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Abstract 

Starch is an important plant storage polysaccharide that has been demonstrated to have a major influence 

on plant growth. Transitory starch is synthesized in the leaves of plants during the day as a product of 

photosynthesis and degraded at night to allow continued carbon allocation for growth and cellular processes. 

It is also produced and stored for longer periods of time in non-photosynthetic organs such as stems, tubers 

and seeds. The study of starch is important for several reasons – not only is it a vital part of the human diet, it 

is also utilised in many non-food applications such as the paper, textile, oil and pharmaceutical industries. The 

pathway of starch metabolism in higher plants has been studied for decades and of late, Arabidopsis has 

become the workhorse plant for many starch researchers due to the plethora of insertion mutants that are readily 

available. However, the predominant use of Arabidopsis as a model system has led to a narrow understanding 

of starch metabolism restricted to that of synthesis and degradation of leaf starch. There are ongoing attempts 

to translate the knowledge gleaned from Arabidopsis into studies on the storage organs of crop plants (e.g. rice 

and maize endosperm, potato tubers), as well as starch metabolism in lower plants (e.g. algae and mosses) to 

aid in elucidating the evolutionary development of starch metabolism in land plants. 

This study investigated two aspects of starch metabolism in lower plants to determine whether the pathway of 

starch metabolism observed in higher plants is conserved. Firstly, a previously uncharacterised starch synthase 

from the red alga Chondrus crispus was examined due to the reported differences in substrate preference 

between red algal and green plant starch synthases, and the deviation in compartmentalisation of starch 

synthesis and storage in members of the red algae. The C. crispus starch synthase was analysed by means of 

multiple sequence alignment, site-directed mutagenesis and recombinant protein expression and purification. 

Features unique to red algal starch synthases were identified, including a C-terminal glycogen binding domain 

and sequence variations in important residues involved with substrate binding. During recombinant expression, 

the C. crispus protein was insoluble and accumulated in inclusion bodies. Attempts to recover active protein 

through optimisation of expression, the use of alternative expression systems and protein refolding were 

unsuccessful and biochemical characterisation of the starch synthase could not be performed. 

Secondly, four putative orthologues of the Arabidopsis maltose excess (MEX) transporter were identified in 

the moss Physcomitrella patens and their functions examined through the generation of knockout mutant lines 

and complementation of Escherichia coli mutants defective for sugar transporters. Knockout mutants were 

successfully generated for the P. patens MEX1a gene, while complementation studies failed to produce active 

protein. Expression profiling in wild type P. patens suggest that the four PpMEX genes are differentially 

expressed depending on the developmental stage of the culture and may have specialised functions in various 

growth structures.   
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Opsomming 

Stysel is ‘n belangrike polisakkaried wat gestoor word in plante waar dit dien as ‘n noemenswaardige bron 

van koolstof vir plantegroei. Gedurende die dag word kortstondige stysel geproduseer in die blare van plante 

deur die proses van fotosintese en word dan deur die nag afgebreek om voortdurend koolstof te voorsien vir 

plantegroei en ander selprosesse. Dit word ook geproduseer en gestoor vir langer tydperke in plantorgane wat 

nie fotosintese ondergaan nie, soos stamme, knolle en sade. Stysel word bestudeer vir verskeie redes – nie net 

vorm dit ‘n belangrike komponent van die menslike diëet nie, maar word ook gebruik in die papier-, tekstiele-

, olie- en artsenykunde-industriëe. Die roete van styselmetabolisme word al vir dekades ondersoek in hoër 

plante. Arabidopsis het onlangs die gekose sisteem geword van navorsers as gevolg van die oorvloed van 

mutante lyne wat vrylik beskikbaar is. Die oorheersende gebruik van Arabidopsis het egter ‘n noue begrip van 

styselmetabolisme tot gevolg gehad wat beperk is tot dié van stysel in blare. Daar word voortdurend pogings 

aangewend om die kennis wat deur studies op Arabidopsis verkry is, toe te pas op die stoororgane van gewasse 

(bv. die kiemwit van rys en koring, en ook aartappelknolle), sowel as styselmetabolisme in laer plante (bv. 

alge en mos) om die evolusionêre ontwikkeling daarvan in landplante te ontrafel. 

Hierdie studie het twee aspekte van styselmetabolism in laer plante ondersoek om te bepaal of die pad van 

styselmetabolisme wat in hoër plante waargeneem is, bewaar word. Eerstens was ‘n voorheen onbeskryfde 

stysel-sintase van die rooi alg Chondrus crispus bestudeer omdat daar vantevore berig is oor verskille in rooi 

alge en hoër plante met betrekking tot substraatvoorkeur en ligging van styselproduksie en -stoor in die sel. 

Die C. crispus stysel-sintase was ondersoek deur middel van ‘multiple sequence alignment’, ‘site-directed 

mutagenesis’ en rekombinante proteïenuitdrukking en –suiwering. Kenmerke wat uniek is tot die rooi alg 

sintase, soos ‘n C-terminaal glikogeen-bindingsgebied en verskille in aminosure wat ‘n rol speel in 

substraatbinding, was geïdentifiseer. Tydens rekombinant proteïenuitdrukking was die C. crispus proteïen 

onoplosbaar en het geaggregeer. Pogings om aktiewe proteïen te herkry deur optimalisering van uitdrukking, 

die gebruik van alternatiewe uitdrukkingsisteme en proteïen-hervouing was onsuksesvol en biochemiese 

karaktarisering van die proteïen kon dus nie uitgevoer word nie. 

Tweedens was vier putatiewe ortoloë van die Arabidopsis ‘maltose excess (MEX)’ vervoerder 

geïdentifiseer in die mos Physcomitrella patens. Die funksies van hierdie vier gene was ondersoek deur 

mutante mos lyne te genereer en Escherichia coli mutante, wat gebrekkig is vir sekere suikervervoerder-

proteïene, te komplementeer. Die generasie van ‘n mutante lyn vir die MEX1a geen was suksesvol, terwyl die 

komplementering van E. coli misluk het as gevolg van ‘n gebrek aan die uitdrukking van aktiewe rekombinante 

proteïen. Die uitdrukkingsprofiel van die PpMEX gene in wildetipe P. patens dui aan dat die gene moontlik 

differensieel uitgedruk word en afhangend is van die ontwikkelingsfase van die mos. Dus het die vier gene 

moontlik gespesialiseerde funksies in verskillende mosstrukture. 
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Chapter 1: Starch – its metabolism and evolutionary 

development 

1.1 General introduction 

1.1.1 Starch 

Starch is a storage polysaccharide that occurs in most plants where it is stored in the form of granules. It is a 

polyglucan consisting of two fractions, namely amylose and amylopectin – the amylose fraction being 

composed of linear alpha-1,4-glucan chains, while amylopectin contains shorter alpha-1,4-glucan chains 

linked together by alpha-1,6-branch points. Amylose and amylopectin are arranged together in a semi-

crystalline structure to form insoluble starch granules. In most plants, the biosynthesis, storage and degradation 

of starch occurs within plastids, such as the chloroplasts of photosynthetic organs (e.g. leaves) or amyloplasts 

of non-photosynthetic organs (e.g. stems, tubers and seeds) (Zeeman et al., 2010; Streb and Zeeman, 2012; 

MacNeill et al., 2017). 

1.1.2 The importance of starch 

The study of starch is important for a number of reasons – not only is it a vital part of the human diet, it is also 

utilised in many non-food applications such as the paper, textile, oil and pharmaceutical industries. The amount 

of starch purified annually demonstrates its importance for industry – in the European Union alone during 

2016, nearly 11 million tons of starch were isolated for industrial use (www.starch.eu/the-european-starch-

industry/#figures). Early research on starch metabolism focused on understanding the mechanism of starch 

synthesis due to its significance as an industrial feedstock (Zeeman et al., 2010). More recently, research has 

shown the importance of starch in plant biomass accumulation (Sulpice et al., 2009) and how manipulation of 

its metabolism in leaves leads to an increase in plant yield (Gibson et al., 2011; Liu et al., 2016). Modifying 

starch metabolism has also been shown to influence abiotic stress tolerance in plants through various 

mechanisms, meaning that alterations in its metabolism could be used to produce plants that are more tolerant 

to abiotic stress (Thalmann and Santelia, 2017). The ingestion of starch is also implicated in human health, as 

it is quickly digested and can lead to a rapid spike in blood glucose which may lead to individuals developing 

insulin resistance. The incidence of this can be decreased by ingesting so-called ‘resistant’ starch as an 

alternative, which does not digest as quickly in the gut (Zhu et al., 2012) and has also been implicated in 

protecting against colorectal cancer (Nofrarias et al., 2007). 

1.1.3 Starch metabolism in higher plants 

The pathway of starch metabolism in higher plants has been studied for decades. Initially, research was aimed 

at mutations that lead to a visible change in seed morphology by affecting the starch content in storage organs. 

Recently, Arabidopsis thaliana (hereafter referred to as Arabidopsis) has become the workhorse plant for many 

starch researchers due to the plethora of insertion mutants that are readily available. It is important to note, 

however, that the predominant use of Arabidopsis as a model system has led to a narrow understanding of 

starch metabolism restricted to that of synthesis and degradation of leaf starch. There are ongoing attempts to 
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translate the knowledge gleaned from Arabidopsis into studies on the storage organs of crop plants (e.g. rice 

and maize endosperm, potato tubers) (Santelia and Zeeman, 2010; Lloyd and Kossmann, 2015; MacNeill et 

al., 2017). Finally, there has also been a significant effort to examine starch metabolism in one lower plant, the 

unicellular green algae Chlamydomonas reinhardtii (hereafter referred to as Chlamydomonas) (Ball and 

Morell, 2003), to aid in elucidating how starch metabolism evolved from unicellular organisms to multicellular 

vascular plants that form our main crops today. Interestingly, many of the steps appear to have been conserved 

during the evolution of vascular plants, although they are often catalysed by differing numbers of isoforms in 

multi-cellular plants compared with Chlamydomonas (Nougue et al., 2014). The following sections will 

elaborate on the pathways of starch synthesis and degradation in higher plants. 

1.1.3.1 Starch synthesis 

The pathway of starch synthesis begins with the biosynthesis of ADP-glucose by the enzyme ADP-glucose 

pyrophosphorylase (AGPase) (Figure 1) which, in plants, is present as a heterotetramer composed of two large 

and two small subunits. The action of AGPase has been described as catalysing a rate-limiting step in starch 

synthesis and the enzyme is allosterically regulated, being activated by 3-phosphoglyceric acid (3-PGA) and 

inhibited by phosphate (Ghosh and Preiss, 1966). Its subcellular localisation is also dependent on species and 

plant tissue – in leaves and tubers, plastidial AGPases occur in chloroplasts (Okita et al., 1979) or amyloplasts 

(Kim et al., 1989) respectively, while in cereal endosperm AGPases are mostly cytosolic (Denyer et al., 1996; 

Beckles et al., 2001). 

After the conversion of glucose-1-phosphate to ADP-glucose, the glucose moiety of this activated sugar is 

incorporated into linear α-1,4 linked chains by the action of starch synthases (SS; ADP-glucose:(1→4)-α-D-

glucan 4-α-D-glucosyltransferase; EC:2.4.1.21). In higher plants there are five classes of starch synthases 

designated GBSS (granule-bound starch synthase), SSI, SSII, SSIII and SSIV. The GBSS isoform is associated 

with the starch granule and is known to synthesize amylose. Mutants defective for GBSS have been found in 

a number of monocots (maize, rice, barley, wheat), dicots (potato, pea and amaranth) and green algae 

(Chlamydomonas), all of which show wild-type levels of starch with no production of amylose (Ono and 

Suzuki, 1957; Nelson and Rines, 1962; Murata et al., 1965; Konishi et al., 1985; Hovenkamp-Hermelink et 

al., 1987; Delrue et al., 1992; Denyer et al., 1995; Nakamura et al., 1995). 

The other (soluble) starch synthase isoforms are implicated in the production of amylopectin, each having 

different properties and performing distinct roles in starch synthesis. Their distribution within the granular or 

stromal fractions of the plastid also varies depending on species, tissue and developmental stage (Zeeman et 

al., 2010). Mutants and transgenic plants impaired in particular isoforms have shown that they are responsible 

for synthesising different amylopectin chain lengths – SSI synthesises very short chains (Commuri and 

Keeling, 2001; Nakamura, 2002), while SSII synthesises chains of intermediate length (Craig et al., 1998; 

Edwards et al., 1999b; Umemoto et al., 2002) and SSIII synthesises longer chains (Wang et al., 1993; Gao et 

al., 1998; Fulton et al., 2002). In Arabidopsis, class III and IV starch synthases are also implicated in the 

initiation of starch granules. Double mutants (ssIII-ssIV) lacking both isoforms are rendered incapable of 

producing starch, whereas triple mutants (ssI-ssII-ssIII and ssI-ssII-ssIV) demonstrate that the presence of 
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either SSIII or SSIV is sufficient in promoting granule initiation and starch synthesis, even in the absence of 

other soluble starch synthases (Szydlowski et al., 2009). The exact role of the different starch synthase isoforms 

are, however, likely to vary between species as, for example, SSI or SSIIIa have been demonstrated to be 

indispensable for initiation of starch synthesis in rice endosperm (Fujita et al., 2011). 

The α-1,6-branchpoints within amylopectin are formed by starch branching enzymes (SBEs; α-1,4-glucan: α-

1,4-glucan-6-glycosyltransferase; EC: 2.4.1.18) and occur concurrently with elongation of the glucan chains. 

Branching enzymes cut existing α-1,4-glucan chains and transfer the severed chain to an intact chain via an α-

1,6-link. There are two classes of branching enzymes in higher plants designated SBEI (or SBE B) and SBEII 

(or SBE A) which preferentially transfer longer and shorter glucan chains respectively (Guan and Preiss, 1993; 

Takeda et al., 1993; Burton et al., 1995). There appears to be a synergistic interaction between the two classes 

as they exhibit overlapping specificities and can, at least in part, complement each other. For example, while 

the loss of SBEI has almost no effect, loss of SBEII results in an increase in the amylose content of tuber starch 

and the combined downregulation of SBEI and SBEII lead to an extremely high amylose content in potato 

(Safford et al., 1998; Jobling et al., 1999; Schwall et al., 2000). There is also increasing evidence for the 

formation of protein complexes between starch synthase and branching enzymes in starch-storage organs. As 

they act on a common substrate, multimeric complexes of these enzymes could serve to synchronise their 

activities in order to produce the complex structures present in starch granules (Zeeman et al., 2010). Enzyme 

complexes containing SSI, SSIII and SBEII have been reported in maize as well as complexes consisting of 

SBEI and SBEII in wheat (Tetlow et al., 2004; Tetlow et al., 2008). 

Importantly, debranching enzymes (DBEs; α-1,6-glucanohydrolase) are required for the ordered structure 

within amylopectin as they cleave excess α-1,6 bonds. There are two types of DBEs in higher plants, namely 

isoamylase (ISA; EC: 3.2.1.68) and limit-dextrinase (LDA, or pullulanase; EC: 3.2.1.142). There are three 

classes of the ISA type – ISA1, ISA2 and ISA3. In dicotyledenous plants, ISA1 and ISA2 form a 

heteromultimeric protein complex (Hussain et al., 2003; Delatte et al., 2005; Wattebled et al., 2005), while in 

cereals ISA1 also exists as a homomultimer in addition to a heteromultimer with ISA2 (Utsumi and Nakamura, 

2006; Kubo et al., 2010; Lin et al., 2013). Cereal endosperms, Arabidopsis leaves, green algae and potato 

tubers lacking ISA1 exhibit severe alterations to glucan structure with a reduction in granular starch and 

accumulation of phytoglycogen instead (James et al., 1995; Mouille et al., 1996; Nakamura et al., 1997; 

Dauvillée et al., 2001b; Burton et al., 2002; Bustos et al., 2004; Delatte et al., 2005; Wattebled et al., 2005). 

Similarly, this effect on glucan structure has been noted in Arabidopsis and potato when ISA2 is deficient 

(Zeeman et al., 1998b; Bustos et al., 2004; Delatte et al., 2005; Wattebled et al., 2005). Phytoglycogen is a 

water-soluble glycogen-like polymer with more short chains and branchpoints than amylopectin and is 

incapable of self-organising into the higher-order structures observed within starch granules. This 

accumulation of phytoglycogen is thought to occur due to excess branchpoints being introduced by SBEs 

which are not removed by the ISA1/ISA2 complex and thus prevent granule formation. ISA3 and LDA mainly 

seem to be involved in starch degradation (discussed below). 

