography using the recombinant 14-3-3 isoform, and enzyme activity assays have been
implemented to investigate the biological relevance of 14-3-3 proteins in the carbohydrate
metabolism of maize endosperm.

3.2 Materials and Methods
3.2.1 3.2.1 RNA extraction from maize endosperm tissue
Approximately 50 mg of maize endosperm was frozen in liquid nitrogen and ground into
a fine powder by pestle and mortar. Total RNA was isolated using a GENEzolTM TriRNA Pure
Kit (Geneaid Cat. No. GZX050). To further purify RNA, DNA contaminants were digested at
room temperature for 15 minutes in 40 µL of DNase I, RNase-free solution (ThermoFisher Cat.
No. EN0521) (30µL eluted nucleic acid sample, 4 µL 10X DNase I Reaction Buffer, 4 µL
DNaseI (1 U/µL), 2 µL DEPC-treated H2O). DNase I was inactivated by adding 4 µL of 25 mM
EDTA solution to the reaction mixture and incubating at 65°C for 10 minutes. To limit
degradation, RNA samples were chilled on ice. RNA concentration and purity were determined
using a NanoDrop 2000 (ThermoFisher) with absorption measurements taken at A260 and A280.
RNA was immediately used downstream for cDNA synthesis.
3.2.2 cDNA synthesis
RNA extracted from maize endosperm tissue was reverse-transcribed according to the
SensiFASTTM cDNA Synthesis Kit (FroggaBio Cat. No. BIO-65053) using anchored oligo dT
and random hexamer primers. The 20 µL reaction mixture (1 µL of total RNA (860 ng/µL), 4 µL
5X TransAMP Buffer, (1 µL reverse transcriptase, 14 µL DNase/RNase free H2O) underwent a
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single cycle of RT-PCR. The thermocycler program was optimized for 1) 25°C for 10 minutes
(primer annealing); 2) 42°C for 15 minutes (reverse transcription); 3) 48°C for 15 minutes
(denaturing of secondary RNA structure); 4) 85°C for 5 minutes (inactivation of reverse
transcriptase); 5) 4°C Hold (∞). cDNA was used immediately for targeted PCR amplification or
stored at -20°C.
3.2.3 PCR amplification of 14-3-3 (GF14-6) sequence
The target protein sequence of the GF14-6 (NP_001350838.1) isoform from maize was
selected for recombinant protein expression. The mRNA sequence (NM_001363909.1) obtained
from the NCBI GenBank had been previously validated as the canonical RNA transcript for the
targeted 14-3-3 isoform. The 14-3-3 sequence was amplified using the iProofTM High-Fidelity
PCR Kit (Bio-Rad Cat. No. 1725331) and with oligonucleotides designed to hybridize and
amplify the coding sequence (NM_001363909.1): Forward (5'- GTT CAT ATG ATG GCA TCA
GCA GAG CTT TC- 3’) and reverse primers (5’- CTT GGA TCC TTA CTG CCC CTC ACT
CGA G- 3’). Components of the PCR reaction mixture are indicated (Table 3.2.1). The
thermocycler program was optimized according to Table 3.2.2. Amplified PCR product was
stored at -20°C.
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Table 3.2.1 Master mix of PCR reagents.
Reagent
5X iProof HF Buffer
10mM dNTP Mix
Forward Primer (10µM)
Reverse Primer (10µM)
DNA Template (860ng)
Sterile H2O
iProof DNA Polymerase
(1U/µL)
TOTAL

Volume (µL)
10
1
2.5
2.5
1
32.5
0.5

Final Concentration
1X
200 µM
0.5 µM
0.5 µM
0.02 U/µL

50

-

Table 3.2.2 Thermocycler program for PCR amplification of GF14-6 mRNA extracted from
maize endosperm.
Thermocycler Program
Stage 1
# of Cycles
X1
Temperature 98°C
Duration
0:30
Denaturing

Stage 2
X37
98°C
54.6°C
72°C
0:15
0:20
0:45
Denaturing Annealing Extension

Stage 3
X1
72°C
0:45
Extension

Stage 4
4°C
∞

3.2.4 Cloning of GF14-6 into pET28a vector
The full cDNA sequence of the maize GF14-6 14-3-3 isoform was cloned into a pET28a
vector and fused with an N-terminal His6-Tag (pET28a; Novagen Cat. No. 69864). The GF14-6
cDNA sequence was amplified with the forward and reverse primers containing the restrictions
sites BamHI and NdeI, respectively. GF14-6 cDNA and the pET28a vector were digested with
FastDigest BamHI/NdeI restriction enzymes (ThermoFisher Cat. No. FD0054/FD0583)
according to the reaction mixture (Table 3.2.3) at 37°C for 2 hours and 30 minutes. Restriction
enzymes were heat inactivated at 80°C for 15 minutes. To prevent recircularization of plasmid
and to facilitate ligation between pET28a and the 14-3-3 cDNA insert, the linearized vector was
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treated with 4 U shrimp alkaline phosphatase (rSAP) (NEB Cat. No. M0371S) to remove the
phosphate from the 5’-terminal end. The rSAP was heat inactivated at 65°C for 15 minutes. A
GenepHlowTM PCR Cleanup Kit (Geneaid Cat. No. DFC100) was used to enrich for the digested
plasmid and insert with subsequent removal of small fragmented DNA, restriction enzymes and
shrimp alkaline phosphatase. Digested and linearized pET28a and the 14-3-3 insert were ligated
in a 1:1 ratio according to the reaction mixture in Table 3.2.4 using a T4 DNA Ligase Kit
(ThermoFisher Cat. No. EL0011). The ligation reaction was incubated in a 16°C water bath
overnight. T4 DNA ligase was heat inactivated at 65°C for 15 minutes prior to transformation in
DH5α competent cells.

3.2.5 Transformation of DH5α Cells with pET28a-14-3-3 Construct
Competent E. coli DH5α cells (Subcloning Efficiency™ DH5α™ Competent Cells;
Invitrogen Cat No. 18265-017) (50 µL) were thawed on ice with 3 µL of the 1:1 ligation reaction
and incubated for 30 minutes. DH5α cells were heat shocked at 42°C for 90 seconds and
immediately transferred to ice for 5 minutes. Transformed cells were sub-cultured in 500 µL of
LB broth at 37°C for 1 hour with shaking at 225 rpm. LB broth was centrifuged at 3000 rpm for
4 minutes, 450 µL of supernatant removed, and pellet resuspended in the remaining LB broth.
Transformants were spread onto kanamycin (0.05 mg/mL) plates and incubated at 37°C
overnight. Several colonies were selected and added to separate 10mL culturing tubes containing
5 mL of LB broth with 5 µL of kanamycin (50 mg/mL) and incubated at 37°C with shaking at
225 rpm overnight. Cultures were centrifuged at 3000 rpm for 10 minutes at 4°C in a and the
supernatant removed. Cell pellets from overnight cultures were lysed, and plasmid DNA purified
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according to a PrestoTM Mini Plasmid Kit (Geneaid Cat. No. PDH100). The concentration of
plasmid DNA was measured using a NanoDrop (A260) and insertion of 14-3-3 cDNA into
pET28a was confirmed following DNA sequencing.

3.2.6 Transformation and Overexpression of the pET28a-14-3-3 Construct into
C41
OverexpressTM C41(DE3) Chemically Competent Cells (Sigma Aldrich Cat. No.
CMC0017) were thawed on ice with 3 µL of the purified pET28a-14-3-3 construct and incubated
for 30 minutes. C41 cells were heat shocked at 42°C for 60 seconds and immediately transferred
to ice for 5 minutes. Transformed cells were sub-cultured in 500 µL of LB broth at 37°C for 1
hour with shaking at 225 rpm. LB broth was centrifuged at 3000 rpm for 4 minutes, 450 µL of
supernatant removed, and pellet resuspended in remaining LB broth. Transformants were spread
onto kanamycin (0.05 mg/mL) plates and incubated at 37°C overnight. Colonies surviving on the
kanamycin selective media were selected and introduced into 25 mL of LB broth containing 25
µL of kanamycin (0.05 mg/mL) and incubated at 37°C with shaking at 225 rpm overnight. Subcultured cells were transferred into larger 500 mL volume of LB broth and incubated at 37°C
with shaking at 225 rpm. The optical density of cultured cells was measured at 600 nm until an
absorbance between 0.4-0.6 was reached. A 1 mM isopropyl β-D-1-thiogalactopyranoside
(IPTG) was used to induce overexpression of the pET28a-14-3-3 construct. Protein expression
occurred at 10°C with shaking at 225 rpm for 24 hours. LB cultures were ultracentrifuged in a
Beckman Coulter Avanti J25 with a JA-10 fixed-angle rotor at 4°C, 8000 rpm for 20 minutes,
supernatant was removed, and cell pellet was resuspended and washed with 15 mL of phosphate
buffered saline (PBS) (10 mM phosphate buffer, 2.7 mM potassium chloride, and 137 mM
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sodium chloride pH 7.4). The resuspended cells were centrifuged in a Beckman Coulter Allegra
X-22R with a SX4250 rotor at 4°C, 4000 rpm for 10 minutes, supernatant was removed, and the
pellet stored at -80°C.
Table 3.2.3 Components for restriction enzyme digest of 14-3-3 cDNA and pET28a vector.
DNase Free H2O
Fast Digest Buffer
DNA (µg/µL)
Restriction Enzymes
(BamHI/NdeI)
TOTAL

14-3-3 cDNA
102 µL
10 µL
28 µL (~1 ug)
5 µL/5µL

pET28a
42.5 µL
10 µL
37.5 µL (~1.8 µg)
5 µL/5 µL

150 µL

100 µL

Table 3.2.4 Components for ligation reaction between 14-3-3 cDNA insert and pET28a vector.
DNase Free H2O
Vector DNA
DNA Insert
Buffer (10X)
T4 DNA Ligase
TOTAL

1:1 (Vector:Insert)
14.14µL
1.66µL
1.20µL
2.00µL
1.00µL
20.00µL

3.2.7 Lysis of C41 Cells
Protein was isolated using the Extract-EZ B, Bacterial Protein Extraction Kit (Biobasic
Cat. No. BS596). A fraction of wet pellet paste (~200 mg) was resuspended and homogenized in
1 mL of 1X BugbusterTM lysis buffer, flash frozen in liquid nitrogen for 3 minutes and rapidly
thawed in a water bath at 42°C for 4 minutes. The following components were added to the lysis
reaction mixture: 20 µL of lysozyme (10 mg/mL), 10 µL of ProteaseArrestTM [100X] protease
inhibitor cocktail (G-Biosciences Cat. No. 786-108). The mixture was incubated on ice for 30
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minutes before adding 5 µL of DNase/RNase (1 mg/mL). Nucleic acids in the reaction mixture
were digested following rotation on a nutator at room temperature for 30 minutes. The lysed cell
pellet was centrifuged at 4°C at 16,000xg for 15 minutes. The soluble fraction was transferred
into a microfuge tube and the pellet resuspended in 1 mL of 1X BugbusterTM cell lysis buffer.
Samples were combined with SDS-Loading buffer in a 4:1 ratio before boiling at 95°C for 10
minutes and separation by SDS-PAGE.
3.2.8 Purification/Affinity chromatography of His-14-3-3 on Ni-NTA Sepharose
beads
Approximately 100 μL of Ni-NTA Agarose (Qiagen Cat. No. 30210) (200 μL of bead
slurry) were transferred to a microfuge tube, centrifuged at 500xg for 60 seconds and supernatant
removed. Beads were equilibrated in 10 resin volumes of His-binding buffer (50 mM sodium
phosphate monobasic, 300 mM NaCl, 0.03% Triton 100X, 10 mM imidazole, pH 7.4). The
supernatant was removed and a 1 mL volume of soluble protein lysate (~1 mg/mL), containing
the expressed recombinant His-14-3-3, was incubated with Ni-NTA coupled Sepharose at 4°C
overnight. Beads were allowed to settle; a fraction of lysate was collected for assessing binding
efficiency of recombinant protein and the remaining supernatant was discarded. Sepharose beads
were transferred to a Poly-Prep® Chromatography Column (Bio-Rad Cat. No. 7311550), washed
five times with 1 mL of His-binding buffer (50 mM sodium phosphate monobasic, 300 mM
NaCl, 0.03% Triton 100X, 10 mM imidazole, pH 7.4) followed by ten washes with 1 mL of Hiswashing buffer (50 mM sodium phosphate monobasic, 300 mM NaCl, 0.03% Triton 100X, 50
mM imidazole, pH 7.4). Immobilized recombinant 14-3-3 was used downstream in pull-down
assays or eluted to be used in conjunction with a sucrose synthase assay. Recombinant protein
was eluted from Ni-NTA beads as eight separate fractions using 250 μL of His-elution buffer (50
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mM sodium phosphate monobasic, 300 mM NaCl, 0.03% Triton 100X, 500 mM imidazole, pH
7.4). The protein concentrations of eluted fractions were assessed according to the Bradford
method followed by SDS-PAGE and Western blot analysis for the relative abundance of 14-3-3
protein. Fractions with the highest concentration of 14-3-3 protein were desalted in 50 mM
Hepes-KOH (pH 7.4) buffer using NAP-5 columns according to the manufacturer’s directions.
Purified recombinant 14-3-3 protein was used in conjunction with a sucrose synthase assay.

3.2.9 Sucrose Synthase (Susy) Assay
Sucrose synthase was assayed in the direction of sucrose cleavage by the release of
fructose. An enzyme coupling mechanism was used to convert fructose into a more easily
detectable metabolite, which was measured as the reduction of NADP+ → NADPH
spectrophotometrically at 340nm using a Beckman Coulter DU-640 UV spectrophotometer. Of
the total reaction volume (1000 μL) (Table 3.2.5), approximately 930 μL of reaction buffer (50
mM Hepes; pH 7.5, 2 mM MgCl2, 15 mM KCl, 1 mM NADP+, 1 mM ATP and 2 mM UDP)
was combined with 80 µg of desalted maize whole cell extract (40 μL) which had been preincubated with ATP (1 mM) and DTT (1 mM) prior to transferring into a cuvette. The following
coupling enzymes were added sequentially as follows: 4 U hexokinase (Saccharomyces
cerevisiae) (SigmaAldrich Cat. No. H5500), 4 U phosphoglucose isomerase (Saccharomyces
cerevisiae) (SigmaAldrich Cat. No. P5381) and 2 U glucose-6-phosphate dehydrogenase
(Leuconostoc mesenteroides) (Megazyme Cat. No. 190401). The reaction components were
introduced into a cuvette and equilibrated for 10 minutes. Sucrose (10 μL of 40 mM) was added
and rapidly mixed to initiate the reaction. The production of NADPH was followed
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spectrophotometrically at 340 nm and absorbance measurements tracked at ten second intervals
for ten minutes. To assess the effects of GF14-6 on Susy activity, purified recombinant protein
was desalted in reaction buffer (50 mM Hepes; pH 7.5, 2 mM MgCl2, 15 mM KCl, 1 mM
NADP+, 1 mM ATP and 2 mM UDP) and incubated with ATP (1 mM) and DTT (1 mM) at
room temperature for 30 minutes with rotation. Approximately 20 μg of GF14-6 (10 μL) was
added to the reaction mixture and allowed to equilibrate prior to the incorporation of sucrose (40
mM). Background invertase activity was measured using reaction buffer in absence of UDP.