 

Stellenbosch University  https://scholar.sun.ac.za



4 

 

 

Figure 1. Overview of diurnal starch metabolism in chloroplasts. The pathway of starch synthesis is highlighted in 

black and that of starch degradation in grey. Starch synthases (GBSS, SSI, SSII, SSIII, SSIV) incorporate ADP-glucose 

into glucan chains, while SBEs introduce branch-points. Excess branches are cleaved by DBEs to allow self-organisation 

of amylose and amylopectin into starch granules. At night, the degradation of starch begins with solubilisation of the 

granule surface through reversible phosphorylation by GWD and PWD to allow subsequent attack by amylolytic enzymes 

(BAM, AMY, LDA/ISA3, DPE1) which produce maltose and glucose. Dephosphorylation by SEX4 and LSF2 is 

necessary to allow full degradation of glucan chains into soluble sugars. These sugars are then exported to the cytosol by 

transporters (MEX, pGlcT) where maltose is further converted to glucose by the action of DPE2. AGPase: ADP-glucose 

pyrophosphorylase, GBSS: granule-bound starch synthase, SS: starch synthase, SBE: starch-branching enzyme, DBE: 

debranching enzyme, ISA: isoamylase, GWD: glucan, water dikinase, PWD: phosphoglucan, water dikinase, BAM: β-

amylase, AMY: α-amylase, LDA: limit-dextrinase, SEX4: Starch Excess-4, LSF2: Like Sex Four-2 DPE: 

disproportionating enzyme, MEX: maltose excess transporter, pGlcT: plastidial glucose transporter. 
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1.1.3.2 Starch degradation 

Depending on the time of day and the plant organ, starch degradation will occur. In leaves, starch is 

accumulated during the day and degraded at night to provide a continued supply of carbon while the plant 

cannot photosynthesise. In seeds and tubers on the other hand, starch degradation may be delayed for several 

months and occurs only once energy is required for germination and growth of sprouts. The pathway of starch 

degradation is best understood in leaves and cereal endosperms, while knowledge about the pathway in tubers, 

roots and non-cereal seeds is limited. A brief explanation of the general pathway of starch degradation in leaves 

is outlined below, as well as some differences that occur in starch breakdown in endosperms. 

The first step in starch degradation is catalysed by glucan, water dikinase (GWD; ATP: α-1,4-glucan, water 

phosphotransferase; EC: 2.7.9.4) which phosphorylates the C6 position of glucosyl residues in amylopectin, 

followed by phosphorylation of the C3 position by phosphoglucan, water dikinase (PWD; ATP: phosphor-α-

1,4-glucan, water phosphotransferase; EC: 2.7.9.5) (Ritte et al., 2002; Ritte et al., 2006) (Figure 1). Loss of 

GWD in Arabidopsis (sex1), lotus, tomato and rice leads to a severe starch-excess phenotype in leaves (Yu et 

al., 2001; Nashilevitz et al., 2008; Vriet et al., 2010; Hirose et al., 2013), and additionally in potato leads to 

inhibition of cold-induced starch degradation in tubers (Lorberth et al., 1998). This phosphorylation serves to 

solubilise the surface of the starch granule and allow subsequent attack by amylolytic enzymes, primarily β-

amylase, α-amylase and isoamylase. 

A crucial step in starch degradation is the removal of phosphate groups incorporated by GWD and PWD by 

the action of two phosphatases, namely SEX4 and LIKE SEX FOUR-2 (LSF2) (Kotting et al., 2009; Santelia 

et al., 2011). Arabidopsis mutants lacking SEX4 show a decreased rate of starch degradation and an 

accompanying accumulation of these phosphorylated malto-oligosaccharides (MOSs) during the night 

(Zeeman et al., 1998a; Kotting et al., 2005; Niittylä et al., 2006) while potato plants repressed in either gene 

also demonstrate reduced rates of starch degradation (Samodien et al., 2018). Dephosphorylation by SEX4 and 

LSF2 is required to allow the action of BAMs, which are inhibited by phosphate groups close to the non-

reducing ends of glucan chains (Takeda and Hizukuri, 1981; Kotting et al., 2005).  

The combined activity of the amylolytic enzymes is responsible for the breakdown of starch into simple 

glucose and maltose units. Maltose is liberated from the non-reducing ends of exposed linear glucan chains by 

exo-acting β-amylases (BAMs; α-1,4-glucan malto-hydrolase; EC 3.2.1.2). In potato and Arabidopsis, research 

has shown that BAMs are essential for breakdown of transitory leaf starch as mutant plants with down-

regulated expression exhibit a starch-excess phenotype in their leaves, indicating an inability to degrade starch 

normally (Scheidig et al., 2002; Fulton et al., 2008). Higher plants have a multitude of genes coding for BAMs 

– in Arabidopsis there are a total of nine genes, which are suspected to have overlapping as well as specialised 

roles. Some have been found localised to the phloem (Wang et al., 1995) while others even act as transcription 

factors (Reinhold et al., 2011). As BAMs are incapable of cleaving branchpoints or shorter MOSs, the action 

of other enzymes is required to fully degrade starch. The α-1,6-branchpoints of amylopectin are hydrolysed by 

the action of DBEs (ISA3 and LDA), which release short linear MOS (Delatte et al., 2006; Zeeman et al., 

2007). The shorter MOS are further acted upon by disproportionating enzyme 1 (DPE1; α-1,4-glucan 4-α-
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glucanotransferase; EC: 2.4.1.25) which cleaves a maltosyl moiety and transfers it to another glucan, thereby 

generating glucose and a longer glucan that can again be degraded by BAM. In cereal endosperm, α-amylases 

(AMYs; 4-α-D-glucan glucanohydrolase; EC 3.2.1.1.) in the aleurone layer are essential for the breakdown of 

starch during seed germination. Anti-sense inhibition of AMYI-1 (an AMY1-type protein) in the endosperm 

of rice leads to delayed seedling germination and growth (Asatsuma et al., 2005). However, the role of AMYs 

in leaf starch degradation remains unclear and seems to differ between species. Of the three AMY types in 

Arabidopsis (AMY1, AMY2 and AMY3) only AMY3 is localised to the chloroplast and thought to be involved 

in transitory leaf starch degradation, whereas AMY1 and AMY2 are likely cytosolic (Stanley et al., 2002). 

Starch degradation in Arabidopsis mutants lacking only AMY3, as well as AMY1 and AMY2 respectively, 

remains unaffected (Yu et al., 2005). Simultaneous removal of AMY3 and ISA3 increases severity of the starch 

excess phenotype observed in isa3 mutants, indicating the contribution of AMY3 to normal starch degradation 

(Streb et al., 2012). In rice leaves, AMYI-1 was demonstrated to be chloroplastic and play a pivotal role in 

remobilisation of transitory starch (Asatsuma et al., 2005).  

After the breakdown of starch into maltose and glucose, these sugars are exported across the plastid membrane 

to the cytosol by glucose- or maltose-specific transporters (Weber et al., 2000; Niittylӓ et al., 2004). 

Arabidopsis mex1 mutants defective for the plastidial maltose transporter (MEX1) exhibit a severe retardation 

of growth in addition to accumulation of high levels of starch and maltose (Niittylӓ et al., 2004), indicating 

that maltose is the major product of starch breakdown exported from the chloroplast. Recent research has also 

demonstrated the importance of the plastidic glucose translocator (pGlcT) in the export of starch degradation 

products. While single mutants (pglct-1) showed no visible growth defects, double mutants (plgct-1/mex1) 

lacking both transporters exhibited a more severe growth defect than either single mutant, alongside reductions 

in starch turnover and photosynthetic activities and extreme chloroplast abnormalities (Cho et al., 2011). In 

the cytosol, maltose is acted upon by disproportionating enzyme 2 (DPE2) to synthesise glucose (Chia et al., 

2004). 

Glucose molecules in the cytosol become phosphorylated and can be used either for sucrose synthesis or enter 

glycolysis. Cytosolic glucose that originates from starch degradation products is produced by two separate 

routes. One of these involves the production of glucose in the plastid and its transport into the cytosol, while 

the other involves the production of maltose and its transport into the cytosol, followed by metabolism by 

DPE2. The maltose route appears to be the predominant one in Arabidopsis leaves as mutations in either DPE2 

(Chia et al., 2004) or the maltose transporter (Niittylӓ et al., 2004) have a much greater effect on starch 

degradation than mutations in DPE1 (Critchley et al., 2001) or pGlcT (Cho et al., 2011). 

The pathway of endosperm starch degradation occurs in a vastly different environment and thus shows some 

marked differences to that of leaf starch. The starch-degrading enzymes present in endosperm include α-

amylase, BAM, DBE (specifically LDA) and α-glucosidase (maltase; EC: 3.2.1.3). Here, α-amylase is 

generally accepted to play a central role in starch degradation while β-amylase seems to be partly redundant. 

This is demonstrated by the ability of some barley cultivars which almost completely lack BAM to still exhibit 

normal seedling growth (Kaneko et al., 2000). After the liberation of maltose and MOS by α-amylase, β-
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amylase and LDA, maltase is responsible for their conversion to glucose (Stanley et al., 2011). There is also 

evidence suggesting a synergistic interaction between maltase and α-amylase to directly liberate glucose from 

the surface of the starch granule (Sun and Henson, 1991). This is in stark contrast to leaf starch degradation, 

where maltose is exported to the cytosol and then hydrolysed by DPE2. 

1.1.4 Overview of the evolution of land plants 

Despite the advances made in understanding the pathway of starch biosynthesis in model plants such as 

Arabidopsis, there is much that remains unclear about starch metabolism in other plants. Understanding starch 

metabolism in lower plants such as mosses and algae is key in unravelling the evolutionary development of 

multicellular vascular plants from their once unicellular ancestor. Land plants (embryophytes) evolved from 

multicellular freshwater algae (presumably related to the charophytes) as a monophyletic sister group to green 

algae (chlorophytes) (Figure 2). 

 

Figure 2. Phylogenetic relationships between the major groups of extant plants. Estimated time of divergence during 

plant evolution is indicated in millions of years ago (Ma). Adapted from Pires and Dolan (2012). 

The earliest microfossil evidence for plants on land extends back to 470 million years ago (Ma), with spore 

and tissue fragments resembling that of extant liverworts (Wellman et al., 2003; Gensel, 2008; Rubinstein et 

al., 2010). The colonisation of land was facilitated by the progressive development of several key features 

subsisting in extant land plants. First, the last common ancestor of the bryophytes developed two distinct 

multicellular generations in its life cycle, namely gametophytes (haploid) and sporophytes (diploid). There is 
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evidence that development of the sporophyte generation was, in part, achieved by recruitment of genes and 

genetic mechanisms specific to gametophytes in ancestral plants into new regulatory roles in the sporophyte 

generation (see Pires and Dolan, 2012 and references within). 

Secondly, vascularisation and the development of leaf-structures occurred approximately 440 Ma in the last 

common ancestor of lycophytes and ferns, which allowed movement away from damp areas and colonisation 

of areas with more restricted access to water (Crane and Kenrick, 1997). The development of roots was also 

first observed in the lycophyte clade, although it is suggested that root development occurred at least twice, as 

evidence for root systems in other vascular plants is only found later (Gensel et al., 2001; Raven and Edwards, 

2001). Lastly, the evolution of seeds and flowers was likely the most critical development in land plants. The 

first seed plants appeared approximately 400 Ma, with the gymnosperms becoming the most dominant flora 

between 260 and 70 Ma (Willis and McElwain, 2002). This was followed by development of flowers in the 

angiosperms (approximately 150 – 200 Ma), that have dominated the world flora from 100 – 65 Ma until the 

present day (Willis and McElwain, 2002). 

1.1.5 Evolutionary development of starch metabolism 

It has been theorised that the development of plastids and the ability to synthesise starch arose from an 

endosymbiotic event between an ancestral cyanobacterium and a heterotrophic eukaryotic host (Moreira et al., 

2000; Rodríguez-Ezpeleta et al., 2005). This primary endosymbiotic event led to the generation of three 

lineages capable of oxygenic photosynthesis, namely Glaucophyta (freshwater unicellular algae), 

Rhodophyceae (red algae) and Chloroplastida (green algae and higher plants). These are collectively referred 

to as the Archaeplastida, and are marked by plastids harbouring only two membranes (Adl et al., 2005). A 

later, secondary endosymbiotic event gave rise to derived plastidial lines (e.g. brown algae, cryptophytes, 

haptyphytes, alveolates) containing plastids with more than two membranes (Keeling, 2009). 

It is evident that some gene transfer occurred between the host and endosymbiont after the primary 

endosymbiotic event, as the enzymes involved in starch metabolism show a clear phylogenetic relationship to 

enzymes of both eukaryotic and cyanobacterial origin (Patron and Keeling, 2005; Deschamps et al., 2008a). 

The bacterially-derived genes were first expressed in the plastid, and after incorporation into the host’s nuclear 

genome were expressed in the cytosol of the eukaryotic host as they lacked transit peptides. Here, they were 

thought to have resulted in the production of cytosolic starch (as is evident in members of the Rhodophyceae 

and Glaucophyta). This shift from cytosolic glycogen to starch production presumably took place as semi-

crystalline storage polyglucans provide a more permanent carbon sink than glycogen (Ball et al., 2011). The 

synthesis of a more starch-like polyglucan was also made possible by the addition of enzymes responsible for 

amylose synthesis (GBSS) and others responsible for the crystalline structure of starch from the cyanobacterial 

endosymbiont (Patron and Keeling, 2005). Indeed, upon loss of isoamylase activity (responsible for the 

crystalline nature of starch) a marine cyanobacterium capable of producing both glycogen and starch has been 

demonstrated to shift to a glycogen-dominant mechanism of carbohydrate storage (Cenci et al., 2013).   
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Table 1. The number of isoforms and types of starch metabolic enzymes present in rhodophytes (red algae; Chondrus crispus, Cyanidioschyzon merolae), chlorophytes (green 

algae; Ostreococcus tauri, Chlamydomonas reinhardtii), bryophytes (moss; Physcomitrella patens) and higher plants (Arabidopsis thaliana). The number of isoforms were 

obtained from Ball et al. (2015) and Stander (2015). GBSS - granule-bound starch synthase; DPE – disproportionating enzyme; GWD – glucan water dikinase; PWD – phosphoglucan 

water dikinase. 

Enzyme 

Rhodophytes  Chlorophytes Bryophytes  Higher plants 

C. merolae C. crispus O. tauri C. reinhardtii P. patens A. thaliana 

ADP-glucose pyrophosphorylase - - 3 5 9 6 

ADP-glucose starch synthase - - 5 7 11 5 

GBSS - - 1 2 2 1 

UDP-glucose starch synthase 1 1 - - - - 

Starch branching enzyme 1 1 2 3 3 3 

Limit dextrinase (pullulanase) 1 1 1 1 1 1 

Isoamylase 2 2 3 3 3 3 

α-amylase 1 - 3 3 7 3 

Starch phosphorylase 1 1 3 2 6 2 

DPE1 - - 1 1 3 1 

β-amylase 1 1 2 3 7 9 

DPE2 2 1 1 1 1 1 

GWD-PWD 1 1 3 2 5 2 

Glucan phosphatase 1 1 1 1 5 1 

Maltose transporter (MEX) - - 1 1 4 1 
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The divergence of the Chloroplastida is marked by a relocation of the starch metabolic pathway from the 

cytosol to the plastid as starch enzymes acquired transit peptides. During this period, a series of gene 

duplications accompanied by specialisation occurred (Deschamps et al., 2008c), explaining the high number 

of isoforms of starch metabolic enzymes present in the Chloroplastida as compared to the Rhodophyceae (see 

Table 1). To date, no plant has been identified that synthesizes starch in both compartments indicating that the 

formation of plastidial starch came alongside the loss of cytosolic starch in green algae and higher plants (Ball 

et al., 2011). There is a clear increase in complexity of the starch biosynthetic pathway from red algae to green 

algae, mosses and angiosperms. For example, red algae such as Chondrus crispus have only one starch 

synthase, whereas Chlamydomonas (green alga), Physcomitrella patens (moss) and Arabidopsis (angiosperm) 

have nine, thirteen, and six different starch synthase isoforms respectively (Table 1). Much like glycogen 

metabolism in eukaryotes and bacteria, the starch metabolic pathway in red algae is maintained by fewer than 

12 genes as only one isoform exists for each enzymatic reaction. In contrast, the biochemical pathway in 

Chloroplastida consists of a complex network of 30 – 40 polypeptides encoded by separate genes. 

This is an interesting observation, as the complexity of starch granule architecture was thought to be attributed 

to the complexity of the starch biosynthetic pathway. However, members of the Rhodophyceae are capable of 

accumulating complex starch granules with a metabolic pathway no more complex than that of glycogen 

metabolism. Also interesting to note is that all steps of the starch metabolic pathway are the same in 

Chloroplastida and Rhodophyceae, with the only notable difference being the absence of AGPase and an ADP-

glucose requiring starch synthase, and the presence of a UDP-glucose requiring starch synthase. 

1.2 Outline of this study 

This project consists of two parts/chapters, each of which considers a different aspect of starch metabolism in 

plants. The first experimental chapter (Chapter 2) focuses on a class of enzymes, namely starch synthases, 

which are involved in the production of starch. The second experimental chapter (Chapter 3) of this project 

forms part of a larger study which examines whether the pathway of starch metabolism observed in higher 

plants is conserved in the moss P. patens. 

  

Stellenbosch University  https://scholar.sun.ac.za



11 

 

Chapter 2: Heterologous expression and purification of a red 

algal starch synthase in E. coli 

2.1 Introduction 

2.1.1 Floridean starch structure and biosynthesis 

The red algae (Rhodophyceae) form a monophyletic clade which consists of several major classes. They differ 

from green plants as they produce what is called ‘floridean starch’, named after the class Florideophyceae from 

which it was originally isolated. Floridean starch has been an interesting focus point of research as: (1) it is 

synthesized and stored in the cytosol like animal, fungal and bacterial glycogen, rather than in plastids like 

green algae and higher plants; and (2) red algal starch synthase enzymes utilize UDP-glucose, the same 

substrate as for other non-plant eukaryotic glycogen synthesis, unlike bacterial and green plant starch synthases 

which utilize ADP-glucose. While some floridean starches may share structural and physico-chemical 

characteristics similar to those of starch from higher plants (Viola et al., 2001; Yu et al., 2002), they generally 

exhibit a shorter chain length, higher branching frequency and lower gelatinization temperatures (Yu et al., 

2002; Stadnichuk et al., 2007). 

Floridean starch was first thought to completely lack amylose and consist of a polymer that is more similar to 

amylopectin than glycogen (Peat et al., 1959; Meeuse et al., 1960; Manners and Wright, 1962; Manners and 

Sturgeon, 1982; Viola et al., 2001). Although this holds true for members of the Florideophyceae, later studies 

revealed the presence of amylose in species of the Rhodellophyceae, Bangiophyceae and Porphyridiophyceae 

classes which produce a semi-amylopectin type of glucan (Table 2) similar to that found in some cyanobacteria 

(McCracken and Cain, 1981; Nakamura et al., 2005; Shimonaga et al., 2006; Shimonaga et al., 2008). A gene 

encoding a GBSS-like enzyme, identified and isolated from Porphyridium purpureum (Porphyridiophyceae) 

(Shimonaga et al., 2006), shares high homology with higher plant GBSSI confirming the ability of some red 

algae to manufacture amylose. Like the Florideophyceae, members of the Cyanidiophyceae such as Cyanidium 

caldarium and Cyanidioschyzon merolae were also found to lack amylose and produce a glycogen-type 

polyglucan instead of amylopectin (Frederick, 1967; Shimonaga et al., 2008). 

The type of storage polyglucan produced is also in some cases dependent on environmental conditions. The 

unicellular red alga Galdieria maxima is an acidophile found in hot sulphuric springs where it is capable of 

switching between heterotrophic and autotrophic growth depending on environmental conditions. During 

autotrophic growth G. maxima produces only trace amounts of carbohydrate-like compounds which fail to 

resemble storage polysaccharides, with high quantities of starch-like granules only being produced under 

heterotrophic growth conditions (Stadnichuk et al., 2007). These polysaccharides chemically resemble starch 

although they appear to be closer in nature to cyanobacterial phytoglycogen than other typical floridean 

starches with regards to their degree of branching (Stadnichuk et al., 2007). 

Interestingly, the ability to synthesise amylose appears to be limited to later diverging lineages and absent in 

more primitive red algal species such as the Cyanidiophyceae and Florideophyceae classes (Table 2). This 
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could indicate that accumulation of a glycogen-type storage polyglucan was the ancestral state in the first red 

algae with the subsequent development of amylose synthesis by later acquirement of GBSS through lateral 

gene transfer in the Porphorydiophyceae. However, the presence of amylose in some cyanobacteria and GBSS 

in all Archaeplastida suggest rather that the first diverging red algae produced a semi-amylopectin starch 

containing amylose (Nakamura et al., 2005; Plancke et al., 2008; Shimonaga et al., 2008). This ancestral ability 

to synthesise cytosolic starch was later lost in Cyanidiophyceae and replaced by glycogen synthesis as a result 

of the hot acidic environments which members of this class inhabit. Evidence for this assumption is based on 

the average melting temperature of floridean starches which falls far below the optimal growth temperature of 

Cyanidiophyceae and would thus be selected against due to its instability at high temperatures (Shimonaga et 

al., 2008). While the melting temperature of floridean starches has been demonstrated to range between 36 - 

43°C (Shimonaga et al., 2008), the hot acidic environments these red algae reside in can reach up to 56°C 

(Brock, 1978; Gross and Oesterhelt, 1999). This view is further strengthened by the presence of GWD in the 

genome of C. merolae as a remnant of the starch degradation pathway and its absence in most bacteria and 

eukaryotes that are unrelated to plants (Matsuzaki et al., 2004; Shimonaga et al., 2008), although there are 

some exceptions as in the case of Toxoplasma gondii that acquired GWD through horizontal gene transfer 

(Coppin et al., 2005). Therefore, the common ancestor of all plants is thought to have produced starch-like 

structures, while the storage polyglucan produced by the first diverging red algal ancestor was more 

reminiscent of the semi-amylopectin and amylose-containing type starch present in extant Porphorydiophyceae 

like P. purpureum and P. sordidum. 

Table 2. Variations in the type of glucan observed in species of Rhodophyceae (red algae). Classes are arranged by 

estimated time of divergence from the last common ancestor in ascending order with Cyanidiophyceae representing the 

most primitive class based on Qiu et al. (2016) and Yang et al. (2016). 

Species Class Type of glucan Source 

Cyanidium caldarium Cyanidiophyceae Glycogen (Shimonaga et al., 2006) 

Galdieria sulphuraria Cyanidiophyceae Glycogen (Shimonaga et al., 2008) 

Galdieria maxima Cyanidiophyceae Glycogen (Stadnichuk et al., 2007) 

Cyanidioschyzon merolae Cyanidiophyceae Semi-amylopectin (Hirabaru et al., 2010) 

Gracilaria lemaneiformis Florideophyceae Semi-amylopectin (Yu et al., 2002) 

Gracilariopsis sp. Florideophyceae Semi-amylopectin (Yu et al., 2002) 

Gracilaria chilensis Florideophyceae Semi-amylopectin (Yu et al., 2002) 

Rhodosorus marinus Stylonematophyceae Semi-amylopectin, amylose (Shimonaga et al., 2008) 

Rhodella violaceae Rhodellaphyceae Semi-amylopectin, amylose (Shimonaga et al., 2008) 

Porphyridium purpureum Porphyridiophyceae Semi-amylopectin, amylose (Shimonaga et al., 2006) 

Porphyridium sordidum Porphyridiophyceae Semi-amylopectin, amylose (Shimonaga et al., 2008) 

 

The unusual subcellular localisation of floridean starch synthesis and storage to the cytosol raises the question 

as to whether its starch metabolism pathway resembles that found in plants or glycogen metabolism in bacteria, 
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fungi and animals. The majority of research examining starch metabolism in red algae has focused on the 

substrate used for chain elongation during starch synthesis. These have demonstrated the ability of starch 

synthases present in red algal extracts to incorporate both ADP-glucose and UDP-glucose under in vitro 

conditions (Frederick, 1967; Nagashima et al., 1971). Similarly in higher plants, the ability of GBSS to utilise 

both ADP-glucose and UDP-glucose in vitro has been demonstrated, although the use of UDP-glucose in vivo 

seems unlikely due to the lack of UDP-glucose pools in the plastid (Preiss, 1988; Kleczkowski, 1994). The 

starchless phenotype observed in AGPase mutants further supports the use of ADP-glucose as the sole substrate 

for plant starch synthesis in vivo (Lin et al., 1988; Zabawinski et al., 2001; Rösti et al., 2007). This was initially 

assumed to also be true for red algae and floridean starch synthesis. Partially purified starch synthase from the 

red alga Serraticardia maxima exhibited the highest activity for ADP-glucose (compared with UDP-glucose 

and GDP-glucose) in vitro (Nagashima et al., 1971). Likewise, crude extracts of P. purpureum showed 

incorporation of ADP[14C-glucose] into starch, although specificity for UDP[14C-glucose] was not tested 

(Sheath et al., 1979). Lower incorporation of UDP[14C-glucose] than ADP[14C-glucose] into glycogen was 

also reported for crude extracts from Gracilaria gracilis (Sesma and Iglesias, 1998). However, later research 

revealed that the starch synthase from Gracilaria tenuistipitata was highly sensitive and showed a 8.6 – 16.2 

fold higher incorporation of UDP[14C-glucose] as compared to ADP[14C-glucose] when protein was extracted 

under optimised conditions in the presence of antioxidants and protease inhibitors (Nyvall et al., 1999). Similar 

to higher plant starch synthases, the activity of the G. tenuistipitata UDP-glucose utilising starch synthase was 

also increased by the addition of citrate (Nyvall et al., 1999). Furthermore, starch synthases of G. tenuistipitata, 

Gracilaria sordida and Gracilariopsis lemaneiformis showed significantly higher activity for UDP-glucose as 

compared to ADP-glucose when assayed in the presence of citrate and excess glycogen (Nyvall, 2000). Based 

on these results, it was suggested that the low substrate specificity for UDP-glucose observed in previous 

studies (Nagashima et al., 1971; Sesma and Iglesias, 1998) was due to the selective loss of UDP-glucose 

utilising starch synthases under the protein extraction conditions employed. The G. tenuistipitata starch 

synthase was the first starch synthase known to be specific for UDP-glucose. It is assumed to be a soluble 

starch synthase as only low levels of activity could be detected in association with starch granules (Nyvall, 

2000). This corroborates the observation of a semi-amylopectin type starch lacking amylose in species closely 

related to G. tenuistipitata (Yu et al., 2002) as GBSS is embedded within the starch granule in green algae and 

higher plants. 

This information led to a revised view of floridean starch synthesis for two reasons. Firstly, it was thought to 

possibly proceed via two pathways, one taking place in the plastid using ADP-glucose and the other occurring 

in the cytosol utilising UDP-glucose (Viola et al., 2001). Although red algal starch synthases showed a much 

higher specificity for UDP-glucose and this accounted for majority of the floridean starch produced, there were 

still reported incidences of ADP-glucose incorporation (see above) coupled with the reported purification and 

characterisation of AGPase (the enzyme which catalyses production of ADP-glucose) in G. gracilis (Sesma 

and Iglesias, 1998). It was suggested that two separate enzymes are responsible for the different pathways 

(Nyvall et al., 1999; Viola et al., 2001). However, analysis of genome sequences from four red algae, namely 

C. merolae, G. sulphuraria, P. purpureum and Chondrus crispus (Matsuzaki et al., 2004; Bhattacharya et al., 

Stellenbosch University  https://scholar.sun.ac.za



14 

 

2013; Collén et al., 2013; Schonknecht et al., 2013) has revealed both the lack of AGPase and the presence of 

only a single starch synthase gene per red algal genome. Moreover, based on phylogenetic analyses these red 

algal starch synthases belong to the same glycosyltransferase family as synthases from derived plastidial lines 

such as the glaucophyte Cyanophora paradoxa, which has been demonstrated to synthesise cytosolic starch 

via a UDP-glucose based pathway (Plancke et al., 2008; Ball et al., 2015). Thus, it seems plausible that red 

algal starch synthases preferentially utilise UDP-glucose as substrate similarly to their derived sister lineages, 

and that the ADP-glucose utilising activity observed in early studies can be attributed to the non-specificity of 

the same enzyme as the red algal genomes harbour only a single starch synthase encoding gene. However, a 

detailed biochemical analysis of red algal starch synthases is lacking. 

The pathway of starch metabolism in red algae shares many similarities with that of green algae and higher 

plants, despite a number of key differences. Photosynthetic carbon assimilation takes place in the plastid 

(rhodoplast in red algae) and the photosynthetic products are exported to the cytosol via the triose-phosphate 

translocator (Linka et al., 2008). In the cytosol UDP-glucose is incorporated into glucan chains to form storage 

polysaccharides, which vary from glycogen to semi-amylopectin containing starch (with or without amylose) 

depending on the species of red algae. The pathway of floridean starch degradation appears to follow that of 

green algae and higher plants. From the sequenced genomes, it is clear that red algae (with the exception of 

the Cyanidiophyceae which produce glycogen) possess GWD or PWD and starch phosphatase (SEX4)-like 

genes. Based on sequence data, it appears that in some species like P. purpureum and C. merolae GWD activity 

is sufficient at solubilising the surface of starch granules as a gene encoding PWD is absent (Ball et al., 2015), 

however, in vivo studies have not yet been performed to corroborate this. It is interesting to note the presence 

of an α-1,4-glucan lyase (EC 4.2.2.13) in the rhodoplast of G. lemaneiformis as observed by 

immunogold/transmission electron microscopy (Yu and Pedersén, 1993). This enzyme cleaves 1,5-

anhydrofructose from α-1,4-linked glucan chains or MOSs, although its role in red algae remains unclear, as 

its compartmental separation from starch granules prompts questions surrounding the source of MOSs (Yu et 

al., 1993; Yu et al., 1995; Nyvall, 2000). 

To date, biochemical characterisation of the UDP-glucose starch synthase enzymes present in red algae is 

lacking – particularly in commercially important species such as C. crispus which is a rich source of 

carrageenan (commonly used as a thickener and stabiliser in food, printing and cosmetics). In addition to its 

importance to a number of industries, a large amount of knowledge and resources are available for C. crispus 

including its genome sequence (Collén et al., 2013), mitochondrial genome sequence (Leblanc et al., 1995), 

transcriptomic data (Collén et al., 2006; Collén et al., 2007), population ecology (Wang et al., 2008; Krueger-

Hadfield et al., 2011), stress metabolism (Collén and Davison, 1999), pathogen interactions (Bouarb et al., 

1999) and the effect of UV-radiation (Kräbs et al., 2004). Part of this project will involve attempting to 

biochemically characterise the starch synthase of this model species in order to shed light on the evolutionary 

development of starch metabolism.  
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2.1.2 Starch synthase structure 

All glycogen and starch synthases belong to the glycosyltransferase superfamily of enzymes (EC 2.4.x.y). 

More specifically, they are classified as retaining-type glycosyltransferases with a GT-B fold. Proteins with a 

GT-B fold consist of two similar Rossmann-like α-β-α domains which fold together to form a deep cleft 

containing an ADP-binding pocket (Coutinho et al., 2003). In this way, binding of the donor and acceptor 

molecules takes place simultaneously and the binding sites are brought in close proximity to form the active 

site where transfer of the glucosyl moiety from ADP- or UDP-glucose to existing glucan chains occurs (Bowles 

et al., 2005; Sheng et al., 2009). These crystal structures of the inactive ‘open’ conformation as well as the 

catalytically active ‘closed’ conformation upon binding of ADP-glucose have been observed in E. coli 

glycogen synthase (Sheng et al., 2009). 

Bacterial glycogen synthases share 30 – 36% protein sequence identity with plant starch synthases, and display 

similarities in overall structure and topology (Yep et al., 2004). They exhibit a highly conserved catalytic 

domain spanning a 60 kDa region which, in bacterial glycogen synthases comprise majority of the enzyme, 

while only forming part of plant and algal starch synthases at the C-terminus (Leterrier et al., 2008; Liu et al., 

2015). Predictions of structural relationships between the catalytic domains of plants (rice, barley, potato) have 

shown significant similarities to that of Agrobacterium tumefaciens and E. coli glycogen synthases 

(Buschiazzo et al., 2004; Sheng et al., 2009; Momma and Fujimoto, 2012; Cuesta-Seijo et al., 2013; Nazarian-

Firouzabadi and Visser, 2017). This catalytic domain consists of a glycosyltransferase 5 (GT5) and 1 (GT1) 

domain, the latter of which is common among enzymes belonging to the GT-B family and is, therefore, 

suspected to be involved in nucleotide binding (Nazarian-Firouzabadi and Visser, 2017). 

The N-terminal region of the GT5 domain contains a KXGGL motif which is highly conserved among different 

starch and glycogen synthases. It has been reported that this motif plays a direct role in substrate binding in 

the E. coli glycogen synthase as the lysine residue has been demonstrated to be a site of ADP/ADP-glucose 

binding, possibly through ionic interactions with the phosphate moiety (Furukawa et al., 1990; Furukawa et 

al., 1993). The two glycine residues have also been demonstrated to be critical for enzyme activity (Yep et al., 

2004; Yep et al., 2006). In bacterial glycogen synthases and most higher plant starch synthases the motif has 

a threonine amino acid at the second position (KTGGL) (Figure 3). There are some exceptions such as 

Arabidopsis SSIII and SSIV where there is an amino acid substitution to valine (KVGGL) and SSI from barley 

where the second amino acid is substituted to serine (KSGGL) (Figure 3). A KVGGL motif is conserved in 

SSIII of both monocots and dicots (rice, barley, sorghum, Brachypodium distachyon, wheat, Arabidopsis, 

soybean), where it has been suggested that the valine residue plays a role in the preference of SSIII to produce 

longer glucan chains than SSI or SSII (Mishra et al., 2017). The variable amino acid at the second residue may 

thus determine preference for glucan primers of specific lengths. Of these, threonine and serine share similar 

chemical properties as both are polar neutral amino acids, with valine being chemically distinct as it is a non-

polar aliphatic amino acid. These variations in amino acids (particularly those with different chemical 

properties) could contribute to differences in catalytic activity with regards to efficiency of substrate binding 

and preferential chain elongation between synthases.  
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A second KXGGL ‘look-alike’ motif is present towards the C-terminal of the GT5 domain, but this is less well 

conserved and shows differences in the first and second amino acid positions between different starch synthase 

isoforms in higher plants. For example, in SSI there is a variation to GTGGL, in SSII to AVGGL, in SSIII and 

SSIV to KTGGL, and in GBSSI to STGGL (Figure 3). The bacterial glycogen synthases also show a variation 

to RTGGL. The similarities between the KXGGL and the look-alike motif suggests that they may perform 

similar functions and both be implicated in the binding of ADP- or UDP-glucose (Edwards et al., 1999a). Other 

conserved residues and motifs are found in glycogen and starch synthases, some of which are thought to 

facilitate binding by stabilising the interaction between substrate and enzyme (Imparl-Radosevich et al., 1999; 

Buschiazzo et al., 2004; Yep et al., 2006), and others that serve to maintain stability of the domains upon 

formation of the three-dimensional protein structure (Wang et al., 2014). 