Table 3.2.5 Reaction components for measuring sucrose synthase and invertase activity.
Susy Assay Reaction
Components

Susy Activity

Susy + Recombinant
GF14-6

Invertase Activity

Reaction Buffer

930 μL

920 μL

930 μL (-) UDP

Desalted Maize Whole Cell
Extracts (80 μg)

40 μL

40 μL

40 μL

Hexokinase (4 Units)

10 μL

10 μL

10 μL

Phosphoglucose Isomerase
(4 Units)
Glucose-6-Phosphate
Dehydrogenase (2 Units)
Recombinant GF14-6
(20 μg)

10 μL

10 μL

10 μL

10 μL

10 μL

10 μL

-

10 μL

-

1000 μL

1000 μL

1000 μL

TOTAL
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3.2.10 Affinity Bait Experiments
i)

Ni-NTA Sepharose + His-tagged 14-3-3

Immobilized His-tagged recombinant 14-3-3 was used in a bait chromatography experiment. NiNTA beads were conjugated to N-terminally tagged recombinant His-14-3-3 protein and blocked
with 1 mL of 3% (w/v) BSA in 1X Tris-Buffered Saline (10 mM Tris-HCl pH 7.5, 150 mM
NaCl) at 4°C for 30 minutes with rotation. Concurrently, amyloplast preparations were
centrifuged at 16,000xg for 15 minutes at 4°C to obtain soluble protein lysate that was then
passed through a Whatman® Puradisc 13 0.2µ syringe filter (Sigma-Aldrich Cat. No. Z672831).
The protein concentration of amyloplast lysate was assessed using the Bradford method and
concentrations adjusted to 0.8-1 mg/ml before using in pull-down assays. Amyloplast lysate was
subject to phosphorylation treatment for 60 minutes at room temperature with rotation according
to Table (3.2.6). Sepharose beads were collected by centrifugation at 500xg at 4°C for one
minute and then incubated with ATP-incubated amyloplast lysate for 60 minutes at room
temperature with rotation. Sepharose beads were collected by low-speed centrifugation at 500xg
for 1 minute at 4°C and flow-through discarded. Beads were washed three times with 1 mL of
His-binding buffer and subsequently washed 5 times with 1 mL of His-washing buffer. A 200 μL
volume of His-elution buffer was incubated with Sepharose resin for 5 minutes to release His
tagged 14-3-3 with bound prey proteins from amyloplast lysate. The supernatant was collected
and subject to SDS-PAGE and Western blot analysis.
ii)

S-Protein + S-tagged Starch Branching Enzyme IIb

Immobilized S-tagged recombinant SBEIIb was used in affinity bait chromatography
experiments. Approximately 60 μL (120 μL - 50% bead slurry) of S-Protein agarose beads
(Millipore Cat. No. 69704-4) were conjugated to N-terminally tagged S-SBEIIb and blocked
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with 1 mL of 3% (w/v) BSA in 1X Tris-Buffered Saline (10 mM Tris-HCl pH 7.5, 150 mM
NaCl) at 4°C for 30 minutes with rotation. Concurrently, amyloplast preparations were
centrifuged at 16,000xg for 15 minutes at 4°C to obtain soluble protein lysate that was then
passed through a 0.2μ filter. The protein concentration of amyloplast lysate was assessed using
the Bradford method and concentrations adjusted to 0.8-1 mg/ml before using in pull-down
assays. Amyloplast lysate was subdivided and subjected to one of three treatment groups (ATP
stimulation, non-treated, dephosphorylation) for 30 minutes at room temperature with rotation
according to Table (3.2.7). S-Protein resin was collected by centrifugation at 500xg at 4°C for
one minute and then incubated with either ATP stimulated, untreated or dephosphorylated
amyloplast lysate for 60 minutes at room temperature with rotation. Agarose beads were
collected by low speed centrifugation at 500xg for 1 minute at 4°C. Flow-through was discarded
and beads were washed (1 mL repeated 3X) with 5X S-Tag wash buffer (100 mM Tris-HCl, 750
mM NaCl, 0.5% Triton X-100, pH 7.5). Agarose beads were transferred into a Poly-Prep®
Chromatography Column and washed with 200 mL of 1X S-Tag wash buffer (20 mM Tris-HCl,
150 mM NaCl, 0.1% Triton X-100, pH 7.5). Recombinant SBEIIb and interacting prey proteins
were released from S-protein agarose by boiling in 120 μL of 2X SDS-loading buffer at 95°C for
10 minutes. Samples were separated by SDS-PAGE followed by immunoblot analysis.

94

Table 3.2.6 Reagents for affinity-bait assay using recombinant His-tagged GF14-6.
Components

ATP Stimulation
955 μL
5 μL
10 μL
10 μL
10 μL
10 μL
1000 μL

Amyloplast Lysate (~0.8-1.0 mg/mL)
2 M MgCl2
100 mM CaCl2
100X Protease Arrest
Phosphatase Inhibitor
100 mM ATP
TOTAL

Final
Concentration
10 mM
1 mM
1 mM
-

Table 3.2.7 Reagents for affinity-bait assays using recombinant S-tagged SBEIIb.
Components

ATP Stimulation

Untreated

Dephosphorylation

Amyloplast Lysate
(~0.8-1.0 mg/mL)
2 M MgCl2
100 mM CaCl2
100X Protease Arrest
1 M DTT
Phosphatase Inhibitor
100 mM MnCl2
100 mM ATP
400 U/μL Lambda
Protein Phosphatase
Rupturing Buffer
TOTAL

940 μL

940 μL

940 μL

Final
Concentration
-

5 μL
10 μL
10 μL
5 μL
10 μL
10 μL
10 μL
-

5 μL
10 μL
10 μL
5 μL
10 μL
-

5 μL
10 μL
10 μL
5 μL
10 μL
2.5 μL

10 mM
1 mM
5 mM
1 mM
1 mM
1 U/μL

1000 μL

20 μL
1000 μL

17.5 μL
1000 μL

-

3.2.11 Co-Immunoprecipitation Experiments
Purified antibodies specific to SSI, SBEI, SBEIIa, SBEIIb and 14-3-3 were prepared for
each co-immunoprecipitation experiment. For each co-immunoprecipitation, an initial 50 μL
(100 μL slurry) volume of Protein A-Sepharose® beads (Sigma Aldrich Cat. No. P3391) was
blocked with 3% (w/v) BSA in PBS at 4°C for 30 minutes with rotation. Purified antibodies were
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diluted in 1 mL of PBS (~10 μg/mL) and allowed to conjugate with Protein A-Sepharose resin at
4°C for one hour with rotation. The Protein A/antibody complex was incubated with pre-treated
amyloplast lysate under ATP stimulating conditions (Table 3.2.7), at room temperature for 50
minutes with rotation. Protein A-Sepharose resin containing the antibody/protein complex was
collected under low-speed centrifugation of 100xg at 4°C for 1 minute followed by washing with
PBS (1 mL repeated 5X) and a saline buffer (1 mL repeated 5X) (10 mM Hepes-NaOH, 150 mM
NaCl, pH 7.5). Upon subsequent washing of resin to reduce non-specific binding, pellets were
incubated in 100 μL 2X SDS-loading buffer and boiled at 95°C for 10 minutes to release the
antibody/protein complex. Samples were separated by SDS-PAGE followed by immunoblot
analysis.