 

Figure 3. Conserved KXGGL (left) and KXGGL look-alike (right) motifs present in glycogen and starch synthases 

from bacteria (Escherichia coli and Agrobacterium tumefaciens) and plants (Arabidopsis thaliana, Oryza sativa, 

Hordeum vulgare and Solanum tuberosum). Amino acid sequences were obtained from the UniProtKB database and 

multiple sequence alignment was performed using Clustal Omega (Sievers et al., 2011). GBSS: granule-bound starch 

synthase, SS: starch synthase. 

All soluble starch synthases of higher plants display a variable extension or ‘arm’ towards their N-terminal 

which accounts for some of the discrepancies in molecular weight observed between the different isoforms 

(Nazarian-Firouzabadi and Visser, 2017). It appears that these N-terminal extensions may play a role in 

protein-protein interactions, localisation of the synthase to particular regions of the plastid, or aid in the binding 

of starch. The occurrence of multimeric protein complexes of starch metabolic enzymes has been reported in 

both maize and wheat. During specific stages of wheat endosperm development, the formation of complexes 

between starch synthases and starch branching enzymes have been observed through co-immunoprecipitation 

studies (Tetlow et al., 2008). Protein complexes consisting of SBEIIb, SBEI and starch phosphorylase have 

also been reported to occur in wheat (Tetlow et al., 2004). In addition to complexes between starch synthases 

and starch branching enzymes, complexes between different starch synthases isoforms (SSI and SSIII) were 

also detected in maize (Hennen-Bierwagen et al., 2008). These could be important in altering the in vivo 

functions of starch enzymes, particularly as their interaction seems dependent on different developmental 

stages. The localisation of Arabidopsis SSIV to specific parts of the thylakoid membrane has recently been 

demonstrated to be facilitated by its N-terminal extension which interacts with the fibrillin proteins of 

plastoglobules associated with thylakoids (Gámez-Arjona et al., 2014; Raynaud et al., 2016). Attaching to the 
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thylakoid membrane could be important for granule initiation and regulation of the number of starch granules, 

functions that are attributed to SSIV. The N-terminal extension of Arabidopsis and kidney bean SSIII also 

displays sequence similarity to that of carbohydrate binding molecules. By analysing truncated forms of SSIII, 

it was demonstrated that the N-terminal extension conferred a higher affinity for the glucan acceptor substrates 

amylose and amylopectin (Senoura et al., 2007; Valdez et al., 2008). The varying functions of these N-terminal 

extensions, therefore, appear to contribute to the specific activities of the different soluble starch synthase 

isoforms.  

GBSSI proteins all possess a highly conserved ~20 amino acid C-terminal extension which is likely involved 

in amylose synthesis. Truncated and chimeric forms of starch synthases constructed from potato GBSSI and 

SSII have provided valuable insight into the functions of such extensions. Many of the chimeric proteins were 

either inactive or only had low levels of activity, possibly due to misfolding, indicating that the shuffled parts 

failed to correctly interact with the remainder of the sequence (Edwards et al., 1999a). In the case of active 

chimeric and truncated proteins, there was no influence on catalytic activity upon removal of the N-terminal 

extension. It seems that only the catalytic domain (containing the KXGGL and KXGGL look-alike motifs) is 

responsible for activity, while the extension functions as a non-catalytic accessory. Even the specific activity 

of GBSSI can be attributed to the catalytic domain and the unique C-terminal extension present in this isoform. 

In addition to their various functions and localizations the starch synthase isoforms exhibit different 

biochemical properties. For instance in potato, GBSSI has a higher Km to ADP-glucose than soluble SS 

isoforms, meaning that amylose synthesis becomes reduced before amylopectin synthesis when ADP-glucose 

pools are depleted in the plastid (Edwards et al., 1999b). GBSSI displays a much lower affinity for the acceptor 

molecule amylopectin (Edwards et al., 1999a), but exhibits a higher affinity than SSII for the acceptor 

maltotriose (Denyer et al., 1999). This preference toward acceptor molecules is a reflection of the distinct roles 

that the different starch synthase isoforms play in elongation of glucan chains to a certain length (as mentioned 

previously).   

Starch synthases can be classified as either processive or distributive in their mode of action. Processive 

enzymes bind to the polyglucan acceptor molecule and remain bound after the addition of each new glucosyl 

residue, rapidly generating long chains. In contrast, distributive enzymes release the acceptor molecule upon 

addition of a glucsoyl residue, resulting in the elongation of many chains over a longer period of time. Few 

studies have examined the mode of action of starch synthases. One such study in pea revealed that SSII acts 

as a distributive synthase, while GBSSI displays a processive mode of action (Denyer et al., 1999). 

Interestingly, later experiments revealed that potato GBSSI was capable of shifting from a distributive mode 

(in the absence of amylopectin) to a processive mode of action with a much higher rate of reaction when 

amylopectin was present (Denyer et al., 1999; Edwards et al., 1999b). 

It is clear that, despite their overall similarity in sequence and structure, there are many differences between 

starch synthases with regards to specific activity, substrate affinity, mode of action and interactions with other 

molecules via N-terminal extensions. Access to the sequences of red algal starch synthases provides the 
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opportunity to analyse this enzyme by a number of methodologies. Experiments similar to that of Edwards et 

al., (1999a) which construct truncated and chimeric proteins from red algal and higher plant starch synthases 

could aid in identifying regions of the synthases that are essential for substrate specificity of either ADP- or 

UDP-glucose. In addition, it could enable engineering of a starch synthase with altered biochemical properties 

that could be useful for synthesising starch with improved industrial properties. 

2.2 Aim and objectives 

The aim of this chapter is to examine the function of a starch synthase from the red alga C. crispus. 

• Objective 1: The purification of recombinant protein with the same sequence as C. crispus starch 

synthase. 

• Objective 2. Examination of the kinetics of this red algal starch synthase through biochemical 

characterisation using enzyme-based activity assays. 

• Objective 3: The substrate specificity and domain functions of the red algal starch synthase will be 

examined by altering the peptide sequence using site-directed mutagenesis to target important 

residues. 
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2.3 Materials and Methods 

2.3.1 Microbial strains and vectors 

Table 3. Strains and vectors used during this study. 

Strain Genotype Source 

E. coli   

DH5α F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG 

purB20 φ80dlacZΔM15 Δ(lacZYA-argF)U169, hsdR17(rK
-

mK
+), λ- 

Thermo Fisher 

TOP10 F- mcrA Δ( mrr-hsdRMS-mcrBC) Φ80lacZΔM15 

ΔlacX74 recA1 araD139 Δ(araleu)-7697 galU galK rpsL 

(StrR) endA1 nupG 

Invitrogen 

BL21CodonPlus(DE3)-

RIPL 

B F– ompT hsdS(rB
–mB

–) dcm+ TetR gal λ(DE3) endA Hte 

(argU proL Camr) (argU ileY leuW Str/SpecR) 

Agilent 

Technologies 

BL21AI B F– ompT gal dcm lon hsdSB(rB
–mB

–) (malB+)K-12(λS) 

araB::T7RNAP-tetA 

Invitrogen 

BL21(DE3) ΔglgCAP1 B F– dcm ompT hsdS(rb
–mb

–) gal λ(DE3) ∆glgCAP::kan (Moran-Zorzano 

et al., 2007) 

Bacterial vectors: pRSET-A (Invitrogen), pG-KJE8 (Takara Bio Inc), pENTRTM/D-TOPO® (Invitrogen), 

pMDC32 and pMDC85 (Curtis and Grossniklaus, 2003). 

S. cerevisiae   

Δgsy22 MATa MAL2-8C SUC2 gsy2Δ ura3-52 (Farkas et al., 

1991) 

Yeast vector: YEpENO-BBH3 

 

2.3.2 Growth media 

Lysogeny Broth (LB) was prepared with 1.0% (w/v) peptone, 0.5% (w/v) yeast extract and 1.0% (w/v) NaCl. 

Antibiotics were prepared as 1000-fold stock solutions, filter-sterilised (0.2 µm) and added to cooled media 

just before use. Synthetic complete media lacking uracil (SC-ura) was prepared using 0.67% (w/v) yeast 

nitrogen base without amino acids (Sigma-Aldrich), 0.192% (w/v) yeast synthetic drop-out medium 

supplements without uracil (Sigma-Aldrich) and 2% (w/v) D-glucose. Yeast extract-peptone-dextrose (YPD) 

liquid media was prepared using 1% (w/v) yeast extract, 2% (w/v) peptone and 2% (w/v) D-glucose. YPD 

with sorbitol (YPDS) liquid media was prepared as YPD with the addition of 1 M D-sorbitol. Glucose was 

prepared as a 20% (w/v) stock solution, filter-sterilised (0.2 µm) and added to cooled solutions after 

                                                      

1 Kindly provided by Dr Christophe D’Hulst (Lille University, France). 
2 Obtained from the Institute for Wine Biotechnology (Department of Viticulture and Oenology, Stellenbosch University). 
3 Kindly provided by Prof Emile van Zyl (Department of Microbiology, Stellenbosch University). 
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autoclaving. The pH of SC-ura and YPD was adjusted to 6 using KOH. For solid media, 1.5% (w/v) 

bacteriological agar was added to LB and 2% (w/v) bacteriological agar to YPD or SC-ura media before 

autoclaving. 

2.3.3 Sequence analysis 

Multiple sequence alignments were performed using MEGA-X (Kumar et al., 2018). Protein size was predicted 

using ProtParam (Gasteiger et al., 2005).  

2.3.4 Gene synthesis 

The C. crispus starch synthase gene was synthesised by Epoch Life Science Inc (Texas, USA) based on the 

available NCBI reference protein sequence (XP_005718355) and optimised for expression in E. coli (see 

Appendix A: for the optimised nucleotide sequence).  

2.3.5 PCR amplification 

For screening purposes, reactions contained 1X Green GoTaq® Reaction Buffer (Promega), 1.25 U GoTaq® 

DNA Polymerase (Promega), 0.2 mM dNTP mix, 0.1 µM of each primer and 25–50 ng DNA in a 50 µL total 

reaction volume. For construct preparation Q5 High Fidelity DNA polymerase (New England Biolabs) was 

used. Each 50 µL reaction contained 1X Q5® Reaction Buffer (New England BioLabs), 1 U Q5® High-

Fidelity DNA Polymerase (New England BioLabs), 0.5 µM of each primer and 25–50 ng DNA. All 

oligonucleotides were synthesized by Inqaba Biotechnical Industries (Pty) Ltd. (Pretoria, South Africa). 

2.3.6 Plasmid isolation 

Unless otherwise stated, plasmid isolations were performed on 5 mL overnight E. coli cultures (LB containing 

the appropriate antibiotics, 37°C) using the Wizard® Plus SV Minipreps DNA Purification System (Promega). 

Plasmid isolation from 10 mL S. cerevisiae overnight cultures (YPD, 30°C) was preceded by a cell-disruption 

step which consisted of vigorous vortexing for 5 min after the addition of acid-washed glass beads (425–600 

µm diameter, Sigma-Aldrich).  

2.3.7 Restriction digests 

All restriction enzymes and buffers used were obtained from New England BioLabs. Digest reaction 

components, incubation time and heat inactivation steps were determined using the online NEBcloner® tool 

(v1.3.3, http://www.nebcloner.neb.com/#!/redigest). A 50 µL digest reaction contained 0.5–1 µg DNA, 1 X 

restriction buffer and 10 U of restriction enzyme. Reactions were incubated for a minimum of 2 hrs at the 

recommended temperature. Heat inactivation steps were performed at 65°C or 80°C for 20 min.  

2.3.8 DNA isolation from agarose gels 

Restriction digests, DNA and PCR products were electrophoresed on 1% (w/v) agarose gels containing 0.5 

µg/mL ethidium bromide at 100 V for 60–90 min. DNA was purified from agarose using the Wizard® SV Gel 

and PCR Clean-Up System (Promega). 
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2.3.9 Site-directed mutagenesis 

Primers were designed using the NEBaseChangerTM v1.2.7 (New England BioLabs®, 

https://nebasechanger.neb.com/) online design software. Site-directed mutagenesis (SDM) was performed 

using the Q5® Site-Directed Mutagenesis Kit (NEB) according to the manufacturer’s instructions.  

2.3.10 DNA sequencing 

Sequencing was performed by the Central Analytical Facility (CAF) at Stellenbosch University. 

2.3.11 Bacterial transformation 

Chemically-competent E. coli cells were prepared as described by Inoue et al. (1990) and transformed via a 

standard heat-shock method (Sambrook and Russel, 2001). Selection for transformants occurred overnight at 

37°C on LB containing the appropriate antibiotics.  

2.3.12 Recombinant protein synthesis 

Colonies harbouring plasmids designed for protein expression were grown in an overnight culture (5 mL LB 

containing the appropriate antibiotics, 37°C) before being used to inoculate 100 mL of LB (containing 

antibiotic reduced to half strength) and incubated (37°C) until the culture reached the desired OD600. Strains 

containing a vector without insert were used as a control. Protein expression was induced by the addition of 

IPTG (final concentration 0.5mM) or arabinose (final concentration 0.2% (w/v)) depending on bacterial strain. 

The culture was then placed at either 4, 25 or 37°C with shaking. Two millilitre aliquots of each culture were 

removed at 0, 4, 6 and 20 hours post induction and pelleted by centrifugation at 16 000 x g, 4°C for 5 min 

before being stored at -20°C until use. After 20 hours growth the remainder of the 100 mL culture was pelleted 

and stored. 

2.3.13 Yeast transformation and protein expression 

Electro-competent cells were prepared and transformed following a modified protocol by Becker and Lundblad 

(1994) and Cho et al (1999). A 5 mL overnight culture (YPD, 30°C) was pelleted by centrifuging at 1500 x g 

for 2 min. The pellet was washed twice with dH2O and then gently suspended in 640 µL of dH2O. After the 

addition of 80 µL of 10X TE buffer (100 mM Tris-HCl, 10 mM EDTA, pH 7.5) and 80 µL of 1 M LiAc (pH 

7.5), the cells were incubated at 30°C for 45 min with gentle agitation. Next, 20 µL of 1M DTT was added and 

the cells incubated at 30°C for a further 15 min. The cells were washed once with cold dH2O and once with 

cold Electroporation Buffer (1 M sorbitol, 20 mM HEPES), before being suspended in 250 µL Electroporation 

Buffer. Approximately 10 µg of linearised vector DNA and insert DNA was added to 50 µL of electro-

competent cells in a chilled 0.2 cm electroporation cuvette. The sample was pulsed (1.4 kV, 200 Ω, 25 µF) and 

1 mL YPDS was immediately added. The cells were placed back on ice for 5 min, before being incubated 

(30°C) for 1 hr. Transformants were selected on SC-ura agar plates (30°C, 2 – 3 days) and screened for the 

correct vector via PCR. Overnight cultures (5 mL SC-ura, 30°C) of confirmed transformants were used to 

inoculate 200 mL SC-ura and incubated (30°C with shaking, 16–18 hrs) to allow expression of the recombinant 
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protein. Cells were harvested by centrifugation (1 500 x g, 4°C, 5 min) and washed once with dH2O before 

being stored at -20°C until protein extraction. 

2.3.14 Protein extraction 

Protein was extracted from bacterial cultures under native conditions as described by the Purification of His-

tag Proteins: User Manual (Macherey-Nagel, 2014). Bacterial cell pellets were thawed on ice and suspended 

in 2 mL Lysis-Equilibration-Wash (LEW) Buffer (50 mM NaH2PO4, 300 mM NaCl, pH 8.0). The cells were 

lysed with 1 mg/mL lysozyme on ice for 30 min, and then sonicated on ice in 10 x 15 s bursts with a 15 s 

cooling period between each burst. The resulting crude lysate was centrifuged at 10 000 x g for 30 min to 

separate the cellular debris and insoluble protein fraction from the soluble protein fraction. The cleared 

supernatant (soluble protein fraction) was aliquoted to a clean tube and the remaining pellet (insoluble protein 

fraction) was suspended in 2 mL LEW Buffer. To isolate proteins from inclusion bodies under denaturing 

conditions, cell pellets were treated as before. After separation of the protein fractions the pellet was washed 

twice with LEW Buffer before being suspended in 2 mL Denaturing Solubilisation Buffer (50 mM NaH2PO4, 

300 mM NaCl, 8 M urea, pH 8.0) and stirred on ice for 1 hr to dissolve inclusion bodies. The sample was 

centrifuged at (10 000 x g, 30 min, 20°C) to remove cellular debris and the supernatant carefully transferred 

to a clean tube. 

Protein was extracted from S. cerevisiae cultures (SC-ura, 30°C, overnight) using a modified protocol from 

Dunn and Wobbe, (1993). Cell pellets were slowly thawed on ice and suspended in 3 mL glass bead disruption 

buffer (20 mM Tris-HCl pH 7.9, 10 mM MgCl2, 1 mM EDTA, 5% glycerol, 1 mM DTT, 0.3 M ammonium 

sulfate, 1 X Protease Inhibitor Cocktail (Sigma-Aldrich), 1 mM PMSF) before the addition of 80 µL of 

isoamylalcohol. Four volumes of chilled, acid-washed glass beads (425–600 µm diameter, Sigma-Aldrich) 

were added and the suspension was vortexed at maximum speed in 5 x 30 s bursts with 15 s cooling periods 

on ice between each burst. The supernatant was decanted and centrifuged (12 000 x g, 60 min, 4°C) to remove 

cellular debris. All protein samples were stored at 4°C until SDS-PAGE analysis that same day. 

2.3.15 Protein purification 

Recombinant his-tagged protein was purified from crude protein extracts using Protino® Ni-TED Packed 

Columns (Macherey-Nagel) according to the manufacturer’s instructions. The flow-through from the various 

protein fractions was collected in microfuge tubes and stored at 4°C until use for SDS-PAGE and native PAGE 

analysis. 

2.3.16 Refolding denatured protein 

A modified protocol of Lemercier et al. (2003) was followed for on-column refolding of recombinant protein. 

After immobilisation and washing of protein on a Protino® Ni-TED Packed Column (Macherey-Nagel) 

according to the manufacturer’s instructions, the column was sequentially washed with Denaturing 

Solubilisation Buffer (section 2.3.14) containing a decreasing concentration gradient of urea (6 M, 5 M, 4 M, 

3 M, 2 M, 1 M) with 5 mL of buffer per wash. This was followed by a final wash step using 5 mL LEW Buffer 

(section 2.3.14), and then elution of the protein using 2 mL Elution Buffer (50 mM NaH2PO4, 300 mM NaCl, 
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250 mM imidazole, pH 8.0). The different fractions of flow-through from the column were collected and stored 

at 4°C until further analysis. 

For protein refolding by step-wise dialysis, a protocol by Yang et al. (2011) was adapted. Large cell pellets 

(100 mL culture) were washed twice with Wash Buffer I (WBI: 20 mM Tris-HCl, pH8.0), suspended in 5 mL 

Lysis Buffer (50 mM Tris-HCl, 0.25 mg/mL lysozyme, pH 8.0) and sonicated on ice as before. The sample 

was centrifuged (30 000 x g, 4°C, 45 min) to pellet inclusion bodies and washed twice with Wash Buffer II 

(WBII: 50 mM Tris-HCl, 50 mM NaCl, 2% Triton X-100, 1.5 mM β-mercaptoethanol, 1.6 M urea, pH 8.0) 

and twice with WBI. The purified inclusion bodies were pelleted by centrifugation (30 000 x g, 4°C, 30 min) 

and dissolved in 5 mL Inclusion Body Solubilization Reagent (ThermoFisher) according to the manufacturer’s 

instructions. This protein extract was diluted 40-fold into 50 mM Tris-HCl (pH 8.0), 1 mM EDTA, 50 mM 

NaCl, 10 mM β-mercaptoethanol and centrifuged at 30 000 x g, 4°C for 45 min. The precipitated protein was 

suspended in 5 mL Extraction Buffer (50 mM Tris-HCl, 50 mM NaCl, 10 mM β-mercaptoethanol, 8 M urea, 

pH 8.0) and transferred to dialysis tubing (Sigma). The sample was dialysed at 4°C against a 40-fold volume 

of Dialysis Buffer (40 mM Tris-HCl, 150 mM NaCl, 1mM ZnCl2, 10 mM β-mercaptoethanol, 100 mM L-

arginine, pH 8.0), which was changed every 3 hrs and contained decreasing concentrations of urea (6 M, 4 M, 

2 M, 0 M). 

2.3.17 SDS- and native PAGE 

Protein samples were prepared for SDS-PAGE by the addition of 1 volume sample buffer (2X) (4% (w/v) 

SDS, 20% (w/v) glycerol, 120 mM Tris-HCl (pH 6.8), 0.02% (w/v) bromophenol blue) and heating at 95°C 

for 5 min, followed by centrifugation at 16 000 x g, 4°C for 10 min. All samples were electrophoresed on an 

8% (w/v) polyacrylamide gel at 120 V for 90 min. Gels were stained with Coomassie staining solution [(0.25% 

(w/v) Coomassie Brilliant Blue R-250, 45% (v/v) methanol, 10% (v/v) acetic acid) at 37°C for 2 hrs and 

destained overnight at room temperature in 45% (v/v) methanol, 10% (v/v) acetic acid]. 

For native PAGE, protein samples were prepared by the addition of 6X loading buffer (50% (v/v) glycerol, 

0.02% (w/v) bromophenol blue). Glycogen/starch synthase activity was assessed using discontinuous native 

PAGE on 8% (w/v) polyacrylamide gels containing either 0.1% (w/v) amylopectin or glycogen. After 

electrophoresis for 2 hrs at 4°C, the gel was incubated overnight at room temperature with gentle agitation in 

activity buffer (50 mM Tricine-NaOH, 0.5 M Na-citrate, 2 mM EDTA, 1 mM either ADP-glucose or UDP-

glucose, 2 mM DTT, pH 8.0). Activities were visualised through incubation in Lugol’s solution (10% (w/v) 

potassium iodide, 5% (w/v) iodine).  

2.3.18 Plate-based screening for glycogen accumulation 

A 5 µL aliquot of S. cerevisiae overnight culture was spotted onto solid SC-ura media. The resulting colonies 

were stained with iodine crystal vapour by inverting plates over iodine crystals for 1 min.   
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2.4 Results 

2.4.1 Sequence analysis 

The C. crispus starch synthase is predicted to have a molecular weight of 157.2 kDa (as determined by 

ProtParam) and lacks a chloroplast transit peptide (as determined by ChloroP). The protein sequence 

(XP_005718355) was aligned to those of other algal, bacterial and higher plant starch/glycogen synthases to 

examine similarities and differences between them (see Appendix C: for full alignment). The red algal starch 

synthases share many of the features present in green algae and higher plants, including the core catalytic 

domain containing the KXGGL and KXGGL look-alike motifs, as well as the N-terminal arm extension.  

The majority of the sequence similarity between the starch synthases lies in the catalytic domain although there 

is a noticeable variation in the KXGGL motif towards the N-terminus of the catalytic domain which, in the red 

algal species, shows an amino acid substitution to SIGGL (C. merolae) or TAGGL (C. crispus and G. 

sulphuraria) (Figure 4). Serine and threonine are hydroxylic amino acids while the second position is occupied 

by the aliphatic amino acids isoleucine or alanine. In the bacterial glycogen synthases and green plant starch 

synthases used in this study the motif is KTGGL, with the exception of Arabidopsis SSIII and SSIV and C. 

reinhardtii SS (KVGGL) (Figure 4). In this case, the basic lysine residue is conserved in the first position and 

the second position varies between a hydroxylic threonine and aliphatic valine amino acid. 

The KXGGL look-alike motif towards the C-terminal of the catalytic domain appears to harbour less 

conservation between species and more similarities within phylogenetic groups. In G. sulphuraria and C. 

merolae, the look-alike motif is similar to that of the bacterial glycogen synthases and C. reinhardtii soluble 

SS (RTGGL), while in C. crispus it resembles that of Arabidopsis SSIII and SSIV (KTGGL) (Figure 4). Both 

groups thus have a basic residue (arginine and lysine) followed by a hydroxylic residue (threonine). The 

Arabidopsis and C. reinhardtii GBSS both have a hydroxylic residue at the first position (STGGL) and 

Arabidopsis SSI has an aliphatic residue (GTGGL) (Figure 4). Arabidopsis SSII is the only protein that shows 

variation at the second position and has two aliphatic amino acid residues (AVGGL) (Figure 4). 

Some of the starch synthases, such as the C. reinhardtii GBSS exhibit C-terminal extensions (Figure 4). In the 

case of red algal starch synthases this extension demonstrates similarity to known glycogen binding domain 

sequences from the AMP-activated protein kinase β-subunit.  
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Figure 4. Multiple sequence alignment of the catalytic domain of glycogen and starch synthases from bacteria 

(Escherichia coli and Agrobacterium tumefaciens), red algae (Galdieria sulphuraria, Cyanidioschyzon merolae and 

Chondrus crispus), and higher plants (Arabidopsis thaliana). Colouring indicates percentage identity between 

sequences. The conserved KXGGL (A) and KXGGL look-alike (B) motifs and the glycogen binding domain (C) are 

outlined. GS: glycogen synthase, SS: starch synthase, GBSS: granule-bound starch synthase. 

B 

C 
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2.4.2  Construction of vectors 

A gene encoding an identical protein to the starch synthase from C crispus was synthesised to be optimal for 

expression in E. coli and ligated into the pRSET-A bacterial expression vector to produce the pRSET-A::CcSS 

construct. It was ligated in-frame downstream of a poly-histidine tag to allow for purification using affinity 

chromatography. 

The CcSS gene (including the N-terminal 5’-histidine-tag) was amplified from the pRSET-A::CcSS construct 

with primers that add a 27-30 bp region flanking either side of the gene and which is homologous to the 

promoter or terminator sequences present in the YEpENO-BBH yeast expression vector (Figure 5). This was 

carried out to allow for homologous recombination by the endogenous S. cerevisiae system during 

transformation. The YEpENO-BBH vector was linearised using EcoRI and XhoI (Figure 5), and both the 

linearised vector and PCR product was purified before being co-transformed into the S. cerevisiae Δgsy2 

mutant. Plasmid isolated from Δgsy2 colonies were screened for the presence of the CcSS gene using PCR 

with primers that bind within the gene (Figure 5). 

 

Figure 5. Construction of the YEpENO-BBH::CcSS vector and transformation into the S. cerevisiae Δgsy2 mutant. 

The linearised YEpENO-BBH vector and an amplicon of the CcSS gene and upstream histidine tag (his-CcSS) containing 

flanking regions of homology to the vector were co-transformed into S. cerevisiae and ligated through homologous 

recombination. Plasmid from the resulting colonies were screened for the presence of the insert (Δgsy2 YEpENO-

BBH::CcSS). 
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2.4.3 Site-directed mutagenesis 

A literature search was performed to find conserved residues or motifs within all known starch and glycogen 

synthases that are important for either activity or substrate specificity of the enzyme. The position of the 

corresponding conserved residues in the C. crispus SS were identified using the protein sequence alignment in 

Figure 4. Residues that were targeted for site-directed mutagenesis in the red algal starch synthase were 

identified and selected based on conserved residues found in other studies (Table 4). 

Table 4. Conserved residues or motifs in glycogen and starch synthases. The functions of residues in A. tumefaciens 

(Agt) and E. coli were determined in other studies (highlighted in bold), and the corresponding residues were identified 

in Arabidopsis (At) and three red algal species (G. sulphuraria, C. merolae and C. crispus) through multiple sequence 

alignment. 

AgtGS EcGS AtSSIII AtGBSS GsSS CmSS CcSS Function 

Glu376 Glu377 Glu936 Glu486 Glu1470 Glu1519 Glu1200 Essential for enzyme activity (Yep et al., 2004) 

 

Tyr354 

 

Tyr355 

 

Tyr914 

 

Phe464 

 

Thr1451 

 

His1500 

 

Thr1181 

Interacts with adenine ring of ADP-glucose 

(Buschiazzo et al., 2004; Yep et al., 2006) 

Lys15 

Thr16 

Lys15 

Thr16 

Lys608 

Val609 

Lys98 

Thr99 

Thr1096 

Ala1097 

Ser1146 

Ile1147 

Thr829 

Ala830 

KXGGL motif which interacts with ADP-

glucose and stabilises the substrate (Furukawa 

et al., 1990; Furukawa et al., 1993; Buschiazzo 

et al., 2004) 

 

In E. coli, a change of the Glu377 residue to a Cys377 residue is known to inactivate the enzyme (Yep et al., 

2004). The corresponding Glu1200 residue in CcSS was targeted and substituted to Cys1200 to generate an 

inactive mutant enzyme (E1200C) that could act as negative control during biochemical analyses. To examine 

possible sites of substrate specificity in the enzyme the conserved KXGGL motif was targeted. This motif is 

suspected to play a role in the catalytic mechanism by interacting with and stabilising binding of the sugar 

nucleotide substrate (ADP- or UDP-glucose) (Furukawa et al., 1990; Furukawa et al., 1993; Buschiazzo et al., 

2004). The first two residues of the KXGGL motif (or TAGGL in C. crispus) were mutagenized to Lys829 

and Thr830 respectively, to generate a mutant enzyme (TA829-30KT) that resembles the bacterial and green 

plant glycogen/starch synthases (KTGGL) which preferentially utilise ADP-glucose. In A. tumefaciens 

glycogen synthase the Tyr354 residue has been demonstrated to interact with the adenine ring of ADP-glucose 

(Buschiazzo et al., 2004). Furthermore, in all glycogen and starch synthases which preferentially utilise ADP-

glucose, this position is occupied by aromatic amino acids (Tyr or Phe) while promiscuous enzymes or UDP-

glucose specific enzymes show no particular trend (Buschiazzo et al., 2004). As none of the red algal starch 

synthases exhibit an aromatic amino acid at this position, the corresponding Thr1191 residue in CcSS was 

mutagenized to a Tyr residue (T1181Y) to further examine possible sites of substrate specificity. 

Back-to-back primers were designed to implement the necessary base pair changes and the pRSETA::CcSS 

construct was used as template DNA during PCR amplification. The template DNA was degraded, and the 

PCR product ligated to form the mutagenized vectors which were transformed into NEB 5-alpha competent 

cells. Plasmid was isolated from transformants and sequenced to confirm the appropriate base changes. 
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2.4.4 E. coli protein expression 

Several E. coli strains were used during this study. The BL21(DE3) ΔglgCAP strain (Moran-Zorzano et al., 

2007), which lacks the whole glycogen biosynthetic machinery, was used to avoid background glycogen 

synthase activity during starch synthase activity assays. The BL21CodonPlus(DE3)-RIPL strain was used to 

optimise protein expression as it contains extra copies of tRNA genes which aid in expression of recombinant 

proteins from AT- or GC-rich genomes. Lastly, the BL21AI strain was used to allow tighter regulation of 

protein expression through the ara operon, as opposed to the ‘leaky’ promoter of the lac operon (present in 

DE3 strains). Strains were transformed with the pRSET-A::CcSS construct and resulting colonies were 

screened for the correct vector using colony PCR (Figure 6). 

 

 

Figure 6. Screening of E. coli colonies for the presence of the C. crispus starch synthase gene. The pRSET-A::CcSS 

construct was transformed into three different E. coli strains (BL21(DE3)-ΔglgCAP, BL21CodonPlus(DE3)-RIPL and 

BL21AI). The resulting colonies were screened through PCR using primers that bind within the CcSS gene. The initial 

construct was used as positive control (+).   

 

Protein expression was first attempted with the BL21(DE3) ΔglgCAP strain at 37°C. A vector without insert 

(pRSET-A) was used as a negative control. After 2 hours of expression, no recombinant protein could be 

detected during SDS-PAGE analysis of the combined soluble and insoluble protein fractions (Figure 7). 

However, after allowing expression to continue overnight a protein similar in size to the predicted molecular 

weight of the CcSS (157.2 kDa) was observed, which was absent in the control. It was, however, only observed 

in the insoluble protein fraction. As insoluble protein indicates misfolding and subsequent aggregation in 
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bacterial inclusion bodies, the use of two other E. coli strains optimised for protein expression was 

implemented (BL21CodonPlus(DE3)-RIPL and BL21AI). Expression in these two strains showed a similar 

trend to the BL21(DE3) ΔglgCAP strain. In both cases, the recombinant protein was visible in the insoluble 

fraction after 2 hrs of expression, as well as after overnight expression, but was not observed to be present in 

the soluble fraction (Figure 7). Following this, the use of chaperone proteins was employed to aid in correct 

folding of the recombinant protein. Each of the three E. coli strains were co-transformed with the pRSET-

A::CcSS construct and the pG-KJE8 chaperone plasmid which expresses several chaperone proteins. The 

expression experiments were repeated but again, the recombinant protein accumulated in the insoluble fraction 

and no soluble protein was visible (results not shown). 