Table 3.2.8 Reagents for use in co-precipitation experiments and protein separation by size
exclusion chromatography.
Amyloplast Pre-Treatment
Components

ATP Stimulation

Final Concentration

Amyloplast Lysate (~0.8-1.0 mg/mL)

950 μL

-

2 M MgCl2
100 mM CaCl2
100X Protease Arrest
Phosphatase Inhibitor
1 M DTT
100 mM ATP

5 μL
10 μL
10 μL
10 μL
5 μL
10 μL

10 mM
1 mM
5 mM
1 mM

1000 μL

-

TOTAL
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3.2.12 Gel permeation chromatography of proteins
Soluble recombinant GF14-6 (~2 mg/mL) was incubated with ATP (Table 3.2.9) for 1
hour at room temperature with rotation, followed by fractionation on Superdex 200/30 GL
according to Material and Methods 2.2.13. Eluted GPC fractions were boiled with 1X SDSloading buffer at 95°C for 10 minutes. Fractionated samples were separated by SDS-PAGE
followed by Western blot analysis and molecular weight predicted according to a calibrated
semi-log plot (Figure 2.2.1).

Table 3.2.9 Reagents for protein separation by size exclusion chromatography.
Recombinant GF14-6
Pre-Treatment Components

ATP
Stimulation

Final
Concentration

Protein Extraction
(~2 mg/mL)

950 μL

-

2 M MgCl2
100 mM CaCl2
100X Protease Arrest
Phosphatase Inhibitor
1 M DTT
100 mM ATP
TOTAL

5 μL
10 μL
10 μL
10 μL
5 μL
10 μL
1000 μL

10 mM
1 mM
5 mM
1 mM
-

97

3.3 Results
3.3.1 Co-immunoprecipitation
Co-immunoprecipitation experiments were performed using purified, maize specific
antibodies to immobilize and enrich for SBEI, SBEIIa, SBEIIb and SSI, respectively, from lysed
maize amyloplasts. Since 14-3-3s generally interact with phosphorylated clients, coimmunoprecipitations were performed following incubation with ATP (1 mM). Following
immobilization of maize antibodies, Sepharose beads were blocked with a 3% solution of BSA
in PBS to minimize non-specific binding. To detect non-specific binding of amyloplast proteins
to Protein-A Sepharose beads, an amyloplast sample was eluted and electrophoresed from
Sepharose resin lacking any conjugated antibody (negative control). Untreated amyloplast lysate
(20 μg) was loaded as a positive control.
Maize specific antibodies successfully precipitated each of the following starch biosynthetic
enzymes, SBEI, SBEIIa, SBEIIb and SSI from maize amyloplast lysate (Figure 3.3.1).
Immunoblot analysis shows lanes containing immunoprecipitated samples (lane 2) for SBEI,
SBEIIa, SBEIIb and SSI, corresponding to 80 kDa, 90 kDa, 85 kDa, and 74 kDa polypeptides,
respectively. Electrophoretic migration of the bands detected from the immunoprecipitated
samples are identical to the Western blots of endogenous amyloplast proteins (positive control).
A polypeptide at approximately 95 kDa is observed in the blot probed for SBEI, although this
signal is weak and likely due to a non-specific cross-reaction.

98

Low but detectable signals for SBEIIa and SBEIIb, in the absence of conjugated antibody
(negative, empty bead controls, lane 3), were observed suggesting that SBEIIa and SBEIIb can
bind, non-specifically, to the Sepharose resin under the experimental conditions.
Western blot analysis with an anti-14-3-3 antibody did not yield a clear band of the expected
size consistent with interaction with the starch biosynthetic enzymes used as bait. The weak
signal for 14-3-3 detected is only mildly stronger than that observed from the empty bead
control. In addition, the intensities of a protein band of the size of 14-3-3, irrespective of whether
SBEI, SBEIIa, SBEIIb or SSI is the bait, are comparable, suggesting that this might be due to the
abundance of immunoglobulin.
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Figure 3.3.1 Interaction between 14-3-3 and starch biosynthetic enzymes. Purified Zea mays
antibodies specific to starch biosynthetic enzymes were conjugated to protein A-Sepharose beads
and blocked in a 3% solution of BSA. The antigen-antibody complex was incubated for 50 minutes
at room temperature with 1 mL (~1 mg/mL) of maize soluble amyloplast proteins pre-treated with
1 mM ATP. The protein A-Sepharose-antibody-protein complexes were washed successively,
mixed with 200 μL of SDS-loading buffer and boiled at 95°C for 10 minutes to release bound
proteins. Sample (40 μL) was electrophoresed through a 10% SDS polyacrylamide gel. Proteins
were transferred onto nitrocellulose membranes and immunoblotted with maize-specific
antibodies. (1) Soluble amyloplast proteins (~10μg) were electrophoresed as a positive control. (2)
Samples of immunoprecipitated starch biosynthetic enzymes detected using the corresponding
maize-specific antibody (10 μg). (3) Negative control, Sepharose beads lacking conjugated maizespecific antibody. MW refers to the pre-stained protein ladder of molecular mass markers. The
large band at ~50 kDa observed in all immunoprecipitations is a result of the heavy chain from the
IgG.
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Figure 3.3.2 Inability to immunoprecipitate 14-3-3 proteins from soluble maize amyloplast
extracts. A general plant 14-3-3 antibody was conjugated to protein A-Sepharose beads and
blocked in a 3% solution of BSA. The antigen-antibody complex was incubated for 50 minutes at
room temperature with 1 mL (~1 mg/mL) of maize soluble amyloplast proteins pre-treated with 1
mM ATP. The Protein-A-Sepharose-antibody-protein complexes were washed successively,
loaded with 200 μL of SDS-loading buffer and boiled at 95°C for 10 minutes to release bound
proteins. Sample (40 μL) was electrophoresed through a 12% SDS polyacrylamide gel. Proteins
were transferred onto a nitrocellulose membrane and immunoblotted with a 14-3-3 antibody. (1)
Soluble amyloplast proteins (~10 μg) were electrophoresed as a positive control. (2)
Immunoprecipitated sample targeting 14-3-3 proteins using a 14-3-3 antibody (10 μg) of general
specificity. (3) Negative control, Sepharose lacking conjugated anti-14-3-3 antibody. MW; prestained protein ladder of molecular mass markers. The large band at ~50 kDa in the
immunoprecipitated sample is a result of the heavy chain from the IgG.