The expression conditions were then altered to attempt expression of the recombinant protein in the soluble 

fraction. Both the OD600 of the culture before induction and the temperature at which expression took place 

were lowered to promote slower bacterial growth and limit excessive protein production (San-Miguel et al., 

2013). The experiment was repeated using all three strains with induction occurring once cultures reached an 

OD600 of 0.6 (as before) while the induction temperature was adjusted to 4, 25 and 37°C respectively. Cultures 

of each strain that had reached an OD600 of 0.1 were also induced and incubated at the three different 

temperatures. However, none of the alterations yielded recombinant protein in the soluble fraction (results not 

shown).  
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Figure 7. Expression of recombinant CcSS protein in three E. coli strains: (A) BL21(DE3) ΔglgCAP, (B) 

BL21CodonPlus(DE3)-RIPL and (C) BL21AI. Strains carrying the pRSET-A::CcSS plasmid were grown in LB medium 

at 37°C and expression was induced at mid-log phase (OD600 0.6). The soluble (S) and insoluble (I) fractions of samples 

harvested 2 hrs post-induction as well as after overnight induction were resolved using SDS-PAGE. The recombinant 

protein was observed between 130 – 170 kDa only in the insoluble fraction of all strains.  
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2.4.5 Refolding of recombinant protein 

As expression of the C. crispus SS in E. coli resulted in insoluble protein that accumulated in inclusion bodies, 

the protein was extracted and refolding was attempted using two different methods to try and recover starch 

synthase activity. Protein was expressed in BL21(DE3)ΔglgCAP cells harbouring the pRSETA::CcSS 

construct (37°C, 20 hrs) and purified from inclusion bodies under denaturing conditions. 

For on-column refolding, the protein was bound to a his-tag specific column through affinity chromatography 

and washed to remove other proteins. The immobilised CcSS protein was then washed with decreasing 

concentrations of urea to allow on-column renaturation and subsequently eluted from the column. The flow-

through of the various fractions were collected and analysed using SDS-PAGE. The denatured CcSS is clearly 

visible in the crude protein extract prior to loading onto the column and is represented by a band at 

approximately 150 kDa in size (Figure 8). This band is absent in the empty vector control. The majority of the 

recombinant protein did not bind to the column and was eluted during the binding step, as a band appearing 

equal in intensity to that observed in the crude extract is visible in the flow-through. However, a faint band 

corresponding to the size of the CcSS protein is visible in the first elution step, indicating that some 

recombinant protein did bind to the column and was subjected to the urea wash. This protein elution was 

further analysed for starch synthase activity using native PAGE, but no activity could be detected (results not 

shown). 

 

 

Figure 8. On-column refolding of recombinant CcSS extracted under denaturing conditions. The E. coli 

BL21CodonPlus(DE3)-RIPL strain carrying the pRSET-A::CcSS plasmid was grown in LB medium at 37°C and 

expression was induced at mid-log phase (OD600 0.6). Protein was extracted after 20 hrs post-induction. The recombinant 

protein was immobilised on a his-tag specific column and washed sequentially with decreasing concentrations of urea 

and the different protein fractions were resolved through SDS-PAGE. Low levels of recombinant CcSS were detected in 

the first elution between 130 and 170 kDa in size. C: Crude extract, B: Binding, W1+2: Wash 1 and 2, E1+2+3: Elution 

1, 2 and 3. 

Renaturation of the recombinant protein was also attempted by dialysis of the denatured, purified protein 

against 100 000-fold of buffer containing decreasing concentrations of urea to allow for the slow removal of 
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denaturing agents over a period of 3 days. The presence of the CcSS protein before and after dialysis was 

confirmed through SDS-PAGE and enzyme activity was assessed using native PAGE. A band of 

approximately 150 kDa in size representing the recombinant protein was observed in the crude protein extract 

(before dialysis), as well as in the protein sample post-dialysis (Figure 9). No activity could be detected in 

either the pre- or post-dialysis protein samples (results not shown). As the protein sample seemed to precipitate 

and turn cloudy when the urea concentration decreased below 4 M, the experiment was repeated with the 

addition of arginine to the dialysis buffer to facilitate renaturation by increasing protein solubility (Tsumoto et 

al., 2004). The protein sample remained clear until reaching a urea concentration of around 2 M, after which 

protein precipitation occurred and the sample turned cloudy. Although the presence of arginine appeared to 

slightly improve protein solubility, no improvement in activity could be detected with native PAGE analysis 

of the protein sample after dialysis (results not shown). 

 

 

Figure 9. Refolding of recombinant CcSS extracted under denaturing conditions through step-wise dialysis. The 

E. coli BL21CodonPlus(DE3)-RIPL strain carrying the pRSET-A::CcSS plasmid was grown in LB medium at 37°C and 

expression was induced at mid-log phase (OD600 0.6). Protein was extracted after 20 hrs post-induction and dialysed 

against large volumes of buffer containing decreasing concentrations of urea. The extracted protein was resolved using 

SDS-PAGE before and after step-wise dialysis. C: crude extract, PD: post-dialysis. 

 

2.4.6 Yeast protein expression 

As recombinant protein expression in E. coli proved difficult, an alternative expression system was considered 

– Saccharomyces cerevisiae was used as it is a eukaryote harbouring the necessary post-translational 

modification machinery to ensure proper folding of the eukaryotic recombinant protein. The endogenous yeast 

glycogen synthase also utilises UDP-glucose as substrate, similar to what has been reported for red algal starch 

synthases. The S. cerevisiae Δgsy2 strain which lacks the major glycogen synthase isoform (GSY2) was used 
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for yeast recombinant protein expression to avoid background activity during enzymatic activity assays. The 

Δgsy2 strain carrying the episomal BBH:CcSS vector was spotted onto SC-ura agar and the resulting colonies 

were exposed to iodine vapour to examine glycogen accumulation due to recombinant starch synthase activity. 

There was no visible difference in polyglucan accumulation between cultures containing BBH:CcSS and the 

control, as both stained a similar yellow colour after exposure to iodine vapours (Figure 10). The colonies 

containing the expression vector appeared to be larger than the control, but this can be attributed to the 

discrepancy in cell density of the culture aliquots that were pipetted onto the growth media. 

 

 

Figure 10. Iodine staining of S. cerevisiae Δgsy2 mutant carrying the BBH::CcSS plasmid to show glycogen 

accumulation. Cultures containing a vector without insert were used as control. There was no increase in glycogen 

accumulation in colonies carrying the BBH::CcSS plasmid. 

 

The recombinant protein was then expressed in the S. cerevisiae Δgsy2 strain carrying the BBH::CcSS plasmid. 

Following protein extraction and purification using a his-tag specific column, the various fractions were 

resolved using SDS-PAGE and native PAGE. No recombinant protein was observed in either of the protein 

fractions (Figure 11). Although there appears to be a protein of the predicted size between 130 – 170 kDa in 

the first elution, a protein of corresponding size is also present in the vector without insert control. To ascertain 

whether there might be recombinant protein at a concentration too low to visualise, the crude extract as well 

as the eluted protein sample was analysed for starch synthase activity using native PAGE. Again, no starch 

synthase activity could be detected for the recombinant CcSS protein (Figure 12). The presence of staining in 

both the control and extracted protein samples incubated with UDP-glucose indicates that the activity is not 

due to the recombinant protein but can rather be attributed to the endogenous S. cerevisiae glycogen synthase 

isoform 1 (GSY1) (Figure 12).  
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Figure 11. Expression and purification of recombinant CcSS protein in yeast. The S. cerevisiae Δgsy2 strain carrying 

the BBH::CcSS plasmid was grown in SC-ura medium at 30°C for 20 hrs. The protein extract was purified using a his-

tag specific column and the various protein fractions were resolved using SDS-PAGE. No recombinant protein was 

detected. C: Crude extract, B: Binding, W1+2: Wash 1 and 2, E1+2+3: Elution 1, 2 and 3. 

 

 

Figure 12. Starch/glycogen synthase activity of protein extracts from yeast. Protein was extracted and purified from 

a culture of the S. cerevisiae Δgsy2 strain carrying the BBH:CcSS plasmid grown in SC-ura medium at 30°C for 20 hrs. 

The crude protein extract (C) and purified protein (P) were resolved using native-PAGE containing 0.1% (w/v) glycogen 

and incubated with 1 mM of either ADP- or UDP-glucose. Activity was only detected for the endogenous S. cerevisiae 

glycogen synthase (GSY1) incubated with UDP-glucose. 
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2.5 Discussion 

In contrast to starch synthesis and storage in green plants, floridean starch is synthesised and stored in the 

cytosol of red algae and red algal starch synthases have been reported to preferentially utilise UDP-glucose 

over ADP-glucose as substrate for starch synthesis (Nyvall et al., 1999; Nyvall, 2000; Viola et al., 2001; Yu 

et al., 2002; Shimonaga et al., 2006; Stadnichuk et al., 2007; Shimonaga et al., 2008; Hirabaru et al., 2010). 

Owing to the differences in compartmentalisation and substrate preference, the amino acid sequences of these 

enzymes were compared to attempt to identify essential regions that could explain these variations. Multiple 

sequence alignment of the C. crispus starch synthase with starch/glycogen synthases from bacteria, green 

plants and other red algae revealed, as expected, that the majority of the sequence similarity lies within the 

catalytic domain of these enzymes. The red algal starch synthases uniquely contained a glycogen binding 

domain present at the C-terminus (Figure 4), which shows sequence similarity to the glycogen binding domain 

of the AMP-activated protein kinase β-subunit. When a metabolic stress in the form of low ATP levels is 

sensed, this kinase regulates the energy balance in the cell by activating processes which generate ATP and 

repressing those that consume it. The glycogen binding domain allows the kinase to sense energy reserves in 

the form of glycogen which, if available, inhibits the catalytic activity of the kinase (McBride et al., 2009). 

The reason for the presence of a glycogen binding domain in the red algal starch synthase is, however, unclear. 

It is possible that regulatory mechanisms for starch synthesis exist in red algae that are not present in higher 

plants, such that starch synthesis is suppressed when the glycogen binding domain senses the presence of high 

levels of accumulated starch. Alternatively, the glycogen binding domain could aid in binding of the starch 

synthase to starch that is being synthesized in the cytosol, thereby facilitating elongation of the glucan chains.   

To facilitate isolation and biochemical characterisation of a red algal starch synthase, a synthesised gene 

encoding a protein identical to the C. crispus starch synthase was expressed in E. coli. However, expression 

and purification of the recombinant C. crispus starch synthase proved difficult as the synthase accumulated as 

insoluble protein in bacterial inclusion bodies. Several strategies were implemented to attempt to remedy this 

and express active recombinant protein in the soluble fraction. Firstly, two alternative E. coli protein expression 

strains were employed without any shift from insoluble to soluble protein production (Figure 7). Secondly, 

strains were co-transformed with a plasmid expressing several chaperone proteins to aid in correct folding of 

the recombinant protein. The chaperone plasmid contained copies of the dnaK, dnaJ, grpE, groES and groEL 

genes as their protein products are known to work synergistically and simultaneous expression of the DnaK-

DnaJ-GrpE and Gro-EL-GroES chaperone teams has been demonstrated to be effective in recovery of correctly 

folded and soluble recombinant Cryj2 protein (a Japanese cedar pollen allergen) in E. coli (Nishihara et al., 

1998). Although expression of the chaperone proteins could be observed during visualisation of the protein 

fractions, no soluble recombinant protein could be detected. 

Thirdly, the expression conditions were optimised with regards to temperature, duration of expression and the 

initial culture density before induction of expression. In previous studies, high yields of recombinant P5βR2 

(progesterone 5β-reductase) have been obtained by inducing expression in E. coli during early-log phase and 

maintaining expression at a low temperature (4°C) for 48 – 72 hrs (San-Miguel et al., 2013). However, 
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replicating these experimental conditions with E. coli expressing the C. crispus starch synthase failed to 

produce any soluble protein (Figure 7). 

Fourthly, recovery of active recombinant C. crispus starch synthase was attempted by purification of the 

protein under denaturing conditions and subsequent refolding using two methods that have proved effective 

for other recombinant proteins, namely on-column refolding (Lemercier et al., 2003) and step-wise dialysis 

(Yang et al., 2011). The principle behind these methods is that the addition of a high concentration of a strong 

denaturant (e.g. urea or guanidinium chloride) and reducing agents (e.g. dithiothreitol or 2-mercaptoethanol) 

during protein extraction will denature the protein by removing undesirable interactions and disulphide bonds 

(Yamaguchi and Miyazaki, 2014). If followed by the gradual removal of the denaturing agent, it will allow for 

refolding of the recombinant protein into its native three-dimensional structure. The more rapid on-column 

refolding method involves immobilisation of the recombinant protein on a column and sequential washing of 

the column before elution of the protein. The C. crispus starch synthase successfully bound to the column and 

remained bound during the urea wash steps (Figure 8), but the eluted protein did not display any 

starch/glycogen synthase activity during native PAGE analysis (Figure 9). Similarly, renaturation of the C. 

crispus starch synthase through slow step-wise dialysis (Figure 9) over a period of three days was not 

successful in producing active protein. Even the addition of arginine to aid in stabilisation during refolding 

and prevent aggregation and precipitation (Tsumoto et al., 2004) of the recombinant protein did not result in 

the recovery of active protein. 

Finally, as the C. crispus starch synthase is of eukaryotic origin, a eukaryotic yeast expression system was 

implemented as opposed to the prokaryotic E. coli bacterial system. S. cerevisiae was selected as it harbours 

the necessary eukaryotic post-translational modification machinery required for folding of some eukaryotic 

proteins into their native structures, and the endogenous S. cerevisiae glycogen synthases (GSY1 and GSY2) 

utilise UDP-glucose as substrate (Farkas et al., 1991). As a S. cerevisiae double mutant lacking both glycogen 

synthase genes could not be procured, the Δgsy2 mutant lacking activity of the major isoform was used for 

expression studies. Even though no recombinant C. crispus protein could be observed following expression in 

S. cerevisiae Δgsy2 (Figure 11), the protein extract was still analysed for starch/glycogen synthase activity. 

However, no activity could be detected for the recombinant starch synthase (Figure 12) and yeast colonies 

carrying the vector did not show an increase in glycogen accumulation as compared to wild type (Figure 10). 

As E. coli expression during this study resulted only in the production of insoluble recombinant protein, further 

optimisation of bacterial expression can be conducted to attempt production of soluble protein and thus 

circumvent the need for the time-consuming process of protein refolding or the use of an alternative expression 

system like S. cerevisiae which has a much lower protein yield. One course of action is to express the C. 

crispus starch synthase under the control of a weaker promoter, such as the T5 promoter. The T7 promoter 

used during this study is designed for overexpression which can result in protein accumulation to a level that 

is toxic to the bacterial cells and leads to protein aggregation in inclusion bodies (Cabrita and Bottomley, 

2004). Alternately, a different protein tag for purification could be implemented as some tags might interfere 

with protein folding and solubility. The glutathione-S-transferase (GST)-fusion tag has a dual function as an 
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affinity tag to simplify protein purification as well as aiding in solubilisation of the protein (Esposito and 

Chatterjee, 2006), and as such could rescue solubility of the recombinant protein. Another possibility is to 

construct a truncated form of the C. crispus starch synthase which includes only the catalytic domain and 

removes the N-terminal extension as well as the C-terminal glycogen binding domain (Figure 4). These 

extensions have previously been demonstrated to be nonessential for catalytic activity in potato GBSSI and 

SSII and the core catalytic domains alone displayed near wild type levels of activity (Edwards et al., 1999a). 

By expressing the catalytic domain (466 aa) of the C. crispus protein without its N-terminal (817 aa) or C-

terminal (127 aa) extensions the solubility of the protein could be improved and enable rudimentary 

biochemical characterisation. In addition to isolation of the catalytic domain, future experiments which involve 

construction of truncated and chimeric forms of the C. crispus starch synthase and other green plant starch 

synthases could be performed. Such experiments have been performed previously using potato GBSSI and 

SSII, which analysed the function of the different domains in determining catalytic properties, thermo-

sensitivity, specific activity or product specificity (Edwards et al., 1999a). Replicating this experiment with a 

red algal and higher plant starch synthase could aid in identifying regions important for the reported difference 

in substrate preference between the two groups of enzymes. 

The absence of starch synthase activity in the case of refolded E. coli-expressed protein can be attributed to 

incorrect folding of the recombinant protein. The presence of disulfide bonds in the native protein structure 

could present a hurdle during refolding as the reducing agents (dithiothreitol or 2-mercaptoethanol) present in 

the refolding buffer interfere with interactions between cysteine residues. As the three-dimensional structure 

of the C. crispus starch synthase has not been solved, it is difficult to determine whether such disulfide bonds 

are present and required for formation of active protein. Prediction software that calculate the probability of 

disulfide bond formation between cysteine residues in the C. crispus amino acid sequence display conflicting 

results. While DiANNA (v1.1, Ferre and Clote, 2005a; Ferre and Clote, 2005b; Ferre and Clote, 2006) predicts 

a total of 9 disulfide bonds in the C. crispus protein, DISULFIND (Ceroni et al., 2006) predicts that none of 

the cysteine residues form disulfide bonds with confidence intervals ranging between 7-9 (where 0 = low and 

9 = high). Therefore, it is unclear whether the inability to form disulfide bridges is a factor that contributes to 

inactivity of the refolded protein. However, a number of granule-bound and soluble starch synthases from 

higher plants have been successfully expressed in E. coli, including those from potato, rice, maize and kidney 

bean (Edwards et al., 1995; Knight et al., 1998; Cao et al., 1999; Edwards et al., 1999a; Senoura et al., 2004; 

Fujita et al., 2008), thereby indicating that recombinant expression of these starch synthases is possible. 

During refolding, the protein often takes on an intermediate structure from where it can assume the active 

three-dimensional structure or misfold and aggregate into inclusion bodies (Cabrita and Bottomley, 2004). 

Some of the variables that influence which pathway of folding is followed include the concentration of the 

target protein and components of the refolding buffer, such as pH, redox conditions, ionic strength and the 

presence of additives. Thus, the process of protein refolding is often time-consuming and difficult to optimise 

due to the vast number of variables that can dictate success and refolding conditions that are favourable to a 

particular protein are not necessarily transferable to another. Protein refolding kits, such as the QuickFoldTM 
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(AthenaES®) or PierceTM (Thermo ScientificTM) kits, are commercially available and aid in streamlining the 

optimisation process by including a variety of buffer conditions which enable rapid determination of the 

optimal buffer for the particular protein. Although costly, one of these commercial kits may prove useful as an 

initial diagnostic tool to determine the requirements of the C. crispus starch synthase for successful refolding.  

The lack of activity observed in recombinant protein produced by both the E. coli and S. cerevisiae expression 

systems in this study can also be explained by a lack of knowledge surrounding the substrate and primer 

requirements of red algal starch synthases. For example, the endogenous S. cerevisiae glycogen synthases, 

similar to other eukaryotic glycogen synthase enzymes, are activated in the presence of glucose-6-phosphate 

(Farkas et al., 1991; Roach, 2002). The activity of some plant starch synthases are also stimulated in the 

presence of citrate (Boyer and Preiss, 1979; Cao et al., 1999; Nakamura et al., 2014), while others require the 

presence of polyglucan primers in the form of amylopectin, glycogen or cluster dextrin to initiate starch 

synthesis (Fujita et al., 2006; Nakamura et al., 2014; Hayashi et al., 2018). Analogous to higher plant starch 

synthases, previous biochemical studies involving crude protein extracts from red algae demonstrated that the 

incorporation of UDP-glucose, but not ADP-glucose, into glucan chains was stimulated by citrate and excess 

glycogen (Nagashima et al., 1971; Sesma and Iglesias, 1998; Nyvall et al., 1999; Nyvall, 2000). There is also 

uncertainty surrounding the substrate preference of red algal starch synthases between ADP- and UDP-glucose 

(Viola et al., 2001). As the C. crispus starch synthase in this study was assayed for activity in the presence and 

absence of citrate, glycogen/amylopectin, glucose-6-phosphate, and both UDP- or ADP-glucose, it is possible 

that red algal starch synthases have additional requirements that are currently poorly understood. 

In this study, site-directed mutagenesis was performed on the C. crispus starch synthase to aid in elucidating 

important residues that play a role in the specificity for ADP- or UDP-glucose in glycogen/starch synthases. 

An enzyme mutated to be inactive was generated to serve as a negative control during biochemical analysis 

through substitution of Glu1200 with a Cys residue (E1200C). This Glu residue is fully conserved in all 

glycogen and starch synthases studied to date and is reported to be essential for enzyme activity (Yep et al., 

2004). In E. coli, substitution of the corresponding residue with a Cys residue has been demonstrated to abolish 

glycogen synthase activity (Yep et al., 2004). Further, the conserved KXGGL motif, which has been implicated 

in interacting with and stabilising binding of the substrate ADP-glucose in both E. coli and A. tumefaciens 

glycogen synthases (Furukawa et al., 1990; Furukawa et al., 1993; Buschiazzo et al., 2004), was targeted for 

site-directed mutagenesis. In the glycogen and starch synthases analysed during this study, the first two 

residues of this motif vary while the ‘GGL’ pattern is conserved. In bacterial and green plant synthases, the 

first two residues are occupied by lysine and threonine/valine (KTGGL or KVGGL) (Figure 4). However, in 

the red algal starch synthases the first and second positions are occupied by hydroxylic and aliphatic amino 

acids respectively, and the motif reads TAGGL (C. crispus and G. sulphuraria) or SIGGL (C. merolae). Due 

to the differences in properties of the motif residues between red algal and bacterial/green plant synthases, the 

Thr829 and Ala830 residues of the C. crispus starch synthase were substituted to Lys829 and Thr830 

respectively (TA829-30KT). These residues were mutagenized to resemble the ADP-glucose utilising enzymes 

in order to determine whether this would result in a change in substrate preference of the enzyme. In addition, 
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the Tyr354 (Agrobacterium tumefaciens) and Tyr355 residues (Escherichia coli) of bacterial glycogen 

synthases have been reported to have interactions with the adenine ring of ADP-glucose (Buschiazzo et al., 

2004; Yep et al., 2006), and were subsequently targeted for site-directed mutagenesis. In the case of E. coli 

glycogen synthase, the substitution of tyrosine to alanine, leucine or methionine results in a 31 – 33-fold 

decrease of the apparent affinity for ADP-glucose as substrate (Yep et al., 2006). In addition, substitution with 

phenylalanine, tryptophan and histidine only slightly lowers the apparent affinity for ADP-glucose (1.6 – 6-

fold respectively). Despite the decrease in affinity, both the wild type and all mutant enzymes significantly 

preferred ADP-glucose to GDP-, UDP- and CDP-glucose, with the latter two purine sugars being utilised the 

least efficiently (Yep et al., 2006). Although substitution of this tyrosine residue evidently alters the affinity 

for ADP-glucose, it does not completely reverse its specificity for this sugar nucleotide. In Arabidopsis starch 

synthases, all of which also preferentially utilise ADP-glucose, the corresponding position is occupied by either 

phenylalanine (GBSS, SSI and SSII) or tyrosine (SSIII and SSIV) (Figure 4, Table 4). These residues correlate 

with the tyrosine residue present in wild type bacterial glycogen synthases, as well as the almost negligible 

decrease in ADP-glucose apparent affinity observed upon substitution to phenylalanine. In the red algal 

species, which are predicted to utilise UDP-glucose based on sequence data and early biochemical studies, the 

position is occupied by threonine (G. sulphuraria and C. crispus) or histidine (C. merolae) (Figure 4, Table 

4). While the effect of substitution to His was studied in E. coli, the consequence of a change to threonine such 

as in the case of the red algal starch synthases remains to be examined. Thus, the Thr1181 residue of the C. 

crispus starch synthase was mutagenized to a tyrosine residue to generate a mutant enzyme (T1181Y) that 

resembles the green plant starch synthase sequences. Although this residue is suspected to play a role in the 

recognition of the adenine ring of ADP-glucose, it is possible that the amino acid itself is irrelevant and the 

specificity rather lies in the structure of the substrate binding pocket formed in the closed conformation of the 

enzyme. Due to time constraints and an inability to produce active, soluble wild type C. crispus starch synthase, 

the effect of the mutagenized residues could not be determined. However, vectors that express a range of C. 

crispus starch synthase mutant enzymes with possible altered properties were developed for future use. 

The reported preference of red algal starch synthases for UDP-glucose as substrate presents the opportunity to 

use this protein as a biotechnological tool in increasing starch synthesis and thereby plant growth in green 

plants, particularly crop plants. Transitory starch is synthesized in the leaves of plants during the day as a 

product of photosynthesis and degraded at night to allow continued carbon allocation for growth and cellular 

processes. It is also produced and stored for longer periods of time in non-photosynthetic organs such as stems, 

tubers and seeds. Starch has been demonstrated to have a major influence on plant growth, as mutant plants 

where starch is lacking grow less well than control plants because they are unable to sustain growth during the 

dark period and exhibit symptoms of carbon starvation (Stitt and Zeeman, 2012). Green plant starch synthases 

utilise ADP-glucose as substrate, and a lesser ability to use UDP-glucose in vitro has been reported for GBSS 

although the use of UDP-glucose in vivo is unlikely due in part to the lack of high UDP-glucose levels within 

plastids. The cytosol is, however, rich in UDP-glucose. By expressing the cytosolic UDP-glucose C. crispus 

starch synthase in a higher plant, a second carbon pool could be synthesized and possibly increase starch 

accumulation during the light period and mobilisation thereof during the dark. This alternative of starch pool 
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could, therefore, positively influence plant growth by buffering a plant against lack of carbon during cloudy 

weather. If transferred to the dibble parts of crop plants such as potato, it has the potential to improve food 

security by improving plant yield through increasing starch amounts which are often one of the major sinks 

within storage organs. Furthermore, if the synthesized starch has a high amylose content, it would possess 

health benefits for human consumption as recalcitrant starch would be digested over a longer period of time, 

thereby preventing rapid blood glucose spikes which may lead to the development of insulin resistance and 

other associated diseases (Nofrarias et al., 2007; Zhu et al., 2012). 
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Chapter 3: Analysis of P. patens maltose excess transporters 

and their role in starch metabolism 

3.1 Introduction 

3.1.1 Physcomitrella as a model system 

During the last several years, the moss Physcomitrella patens (hereafter referred to as Physcomitrella) has 

emerged as an attractive model system to examine aspects surrounding the cell, developmental and 

evolutionary biology of plants. Its value as a model organism lies within its simple growth requirements and 

propagation, short life cycle, potential for targeted gene manipulation, and conservation of molecular pathways 

present in higher plants. Physcomitrella is capable of completing its entire life cycle within the span of only 

two months while growing in vitro on a minimal medium consisting of sterile sand, soil or agar containing 

simple salts (Wettstein, 1924; Engel, 1968; Nakosteen and Hughes, 1978). Its lifecycle also features two 

generations, namely a diploid sporophyte phase and a haploid gametophyte stage, the latter of which is the 

dominant life stage (Wettstein, 1924; Rensing et al., 2008). This provides the potential to examine the 

manifestation of recessive traits in a visible phenotype during gametophyte growth. Arguably the most valuable 

feature of Physcomitrella is its extremely high frequency of homologous recombination, which allows for 

insertion or disruption of genes at targeted loci (Schaefer and Zrÿd, 1997).  

Physcomitrella is also important in evolutionary biology as it is a member of the bryophytes (liverworts, 

hornworts and mosses), who are remnants of the first diverging lineages of embryophytes to move to land 

(Figure 2). It was the first bryophyte of which the complete genome was sequenced (Rensing et al., 2008), 

followed by the recent sequencing of the genome of two other mosses, Sphagnum magellanicum and 

Sphagnum fallax (The Sphagnome Project; Shaw et al., 2016), and a liverwort, Marchantia polymorpha 

(Bowman et al., 2017). Access to the genomes of these bryophytes is an essential step in reconstructing the 

evolutionary events that occurred as they occupy the ideal phylogenetic position between extant land plants 

and the sister group of aquatic green algae they share a common ancestor with. Characteristics that were vital 

to the conquest of land in the first embryophytes can be inferred by their presence in bryophytes and 

angiosperms, and their concurrent absence in aquatic algae. 

The transition to a terrestrial habitat involved overcoming challenges in the form of fluctuations in temperature, 

variations in the availability of water, and greater exposure to radiation. Thus, dramatic changes in plant 

morphology and the addition of mechanisms to protect against abiotic stresses were required. Fossil evidence 

suggests that the first embryophytes are thought to have structurally resembled extant bryophytes and harbour 

a dominant haploid gametophyte stage (Kenrick and Crane, 1997). Sexual reproduction was also restricted as 

male gametes probably required water for motility (Kenrick and Crane, 1997). Analysis of the Physcomitrella 

genome suggests that a large-scale gene (or possibly whole genome) duplication occurred at least once 

(Rensing et al., 2007; Rensing et al., 2008), although there is also evidence that supports the occurrence of two 

ancestral whole genome duplications (Rensing et al., 2013). These gene or genome duplications are viewed as 

the source material for diversification and the emergence of evolutionary novelties (Lynch and Conery, 2000).  
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Despite differences in the number of isoforms, the general pathway of starch metabolism seems to be conserved 

between algae, mosses and higher plants. A comparative bioinformatic study of green algal genomes revealed 

the presence of at least one isoform for each of the steps involved in starch synthesis and degradation 

(Deschamps et al., 2008b). For this reason, starch metabolism has been extensively studied in organisms with 

simpler genomic, molecular and physiological characteristics than higher plants, such as the unicellular green 

alga Chlamydomonas. Many of the enzymes and the regulatory processes that govern their activities in starch 

metabolism are found in both vascular plants and Chlamydomonas. For example, the activity of AGPase is 

allosterically regulated and activated by 3-PGA while being inhibited by phosphate, in both this alga and in 

higher plants (Iglesias et al., 1994; Kleczkowski, 1999). Likewise, mutations in genes encoding GBSS lead to 

the absence of amylose in starch in both Arabidopsis and Chlamydomonas (Delrue et al., 1992), while mutation 

in either Isa1 or Isa2 lead to accumulation of phytoglycogen (Dauvillée et al., 2001a; Delatte et al., 2005; 

Wattebled et al., 2005). However, some differences in the starch metabolic pathway have been observed 

between Chlamydomonas and higher plants. Like Arabidopsis, mutations in the gene encoding DPE results in 

the accumulation of MOS in Chlamydomonas (Wattebled et al., 2003); however, unlike Arabidopsis dpe1 

mutants, the Chlamydomonas mutant also shows a severe starch deficiency (Critchley et al., 2001; Zabawinski 

et al., 2001; Wattebled et al., 2003). This suggests that DPE serves a dual purpose in Chlamydomonas and is 

involved in starch biosynthesis in addition to its role in starch degradation. 

A second difference between Chlamydomonas and higher plants in starch metabolism appears to be in the 

specificity of the plastidial maltose export (MEX) protein. Recently, a Chlamydomonas mutant exhibiting 

altered carbon metabolism was isolated. It was determined that a disruption of the CrMEX1 gene, an orthologue 

of the Arabidopsis MEX1 gene  (Niittylӓ et al., 2004) , was responsible for the over-accumulation of starch 

granules and increased lipid levels (Jang et al., 2015). This is in similar to the phenotype observed in 

Arabidopsis mex1 mutants which demonstrates a starch-excess phenotype (Niittylӓ et al., 2004). In addition, 

the Arabidopsis mutant accumulates high levels of maltose in its leaves which is consistent with the idea that 

maltose is the major end-product of starch degradation and is transferred across the chloroplast envelope to the 

cytosol by MEX1 (Niittylӓ et al., 2004; Stettler et al., 2009). However, neither the Chlamydomonas mutant 

nor wildtype strain demonstrate any observable change in maltose levels during starch degradation (Findinier 

et al., 2017). Upon complementation of the Arabidopsis mex1 mutant with the algal orthologue the protein 

demonstrates a low or non-existent capacity to transport maltose over the plastid membranes. Intriguingly, the 

complemented mutants displayed a wildtype growth phenotype, accompanied by accumulation of both starch 

and maltose in leaves of the transgenic plants (Findinier et al., 2017). Complementation of an E. coli malF 

mutant, that lacks an active maltose transporter, with the algal protein also did not restore bacterial growth on 

maltose as the sole carbon source, while use of the higher plant gene did (Findinier et al., 2017). This indicates 

that the lower plant protein does not transport maltose, while the higher plant one does. 

Interestingly, both the Arabidopsis and Chlamydomonas proteins were capable of reverting growth of an E. 

coli ptsG mutant lacking the endogenous glucose transporter activity (Findinier et al., 2017). This indicates 

that the MEX proteins from both green algae and Arabidopsis can transport glucose, a functionality that has 
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not yet been explored but is still compatible with the current view of starch degradation that glucose is a minor 

end-product of this pathway. It is important to note that a plastidial glucose transporter has been identified in 

Arabidopsis, but its role in starch degradation appears minimal as mutants display no visible growth defects 

(Cho et al. 2011). 

These data support the theory that Arabidopsis MEX proteins transport both maltose and glucose, while the 

algal MEX protein appears to solely transport glucose. It is possible that the protein first evolved as a glucose 

transporter and later gained functionality as a maltose transporter after divergence of land plants from the 

lineage. The yield of maltose as the major product of starch breakdown and the ability of the MEX protein to 

transport maltose from the plastid could have been another important adaptation that was required during the 

conquest of land. If this is indeed the case, it would be interesting to examine whether the same effect is 

observed in a bryophyte such as Physcomitrella. 

Few studies have been performed on starch metabolism in Physcomitrella, and knowledge around differences 

in the biochemical pathway with respect to higher plants is limited. As Physcomitrella has undergone genome 

duplications and thus boasts a large repertoire of isoforms for starch metabolic enzymes, it is difficult to 

examine the functions and characteristics of each isoform. Particularly in the case of starch synthases, where 

there are as many as eleven putative orthologues to Arabidopsis (Table 1), a vast amount of work would be 

required. In contrast, there are only four putative MEX orthologues to characterise in Physcomitrella which 

seems a more surmountable task. Analysing the maltose or glucose transport capacity of the Physcomitrella 

MEX proteins would aid in understanding how the functionality of the MEX transporter has changed during 

plant evolution and perhaps provide more insight to the development of starch metabolism in the first 

embryophytes. 

3.2 Aim and objectives 

The aim of this chapter is to analyse whether the MEX transporter plays the same role in starch degradation in 

Physcomitrella as it does in Arabidopsis leaves. 