The general anti-14-3-3 antibody (Figure 2.3.6) used to immunoprobe maize amyloplast
extracts successfully detected polypeptides of 29-30 kDa molecular weight. However, this
antibody does not recognize 14-3-3 proteins when samples are electrophoresed in non-denaturing
PAGE conditions (data not shown). Consistent with this observation, attempts to enrich for 14-33 proteins from amyloplast lysate using an anti-14-3-3 antibody conjugated to protein ASepharose were unsuccessful (Figure 3.3.2). 14-3-3 proteins were readily detected in amyloplast
extracts, following SDS-PAGE suggesting that this 14-3-3 antibody cannot be used in reciprocal
co-immunoprecipitation experiments with non-denatured protein.
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In Chapter 2, mass spectrometry analysis identified GF14-6 as a 14-3-3 isoform isolated from
batch purified maize amyloplasts. Immunodetection of 14-3-3 proteins from the coimmunoprecipitations of starch biosynthetic enzymes was inconclusive. Attempts to conduct a
reciprocal co-immunoprecipitation by enriching for endogenous 14-3-3 failed due to inability for
the plant specific anti-14-3-3 antibody to recognize its representative epitope under native
conditions. To overcome obstacles in assessing protein interactions, a recombinant maize GF146 with an N-terminal polyhistidine tag was expressed in Escherichia coli C41 Overexpressor
cells.
3.3.2 Expression and purification of recombinant 14-3-3 protein
Expressed recombinant GF14-6 was harvested from C41 bacterial extracts and the proportion
of 14-3-3 in soluble and pelleted fractions compared by Coomassie staining and Western Blot
analysis (Figure 3.3.3). Immunoprobing soluble and pelleted fractions with a plant specific 14-33 antibody confirms the expression of 14-3-3 and the recombinant protein is highly represented
in a soluble form (lane 2). However, a significant proportion of 14-3-3 remains in the pellet
suggesting possible aggregation in inclusion bodies (lane 3). The molecular weight of a His6 tag
is approximately 1 kDa. The slight electrophoretic retardation (~1 kDa) of recombinant GF14-6
observed in both soluble and pelleted fractions relative to the amyloplast lysate control (lane 1),
is consistent with successful expression of a recombinant 14-3-3 having the addition of a
polyhistidine tag. The 14-3-3 doublet (~29 kDa and 30 kDa) observed from amyloplast lysate is
present in samples containing overexpressed recombinant protein. However, while the
amyloplast sample shows two polypeptides with a similar signal intensity, the lower band (29
kDa) is appreciably less intense relative to the upper band in samples expressing recombinant
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GF14-6 (~31kDa). Despite the addition of an N-terminal histidine tag, the lower bands share an
identical migration, regardless of source.
Recombinant GF14-6 was purified for affinity bait-chromatography experiments. Bacterial
2+

lysate expressing recombinant 14-3-3 was immobilized on Ni -NTA chelated agarose and
washed repeatedly with increasing concentrations of imidazole [0-50mM] to remove proteins
lacking a polyhistidine tag. Recombinant protein was eluted at a high imidazole concentration
[300mM] and passed through a NAP-5 column to de-salt imidazole and remove metabolites
(which may interfere with downstream assays) (Figure 3.3.4). Immunodetection with an anti-143-3 antibody shows most of the recombinant protein is collected in fraction 2. According to
Coomassie Blue staining, the predominate protein is approximately 31 kDa, representing the
recombinant GF14-6. Minimal contamination of proteins from bacterial extracts is observed
from the Coomassie staining following purification of GF14-6.
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Figure 3.3.3 Solubility of a recombinant maize 14-3-3 protein expressed in Escherichia coli
C41 Overexpressor cells. Equal volumes (~20 μL) of soluble (2) and insoluble protein (3) were
loaded on a 12% SDS polyacrylamide gel before performing electrophoresis. Amyloplast lysate
(10 μg) was loaded as a positive control (1). Proteins samples were both transferred onto
nitrocellulose membranes and immunoblotted with an anti-14-3-3 antibody (1:2000) (A) or
observed by Coomassie staining (B). Migration of the recombinant 14-3-3 protein, indicated by
the black arrow, is retarded due to the added molecular weight of the polyhistidne tag (1 kDa).

Figure 3.3.4 Purification of recombinant 14-3-3 protein fused with an N-terminal
polyhistidine tag. Soluble protein extract (~2 mg/mL) from cell lysate containing Zea mays
recombinant His6-14-3-3 (GF14-6) expressed in Escherichia coli BL21 competent cells was
incubated with Ni2+-NTA resin (~100 μL) at 4°C overnight. Unbound proteins were allowed to
flow-through and the affinity column washed with Tris buffer at an increasing imidazole
concentration [0-50 mM]. Following elution with 250 mM imidazole, samples were desalted using
a NAP-5 column. Cell lysate (CL); Fractions 1-8 (F1-8). Following SDS-PAGE, proteins were
either transferred onto a nitrocellulose membrane and immunoblotted with an anti-14-3-3 antibody
(A) or stained with Coomassie Brilliant Blue (B).
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3.3.3 Oligomerization of endogenous 14-3-3 proteins in maize amyloplasts
To determine the oligomeric state(s) of the recombinant GF14-6, purified recombinant
protein was subjected to gel permeation chromatography. The elution of protein standards of
known molecular weight were plotted on a semi-log plot (Figure 3.3.5) and the molecular
weight of recombinant protein calculated. Immunoprobing GPC fractions with a His-tag specific
antibody reveals recombinant GF14-6 is predominately distributed in five fractions ranging in
molecular weights between 50 kDa – 150 kDa (Figure 3.3.6). Densitometry scanning suggests
peak elution to occur at 13.85 mL and corresponds to a predicted molecular weight of
approximately 83 kDa. Much weaker signal is detected along higher molecular weight fractions
(>180 kDa) suggesting the formation of minor soluble aggregates. Notably, signal corresponding
to the lower band (29 kDa) of the duplet is weak and only observed in the fractions
corresponding to 96 kDa – 120 kDa.
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Figure 3.3.5 Calibration of low and high molecular weight protein standards used for gel
permeation chromatography on Superdex 200. Protein standards: 0.3 mg/mL thyroglobulin
(669 kDa), 0.3 mg/mL Ferritin (446 kDa), 4 mg/mL aldolase (158 kDa), 3 mg/mL conalbumin (75
kDa), 4 mg/mL ovalbumin (44 kDa) and 3 mg/mL ribonuclease A (13.7 kDa). Protein elution
monitored at 280 nm. Red square, 14-3-3 elution peak (13.85 mL; ~83 kDa).

Figure 3.3.6 Immunodetection of maize His-tagged recombinant 14-3-3 (GF14-6) following
gel permeation chromatography of protein extracts from Escherichia coli C41 (DE3). 0.5 mL
of ATP/DTT-treated extract was fractionated on Superdex 200. Fraction volumes (0.5 mL) between
7 mL-17 mL of the eluate were combined with 1X SDS loading buffer and proteins separated on
12% SDS polyacrylamide gel before transferring onto a nitrocellulose membrane and probing with
a 14-3-3 primary antibody (1:1000).
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3.3.4 Sucrose synthase (Susy) assay
Recombinant 14-3-3 proteins from wheat and barley have been shown to limit sucrose
biosynthesis in cereal endosperm by inhibiting sucrose synthase (Susy) activity (Alexander and
Morris, 2006; Hollingshead, 2010). 14-3-3 isoforms commonly share an inherent redundancy for
the wide host of client interactions, albeit with varying levels of affinity for specific ligands. To
measure the effects of recombinant GF14-6 on Susy activity obtained from maize endosperm.
Sucrose synthase catalyzes the equilibrium reaction between a nucleotide sugar and D-fructose to
generate sucrose and the release of a nucleotide diphosphate.
NDP-glucose + D-fructose <=> NDP + sucrose
Susy activity was assayed in the direction of sucrose cleavage as a measure of D-fructose
released over time. Endogenous Susy, which was sourced from maize endosperm whole cell
extracts, was incubated under ATP stimulating conditions and in presence of the reducing agent
DTT to promote 14-3-3 client interactions. Treatment of whole cell extracts with purified
recombinant 14-3-3 (20 μg) had no effect on Susy activity (Figure 3.3.7). To account for Dfructose released by background invertase activity, assays were performed without UDP. The
effects of recombinant GF14-6 on invertase activity were not tested.
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Figure 3.3.7 Effect of a recombinant 14-3-3 (GF14-6) protein on sucrose synthase activity in
whole cell extracts of developing maize endosperm. Sucrose-cleavage by invertase was
measured in the absence of UDP.

3.3.5 Affinity-bait chromatography using a recombinant 14-3-3
Recombinant 14-3-3 was used as a ligand in affinity bait chromatography experiments to
identify putative interactions with endogenous starch biosynthetic enzymes from isolated maize
2+

amyloplasts. The assay was optimized for retention of recombinant GF14-6 on Ni -NTA resin
whilst minimizing non-specific binding of endogenous amyloplast proteins (Figure 3.3.8). The
nickel-IMAC resin has a high capacity for binding His-tag fusion proteins (~5-10 mg/mL) and
the amount used in interaction studies was optimized to maximize extraction of recombinant
GF14-6. The amount of high affinity resin used (50 μL) should sufficiently bind 1.5-3 mg of His2+

tagged fusion protein. Following binding of the recombinant protein to Ni -NTA resin, GF14-6
is not present in the flow-through of C41 bacterial extracts (~2.2 mg/mL) in any abundant
quantities. Following purification of GF14-6, the immobilized recombinant protein was
incubated with ATP-treated amyloplast lysate. Subsequent washes to remove non-specific or
transiently bound proteins appear relatively successful apart from the following polypeptides
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approximating 100 kDa, 75 kDa, 65 kDa, 45 kDa, and 31 kDa. The abundant signal detected at
31 kDa across all five washes is most likely attributed to the release of excess recombinant 14-33. The intensity of each band does not decrease with each successive washing (Flow-through 15). The exception to this observation is the signal produced by the polypeptides at 65 kDa, which
appears to diminish by the final wash (Wash 5). Release of immobilized GF14-6 (Elution- Black
Arrow) from the resin (Figure 3.3.8) also results in the elution of several proteins, which
presumably possess affinity for the 14-3-3 ligand.
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Figure 3.3.8 Elution of immobilized recombinant 14-3-3 (GF14-6) for use in affinity bait
2+

assays. Ni -NTA chelated to agarose resin was blocked in a 3.0% solution of bovine serum
albumin (BSA) for 30 minutes. Agarose resin (50 μL) was incubated for 30 minutes with cell lysate
containing the His-tagged recombinant 14-3-3 (~4.2 mg/mL). Unbound proteins were allowed to
flow through and the resin washed with 1 mL of rupturing buffer. Sepharose beads conjugated to
recombinant 14-3-3 protein were incubated for 1 hour with 1 mL of amyloplast proteins (~0.8-1.0
mg/mL), previously incubated with 1 mM ATP. Non-specific binding of amyloplast proteins to
2+

Ni -NTA resin was reduced following five washes (300 μL) with His-Tag wash buffer (50 mM
Tris-HCl pH7.5, 300 mM NaCl and 20 mM imidazole). Recombinant protein was released
following a five-minute incubation with 150 μL of elution buffer (50 mM Tris-HCl pH7.5, 50 mM
NaCl and 300 mM imidazole). Supernatant was combined with 1X SDS running buffer (37.5 μL)
and loaded onto 12% SDS polyacrylamide gel before separation by electrophoresis. Proteins were
silver stained. Recombinant 14-3-3 is indicated by the black arrow. MW (Molecular weight); AL
(Amyloplast lysate); C41 (Flow-through following binding of recombinant 14-3-3); Elut. (Elution
with 300 mM imidazole). Recombinant 14-3-3 is indicated by the black arrow.

The eluted fraction from affinity bait chromatography experiments was immunoblotted
with maize specific antibodies to starch biosynthetic enzymes. A His-tag antibody was used for
detection of recombinant GF14-6 because it does not cross-react with 14-3-3 proteins from
maize amyloplasts, thus avoiding detection of endogenous 14-3-3s. Transblots show
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polypeptides corresponding to SSI (74 kDa), SBEIIa (90 kDa), and SBEIIb (85 kDa) but not
SBEI (80 kDa) and SSIIa (86 kDa) co-eluted with recombinant GF14-6 (Rec. 14-3-3) (Figure
3.3.9). Signal from the SBEIIb pull-down appears weak relative to signal observed for both
SBEIIa and SSI. No signal was observed for SBEI and SSIIa pull-downs. Polypeptides were not
detected in negative controls (- Empty Bead) except for the transblot probed for SBEIIa.
However, a qualitative comparison between the pull-down and negative control suggests a
stronger signal in the former. The antibody used for SBEI appears to show weak signal in the
positive control (Amyloplast) indicating that the antibody may have reduced titer after being
used several times. Therefore, SBEI may be present in pull-down samples but was simply not
detected.

Figure 3.3.9 Affinity bait interactions between a recombinant maize 14-3-3 (GF14-6) and
2+
enzymes of starch biosynthesis. Recombinant 14-3-3 protein purified using 50 μL of Ni -NTA
resin was used for in vitro affinity-bait assays. Lane 1, 10 μg of protein from amyloplast lysate,
2+
2+
(+) control; Lane 2, Ni -NTA resin without recombinant protein, (-) control; Lane 3, Ni -NTA
resin bound with recombinant 14-3-3. A black arrow indicates an antibody cross reaction.
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3.3.6 Affinity-bait chromatography using a recombinant SBEIIb
SBEIIb was identified as a putative interactor with recombinant GF14-6 in vitro (Figure
3.3.9) consistent with previous observations that SBEIIb can be phosphorylated (Makhmoudova
et al., 2014). While SSI was clearly detected interacting with 14-3-3, phosphorylation of SSI has
not been demonstrated. However, previous work has shown polypeptides from wheat
amyloplasts corresponding to two granule-associated forms of starch synthase, including SSIIa,
are phosphorylated (Tetlow et al., 2004).

Affinity bait chromatography was also conducted using immobilized recombinant
SBEIIb N-terminally fused with an S-Tag. The assay was optimized for retention of recombinant
SBEIIb onto the solid phase Sulfolink-Protein resin whilst reducing non-specific binding of
endogenous amyloplast proteins as observed by silver staining of serial washes (Figure 3.3.10).
Washing of S-Protein agarose with at least 200 mL of 1X S-Tag wash buffer was sufficient to
limit non-specific binding of endogenous SBEIIb and other amyloplast proteins (Red arrow).
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Figure 3.3.10 Washing optimization of S-protein agarose for use in affinity chromatography.
S-protein agarose was blocked in a 3.0% solution of bovine serum albumin (BSA) for 30 minutes.
Empty agarose resin (40 μL) was incubated for 1 hour with 1 mL of amyloplast proteins (~0.8-1.0
mg/mL), previously treated with 1 mM ATP and under reducing conditions with 1 mM DDT. Nonspecific binding of amyloplast proteins to S-protein agarose was minimized following washes with
0 mL, 100 mL, 200 mL, 400 mL, 600 mL volumes of S-Tag wash buffer (20 mM Tris pH7.5, 150
mM NaCl and 0.1% Triton X-100). S-protein resin washed but not incubated with amyloplast
proteins, 600 mL (-), was used as a negative control to confirm retention of BSA following
extensive washing. Samples were boiled for 10 minutes in 2X SDS running buffer (40 μL) and
electrophoresed through 12% SDS polyacrylamide gel. Proteins were silver stained (A) or
transferred to a nitrocellulose membrane and probed with a Zea mays specific SBEIIb antibody
(1:2000) (B). BSA (66.5 kDa) used to limit non-specific binding is indicated by the black arrow.
SBEIIb is indicated by the red arrow.

Affinity bait chromatography experiments were conducted to investigate the reciprocal in
vitro interactions between fusion tagged SBEIIb with endogenous amyloplast 14-3-3 proteins.
Amyloplast lysate was subject to pre-treatment with ATP, rupturing buffer (RB) or lambda
protein phosphatase (λPPase) to stimulate phosphorylated, normal and dephosphorylating
conditions, respectively. Following immobilization of recombinant SBEIIb, incubation with
amyloplast lysate, and removal of non-specifically bound proteins, eluted fractions were
immunoblotted with maize specific antibodies to identify starch biosynthetic enzymes, if any,
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which co-elute with S-Tagged SBEIIb. An S-tag antibody was used for detection of recombinant
SBEIIb because it does not cross-react with endogenous SBEIIb proteins from maize
amyloplasts.
A polypeptide corresponding to SSIIa (86 kDa) interacted with immobilized SBEIIb in
the presence of ATP but not under other conditions. SSI (74 kDa) was also eluted but interaction
was independent of phosphorylation. SSI and SSIIa were not identified in the non-conjugated
controls, supporting the authenticity of these enzymes as interactors with SBEIIb. The 14-3-3
specific antibody detected a 31 kDa polypeptide which was enhanced by ATP and lost as a
consequence of treatment with λPPase. There is an ascertainable shift in migration between 14-33 from the positive control (~29-30 kDa) relative to the polypeptide detected in the ATP and
untreated pull-downs (~31 kDa).
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Figure 3.3.11 Affinity bait interactions between a recombinant maize SBEIIb, enzymes of
starch biosynthesis and 14-3-3. Recombinant 14-3-3 protein purified using 50 μL of S-protein
agarose was used for in vitro affinity-bait assays. Lane 1, 10 μg of protein from amyloplast lysate,
(+) control; Lane 2, (+) recombinant SBEIIb (1 mM ATP); Lane 3, (+) recombinant SBEIIb
(untreated); Lane 4, (+) recombinant SBEIIb (1000 U λPPase); Lane 5, (-) recombinant protein (1
mM ATP); Lane 6, (-) recombinant protein (untreated); Lane 7, (-) recombinant protein (1000 U
λPPase). Samples were boiled in 2X SDS-loading buffer (50 μL) for 10 minutes at 95°C and
electrophoresed on 12% SDS polyacrylamide gel. Proteins were transferred onto a nitrocellulose
membrane and immunoblotted with peptide-specific antibodies. Black arrow indicates antibody
cross reaction with 14-3-3.
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3.4 Discussion
Evidence from affinity bait chromatography experiments complemented by Yeast-Two
Hybrid screening has allowed for the identification of several 14-3-3 interactors pertaining to a
variety of biological functions including primary metabolism, abiotic/biotic stress, signal
transduction and protein degradation (Schoonheim et al., 2007; Dou et al., 2015; Kleeff et al.,
2014). With respect to cereal endosperm, several studies have identified starch biosynthetic
enzymes including SSI, SSIIa, SBEIIb, SBEIIa, GBSSI (Alexander and Morris, 2006; Dou et al.,
2015; Chang et al., 2009; Wang et al., 2016; Guo et al., 2018; Zhang et al., 2019) as putative
clients of 14-3-3 proteins. In addition, 14-3-3 proteins have been implicated in the negative
regulation of carbohydrate metabolic pathways. For instance, the barley isoform 14-3-3a can
inhibit sucrose synthase activity in the direction of sucrose synthesis (Alexander and Morris,
2006), while two Arabidopsis isoforms, 14-3-3ε and 14-3-3μ, negatively regulate starch
accumulation in leaf tissues (Sehnke et al., 2001). A series of immunoprecipitation and affinity
bait chromatography techniques were used to assess protein interactions between 14-3-3s and
starch biosynthetic enzymes from maize amyloplasts.
Many of the enzymes participating in the starch biosynthetic pathway possess at least one
of the following general Mode I/II/III binding motifs recognized by 14-3-3 proteins (Figure
3.4.1). Results from co-immunoprecipitation experiments remained inconclusive on identifying
interactions between 14-3-3 and SSI, SBEI, SBEIIa and SBEIIb (Figure 3.3.1). Regrettably, the
general 14-3-3 antibody used for Western blot analysis was only suitable for the detection of
denatured 14-3-3 and could not be used to immunoprecipitate endogenous 14-3-3 proteins under
the required non-denaturing conditions (Figure 3.3.2). Immobilization of the antibody-antigen
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complex onto the solid-state phase may sterically hinder access of 14-3-3s to their principal
recognition motif(s) on immunoprecipitated clients. Consequently, 14-3-3 interactions occurring
proximal to an epitope could significantly limit the affinity of maize specific antibodies towards
their intended target and inhibit its co-precipitation with starch biosynthetic enzymes. Coimmunoprecipitations were performed under standard ATP stimulating conditions to favour
phosphorylation of client proteins; a general requirement for 14-3-3 interactions. However,
additional unknown post-translational requirements may not have been met to enable
interactions. The method used may not be conducive for otherwise transient or unstable proteinprotein interactions. In future, an additional 14-3-3 antibody should be raised which
immunoprecipitates the protein under non-denaturing conditions. Alternatively, a chemical
crosslinking agent could be used to covalently bind protein-protein interactions and enable the
capture of transient or weakly associated proteins into a stable complex(s) for further
characterization.
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Table 3.4.1 Mode I [(R/K)XX(pS/pT)XP], II [(R/K)XXX(pS/pT)XP], III [(pS/pT)X1-2COOH] 14-3-3 consensus motifs identified in maize starch biosynthetic enzymes.
Zea mays Starch
Motif Sequence(s)
Mode
Accession No.
Biosynthetic Enzyme
SSI

-

-

AAB99957.2

SSIIa

RVGSSP

I

AFW76788.1

SSIIb

KTATSAP
KAEPSAP

II
II

XP_008680930.1

SSIII

KLFTYP
RYGTIP
KSVVSVP
SKL-COOH

I
I
II
III

AAC14014.1

SSIV

RYGSVP

I

AFW82566.1

GBSSI

KVVGTP*

I/II*

ABW95927.3

SBEI

KVLSPP
TK-COOH

I
III

AAC36471.1

SBEIIa

KTSSSP

I

AAB67316.1

SBEIIb

-

-

AAC33764.1

SP

RNDVSYP

II

NP_001296783.1

Iso-I

-

-

ACG43008.1

Iso-II

RGCPSP*

I/II*

AAO17048.3

Iso-III

-

PPDK1**

RAETSP
KQPLSPP
RLGISYP

I
II
II

NP_001105738.2

GWD1

RPAASSP
RAIHSEP

II
II

NP_001348353.1

NP_001105198.2
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An inability to apply a 14-3-3 antibody in co-immunoprecipitation experiments led to
directed efforts in cloning and expressing a tagged fusion protein for interaction studies. In
Chapter 2, a 14-3-3 isoform, GF14-6, was identified from isolated maize amyloplasts.
Accordingly, a recombinant variant of GF14-6 was cloned with the addition of an N-terminal
polyhistidine tag and used as an affinity ligand. Following expression, the recombinant GF14-6
was assessed for various characteristics relating to solubility, purity and oligomeric state(s) to
ensure adequate suitability for use in protein-protein interaction experiments. Western blot
analysis of lysed E. coli cells expressing recombinant GF14-6 shows that the recombinant
protein is substantially soluble (Figure 3.3.3), though a proportion was detected in insoluble
inclusion bodies. The recombinant protein (~31 kDa) is slightly larger than the endogenous 14-33 (~30 kDa) because of the His6 fusion tag (~1 kDa). However, a smaller band (~29 kDa), like
that present in the 14-3-3 duplet seen in maize amyloplast lysates was also detected. This
possibly arose from proteolytic cleavage and is relatively minor.
In Chapter 2, following gel permeation chromatography, endogenous 14-3-3 proteins
from maize amyloplasts were found to fractionate at molecular weights ranging between 77 kDa
– 150 kDa with an elution peak at 92 kDa (Figure 2.3.9). The recombinant GF14-6 was
separated by size exclusion chromatography (Figure 3.3.6) and its calculated molecular weight
predicted to peak at 83 kDa (Figure 3.3.5), suggesting the possibility of a primarily dimer/trimer
oligomeric state. 14-3-3 proteins are known to form homo- and or heterodimers, while posttranslational phosphorylation of specific serine residues can lead to monomerization (Woodcock
et al., 2003). However, size exclusion chromatography is a function of protein size and shape
and interpretation must be treated with caution. Among the disadvantages of size exclusion
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chromatography (SEC) is the possibility for proteins to interact with the solid-phase of the
column. This can retard a molecules migration through the porous gel matrix and artificially
inflate the predicted molecular weight. Similarly, protein shape (e.g., rod-like or globular) and
enzyme-substrate interactions influence the Stokes radii of a molecule and effect its solute
mobility and size (Hong et al., 2012). These considerations present a challenge for accurately
predicting the molecular weight of polymers, proteins and other macromolecules.
Previous work has shown a functional 14-3-3A isoform from barley endosperm interacts with
sucrose synthase (Susy) and inhibits its activity in the direction of sucrose synthesis (Alexander
and Morris, 2006). Here, Susy activity was alternatively assayed in the direction of sucrose
cleavage but incubation with recombinant GF14-6 had no effect on sucrose breakdown. It is
possible that GF14-6 does not interact with sucrose synthase, or that recombinant 14-3-3
interacts with Susy but inhibits sucrose synthesis. Alternatively, this might suggest that within
the umbrella of carbohydrate metabolism, GF14-6 has a more targeted role towards enzymes of
starch biosynthesis rather than sucrose turnover.
Recombinant GF14-6 was deployed in affinity bait chromatography experiments to
determine whether it interacts with starch biosynthetic enzymes from maize amyloplasts.
Optimization showed Ni2+-NTA beads become saturated with recombinant protein following
incubation with His6-tagged GF14-6 (Figure 3.3.8), although some of the recombinant protein
was released following washing steps. Consequently, saturation of recombinant protein may
have resulted in a proportion of GF14-6 being loosely bound. Notably, the N-terminal position of
the His6 tag did not significantly alter the oligomeric state(s) of recombinant GF14-6 when
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compared with endogenous 14-3-3 proteins localized in maize amyloplasts (Figure 2.3.9 &
2.3.10), reinforcing its suitability as an affinity bait.
Several polypeptides from maize amyloplasts were co-eluted with recombinant GF14-6
(Figure 3.3.8). Similar affinity bait chromatography experiments using endosperm extracts have
identified a total of 77 and 54 client interactors of recombinant 14-3-3 proteins from maize and
barley, respectively (Dou et al., 2015; Alexander and Morris, 2006). The eluted fractions were
immunoprobed for starch biosynthetic enzymes (Figure 3.3.9). Signal to SSI, SBEIIa and
SBEIIb were all detected as interacting with GF14-6. SSI from maize amyloplast has not
previously been shown phosphorylated, while it is expected that 14-3-3 proteins interact with
phosphorylated clients. SSI has not previously been detected in affinity bait experiments with
recombinant 14-3-3 from proteomic studies involving maize, rice, barley or Arabidopsis
(Schoonheim et al., 2007; Alexander and Morris, 2006; Dou et al., 2015; Kleeff et al., 2014;
Chang et al., 2009; Zhang et al., 2019; Guo et al., 2018). This merits further investigation though
it is possible its interaction with 14-3-3 is indirect, via complexes with the other client proteins.
Interestingly, the signal observed when probing for SBEIIa is stronger relative to SBEIIb despite
an approximate 50-fold lower expression level of the former in maize endosperm (Gao et al.,
1996; Gao et al., 1997), although this may be due to differences in enzyme antigenicity.
SBEIIb was identified as a putative interactor with recombinant GF14-6 in vitro (Figure
3.3.9). A reciprocal affinity bait experiment was conducted using immobilized recombinant
SBEIIb N-terminally fused with an S-Tag (Figure 3.3.11). SBEIIb has been identified in
previous proteomic studies investigating client interactions with 14-3-3 proteins from maize
(Dou et al., 2015) and multiple phosphorylation sites have been identified in SBEIIb
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(Makhmoudova et al., 2014). When conducting affinity bait experiments using a polysaccharidebased resin as the solid support, SBEIIa and SBEIIb seem to bind non-specifically in the absence
of an affinity ligand. Experiments were therefore optimized to limit false positive interactions
(Figure 3.3.10). Nonetheless, affinity bait experiments with recombinant S-Tag SBEIIb
demonstrated interaction with amyloplast 14-3-3.
Results from previously published co-immunoprecipitation experiments have shown that
phosphorylation stimulates interactions between endogenous SBEIIb, SSI and SSIIa from
isolated wheat and maize amyloplasts (Tetlow et al., 2008, Liu et al., 2009). Recombinant
SBEIIb interacted with SSI under all conditions equally (ATP stimulation, Untreated, Lambda
Phosphatase) (Figure 3.3.11), which would appear to indicate that this interaction is
phosphorylation independent. By contrast, SBEIIb-SSIIa interaction was only visible under
phosphorylating (ATP) conditions, which is congruent with previous interaction studies between
SSIIa and class II branching enzymes (Tetlow et al., 2004b, 2008; Hennen-Bierwagen et al.,
2008; Liu et al., 2009, Ahmed et al., 2015; Crofts et al., 2015, Patterson et al., 2018).
Importantly, recombinant SBEIIb interacts with 14-3-3 in an ATP-dependent manner. Western
blot analysis shows a shift in electrophoretic migration of 14-3-3 (~1kDa) in the ATP stimulated
compared to migration of the protein in untreated amyloplast lysates.
Enrichment for phosphorylated forms of endogenous 14-3-3 from ATP and untreated
amyloplast lysates may be a requirement for interaction with recombinant SBEIIb. Subsequently,
a phosphorylation-dependent electrophoretic mobility shift (PDEMS) could explain the retarded
migration of 14-3-3. Elucidation of a consensus sequence (ΘX1-3ΘX1-3 Θ, where Θ corresponds
to an acidic amino acid or phosphoryl group) involving the interplay between the negative charge
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of a phosphate group in vicinity of negatively charged amino acid results in a PDEMS due to a
reduced capacity for SDS binding (Lee et al., 2013). The GF14-6 protein sequence possesses
several of these consensus motifs, some of which have also been identified by NetPhos 3.1 as
putative phosphorylation sites. In Chapter 2, Ser216 between amino acids 213-218 (DTLSEE)
was confidently predicted to be a phosphorylation site by the NetPhos 3.1 server (Table 2.3.3)
and during the writing of this thesis, a lab member demonstrated phosphorylation of ZmGF14-6
at Ser216 from their work on mass spectrometry analysis of maize amyloplast proteins.
Subsequent investigation should analyze the putative 14-3-3 band (Figure 3.3.11) by mass
spectrometry to confirm it is a genuine 14-3-3, and whether it has been post-translationally
modified. Future experiments may also aim to develop a recombinant SSI for investigating
protein interactions with 14-3-3 proteins.
In conclusion, this thesis has demonstrated that the 14-3-3 maize isoform, GF14-6, interacts
with several enzymes of starch biosynthesis. Future studies should consider an assessment of the
effect of this interaction on the activities of these enzymes, their ability to form heteromeric
complexes and the kinases and phosphatases involved in such regulation.
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