• Objective 1: The function of the proteins in Physcomitrella starch metabolism will be examined by 

producing knockout mutants. Constructs designed to remove each gene from the genome through 

homologous recombination will be produced and transformed into Physcomitrella mutants. Knockout 

mutants will be isolated and examined in terms of their phenotype. 

• Objective 2: The sugar specificity of the Physcomitrella putative MEX transporters will be studied by 

complementation in E. coli mutants that lack specific transporters and are unable to grow on media 

containing maltose or glucose as the sole carbon source. The ability of the Physcomitrella MEX 

transporters to restore transport of maltose or glucose and thus growth in these E. coli mutants will be 

examined. 
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3.3 Materials & Methods 

3.3.1 Sequence analysis and phylogeny 

Protein sequences were obtained from the NCBI RefSeq database and the P. patens genome was obtained from 

Phytozome (v12.1, Goodstein et al., 2012) CD-HIT (Li et al., 2001; Li et al., 2002; Li and Godzik, 2006; 

Huang et al., 2010), Mafft (v7.402, Katoh and Toh, 2008), BMGE (v1.12, Criscuolo and Gribaldo, 2010) and 

MEGA-X (Kumar et al., 2018) were used for phylogenetic analyses. GraphPad Prism (v6) was used for 

statistical analyses and generating graphs. 

3.3.2 P. patens strain, culture media and growth conditions 

The P. patens Gransden strain (Engel, 1968) was used as the wild type strain during this study. All methods 

and materials used to culture P. patens were previously described by Collier and Hughes (1982) and Cove et 

al. (2009). P. patens was grown on a variation of solid BCD medium (Ashton et al., 1979), hereafter referred 

to as BCDT medium, which consisted of 5 mM C4H6O6, 1 mM MgSO4, 1.84 mM KH2PO4, 10 mM KNO3, 

9.93 µM H3BO3, 0.103 µM Na2MoO4·2H2O, 0.266 µM CoCl2·6H2O, 0.191 µM ZnSO4·7H2O, 1.97 µM 

MnCl2·4H2O, 0.169 µM KI, 0.22 µM CuSO4, 1 mM CaCl2 and 45 µM FeSO4. The pH of the medium was 

adjusted to 5.8 with KOH and 0.55% (w/v) agar added before autoclaving. CaCl2 and FeSO4 were prepared 

separately as stock solutions and filter-sterilised prior to addition to the cooled media. Routine monthly sub-

culturing of P. patens was conducted by dividing established colonies and transferring the harvested tissue to 

fresh media. Plates were sealed with MicroporeTM surgical tape (3MTM, USA-MN) and maintained in a growth 

room at a temperature of 25 ± 2°C and a 16 hr light/8 hr dark photoperiod using cool white fluorescent lights 

(50 µM photons m-2 s-1; OSRAM L 58W/640, Germany). 

3.3.3 DNA and RNA extraction 

DNA was extracted from P. patens tissue following a protocol adapted from (Edwards et al., 1991). Briefly, 

plant tissue was flash-frozen and ground in liquid nitrogen. Approximately 100 mg of powdered tissue were 

added to 400 µL extraction buffer (200 mM Tris-HCl pH 7.5, 250 mM NaCl, 25 mM EDTA, 0.5% (w/v) SDS) 

and vortexed for 5 s. After pelleting the debris (16 000 x g, 5 min, 4°C) 300 µL of supernatant was transferred 

to 300 µL of isopropanol and mixed by inversion. Following a 20 min incubation at room temperature, the 

sample was centrifuged (16 000 x g, 15 min) and the supernatant discarded. The pellet was washed with 70% 

(v/v) ethanol and dissolved in 100 µL nuclease-free water. The sample was centrifuged (16 000 x g, 5 min) to 

pellet impurities and the supernatant transferred to a clean tube. 

Total RNA was extracted from P. patens powdered tissue using the Maxwell® 16 LEV Plant RNA Kit 

(Promega) and the Maxwell® 16 Instrument (Promega). RNA was eluted in a final volume of 30 μL of 

nuclease-free water. Nucleic acid concentration and integrity was assessed spectrophotometrically and 

visualised by agarose gel electrophoresis. First-strand cDNA synthesis was performed on 1 µg of RNA per 

reaction using the RevertAidTM H Minus First Strand cDNA Synthesis Kit (Thermo Scientific). 
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3.3.4 Bacterial strains and vectors 

Table 5. E. coli strains and vectors used during this study. 

Strain Genotype Source 

DH5a F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG 

purB20 φ80dlacZΔM15 Δ(lacZYA-argF)U169, hsdR17(rK
-

mK
+), λ 

(Thermo Fisher) 

10-beta F-, araD139 ∆(ara-leu)7697 fhuA lacX74 galK (φ80 

∆(lacZ)M15) mcrA galU recA1 endA1 nupG rpsL (StrR) 

∆(mrr-hsdRMS-mcrBC) 

(New England 

BioLabs) 

TST6 (malF)4 F- (araD139)B/r Δ(argF-lac)169 λ- flhD5301 Δ(fruK-

yeiR)725(fruA25) relA1 rpsL150(StrR) rbsR22 

malF55::Tn10 Δ(fimB-fimE)632(::IS1), deoC1 

(Silhavy) 

JW1087-2 (ptsG)4 F-, Δ(araD-araB)567 ΔlacZ4787(::rrnB-3) λ- 

ΔptsG763::kan rph-1 Δ(rhaD-rhaB)568 hsdR514 

(Baba et al., 2006) 

Vectors: pMiniTTM 2.0 vector (New England BioLabs), pBluescript SK (+) vector (Agilent Technologies), 

pMBL11a vector (Kamisugi and Cuming, 2009), pQE-30::AtMEX4 and pQE-30::CrMEX4 

 

3.3.5 Growth media 

General growth of E. coli was performed on LB (section 2.3.2) and Terrific Broth (TB). TB was prepared 

using 1.2% (w/v) peptone, 2.4% (w/v) yeast extract and 0.4% (v/v) glycerol before sterilisation by autoclaving. 

Complementation studies were performed on M9 minimal medium (20% (v/v) M9 salts, 0.2% (v/v) 1M 

MgSO4, 0.01% (v/v) 1M CaCl2) containing either 0.5% (w/v) D-maltose or D-glucose as carbon source. M9 

salts were prepared using 6.4% (w/v) Na2HPO4•7H2O, 1.5% (w/v) KH2PO4, 0.25% (w/v) NaCl and 0.5% (w/v) 

NH4Cl and autoclaved. Sugars, MgSO4 and CaCl2 were prepared as stock solutions which were filter-sterilised 

(0.2 µm) and added to cooled media before use. For solid media, 1.5% (w/v) bacteriological agar was added 

before autoclaving. 

3.3.6 PCR amplification 

For screening purposes, reactions contained 1X Green GoTaq® Reaction Buffer (Promega), 1.25 U GoTaq® 

DNA Polymerase (Promega), 0.2 mM dNTP mix, 0.1 µM of each primer and 25–50 ng DNA in a 50 µL total 

reaction volume. Where the PCR product was used for cloning, reactions contained 1X Phire TM Plant PCR 

Buffer (Thermo Scientific), high-fidelity Phire TM Hot Start II DNA Polymerase (Thermo Scientific), 0.5 µM 

of each primer and 25–50 ng DNA in a 50 µL total reaction volume. All oligonucleotides were synthesized by 

Inqaba Biotechnical Industries (Pty) Ltd. (Pretoria, South Africa). 

                                                      

4 Kindly provided by Dr David Dauvillée (Lille University, France). 
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3.3.7 DNA manipulation 

Electrophoresis, DNA purification, plasmid isolation, restriction digests, preparation of competent cells and 

heat-shock transformations are described under Chapter 2 section 2.3 (Materials and Methods). Linearised 

plasmids were dephosphorylated when necessary with FastAP Thermosensitive Alkaline Phosphatase 

(ThermoScientific) as per the manufacturer’s instructions. Ligation reactions were performed using T4 DNA 

Ligase (Promega) and Rapid Ligation Buffer (Promega) according to the manufacturer’s instructions. 

3.3.8 Large-scale plasmid isolation 

Plasmid isolation methodology adapted from Birnboim and Doly (1979) and Sambrook et al. (1989) was used. 

Briefly, plasmid containing cells were incubated in 200 mL TB with appropriate antibiotics overnight (37°C). 

Cells were collected by centrifugation (4000 x g, 20 min) before the pellet was suspended in 8 mL Solution I 

(50 mM glucose, 25 mM Tris-HCl pH 8.0, 10 mM EDTA) and incubated on ice (5 min). Then, 16 mL Solution 

II (0.2 M NaOH, 1% (w/v) SDS) and 12 mL Solution III (3 M KoAc pH 4.8) was added with a 5 min incubation 

step on ice after the addition of each solution. The sample was filtered through Miracloth (Merck) twice before 

precipitating DNA by the addition of 0.7 volumes of isopropanol. After incubating for 30 min at room 

temperature, the sample was centrifuged (1500 x g, 30 min) and the pellet dissolved in 1 mL dH2O. RNA was 

precipitated for 10 min at room temperature after the addition of 1 mL 5 M LiCl. The sample was centrifuged 

(16 000 x g, 10 min) and the supernatant transferred to a clean tube. After the addition of 1 volume of 

chloroform:isoamylalcohol:phenol (24:1:25), the sample was vigorously vortexed for 30 s and centrifuged 

(18 000 x g, 3 min). An aliquot of 400 µL of the top phase was transferred to a clean tube and the previous 

step repeated with chloroform:isamylalcohol (24:1). Then, 400 µL of the top phase was mixed with 0.1 

volumes of 8 M LiCl and 2.5 volumes of ethanol and incubated at room temperature (10 min). Plasmid DNA 

was pelleted by centrifuging (16 000 x g, 10 min) and washed twice with 70% (v/v) ethanol before being 

resuspended in 100 µL TE/RNase (10 mM Tris-HCl, 1 mM EDTA pH 8.0, 0.002% (v/v) RNase). 

3.3.9 P. patens protoplast isolation and PEG-mediated transformation 

P. patens knockout mutants were produced following a protocol modified from Cove et al. (2009), Hoffmann 

and Charlot (2009) and Liu and Vidali (2011). P. patens protonemal tissue was harvested and homogenised in 

water through vortexing with glass beads (0.5 mm). Solid BCDT medium plates were overlaid with autoclaved 

cellophane disks (A.A. Packaging Limited, UK) and 2 mL of protonemal homogenate was pipetted onto each 

plate. The tissue was grown for a minimum of 7 days before being collected from the cellophane disks and 

transferred to 9 mL of an 8% (w/v) D-mannitol solution. To this, 3 mL of a solution containing 2% (w/v) 

Driselase (Sigma-Aldrich) and 8.5% (w/v) D-mannitol was added and the mixture incubated at room 

temperature with gentle agitation. After 1 hr, the mixture was filtered through a 100 µm cell strainer (BD 

FalconTM, 08-7771-19) to isolate the protoplasts. The solution was centrifuged (250 x g, 5 min) and the 

protoplasts gently washed twice with PRM-L (liquid BCDT medium containing 8.5% (w/v) D-mannitol). Total 

numbers of protoplasts were quantified from a 40 µL aliquot using a hemocytometer, and the pellet carefully 

suspended in MMM solution (8.5% (w/v) mannitol, 15mM MgCl2, 0.1% (w/v) MES pH 6) to a final 

concentration of 1.6 million protoplasts/mL. 
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A 600 µL aliquot of suspended protoplasts was added to approximately 60 µg of linearised vector construct 

and mixed by gentle swirling. Thereafter, 700 µL of a PEG solution (7% (w/v) mannitol, 100 mM CaNO3, 10 

mM Tris-HCl pH 7.2, 40% (w/v) PEG 4000) was added and mixed by gentle swirling. The solution was 

incubated at room temperature (30 min) with gentle agitation before being heat-shocked (45°C, 5 min) in a 

water bath and left to recover at room temperature (30 min). The protoplasts were overlaid with 6.5 mL PRM-

L and incubated overnight at room temperature in the dark. The following day, most of the supernatant was 

removed and protoplasts were gently suspended in 2 mL freshly-autoclaved and cooled PRM-T (solid BCDT 

medium containing 8% (w/v) D-mannitol), and immediately pipetted onto PRM-B (solid BCDT medium 

containing 6% (w/v) D-mannitol) plates overlaid with cellophane disks. The plates were gently swirled to 

spread the PRM-T before setting. Plates were then sealed and incubated at room temperature with constant 

light for 1 week. 

After 1 week of regeneration, the cellophane disks were transferred to solid BCDT plates containing 50 µg/mL 

G418 (Sigma-Aldrich) for another week to select for transformants. Following this, the disks were transferred 

to solid BCDT plates without any antibiotic selection to allow for the loss of plasmids from unstable 

transformants. After another week, disks were again transferred to BCDT plates containing 50 µg/mL G418 

to select for stable transformants. P. patens colonies that survived this second round of selection were sub-

cultured and screened. 

3.3.10 Semi-quantitative RT-PCR 

First-strand cDNA synthesis was performed as before on 1 µg of RNA and 2 µL (approximately 100 ng) of 

cDNA was used in a 50 µL amplification reaction. The linear range of amplification was determined by the 

addition of 5 µL of 5 mM EDTA during the last 2 s of the elongation phase after 5, 10, 15, 25 and 30 cycles, 

with a total run of 35 cycles.  

3.3.11 E. coli complementation analysis 

Confirmed E. coli transformants were grown overnight (37°C) in LB containing the appropriate antibiotics. 

The cells were pelleted by centrifugation (1500 x g, 15 min, 4°C) and washed twice with Phosphate Buffered 

Saline (PBS: 0.8% (w/v) NaCl, 0.02% (w/v) KCl, 0.144% (w/v) Na2HPO4, 0.024% (w/v) KH2PO4, pH 7.4). 

Cells were suspended in PBS and subsequently used to inoculate M9 minimal liquid medium to a final cell 

density (OD600) of 0.05. M9 minimal media contained either 0.5% (w/v) D-maltose or D-glucose as sole 

carbon-source and 0.5 mM IPTG. Cultures were grown (37°C) for a period of 24 hrs, after which the OD600 

was recorded. Samples were repeated in triplicate. 
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3.4 Results 

3.4.1 Sequence analysis 

A BLAST search was performed using the Arabidopsis MEX (AtMEX) protein sequence (Q9LF50) against 

the P. patens genome on Phytozome (v12.1, Goodstein et al., 2012) to identify four putative orthologues which 

were arbitrarily designated PpMEX1a, PpMEX1b, PpMEX1c and PpMEX1d. Of these, the PpMEX1a, 

PpMEX1c and PpMEX1d gene sequences showed 53% identity to the Arabidopsis MEX1, while PpMEX1b 

shares only 29% identity. PpMEX1a and PpMEX1b were both predicted to have chloroplastic signal peptides 

and multiple transmembrane domains, indicating that they are likely membrane proteins (Table 6). PpMEX1c 

and PpMEX1d showed conflicting results as they both lack signal peptides but do, however, contain putative 

transmembrane domains suggesting that they are possible membrane proteins (Table 6). 

Table 6. Putative AtMEX1 orthologues identified in P. patens. The presence of chloroplast signal peptides and 

transmembrane domains was predicted using ChloroP (v1.1, Emanuelsson et al., 1999) and TMHMM (v2.0, Sonnhammer 

et al., 1998; Krogh et al., 2001) respectively. 

Designation Sequence ID 

(accession 

number) 

Identity to 

AtMEX1 

E-value Sequence 

length 

(aa) 

Predicted 

chloroplast signal 

peptide (aa) 

Predicted 

transmembrane 

domains 

AtMEX1 Q9LF50 - - 415 47 9 

PpMEX1a Pp3c6_18710 

(XP_024378150.1) 

53% 1e-112 427 45 10 

PpMEX1b Ppc21_10850 

(XP_024359391.1) 

29% 7e-16 350 65 2 

PpMEX1c Pp3c23_14070 

(XP_024361883.1) 

52% 4e-77 250 - 6 

PpMEX1d Pp3c24_890 

(XP_024363481.1) 

53% 5e-105 380 - 9 

To confirm that the P. patens and Arabidopsis MEX proteins are true orthologues, proteins showing similarity 

to the P. patens proteins were identified using BLASTP against the RefSeq database with a threshold of e-

value lower than 1e-10. Duplicate sequences were removed and the remaining sequences were clustered using 

CD-HIT (Li et al., 2001; Li et al., 2002; Li and Godzik, 2006; Huang et al., 2010) with an identity threshold 

of 90%. The representative sequences of each cluster were aligned using Mafft (v7.402, Katoh and Toh, 2008) 

and highly variable sites were removed using BMGE (v1.12, Criscuolo and Gribaldo, 2010). A maximum 

likelihood (ML) tree was constructed using MEGA-X (Kumar et al., 2018) with default parameters and General 

Reversible Chloroplast (cpREV) substitution model as MEX proteins have been demonstrated to be targeted 

to the chloroplast membrane (Niittylӓ et al., 2004; Findinier et al., 2017). The tree was manually inspected, 

and paralogs shared only by closely related species were removed. The remaining set of proteins was aligned, 

trimmed and used to construct the final ML tree as before with 100 bootstrap replicates. 
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Figure 13. Representative maximum-likelihood (ML) tree showing relationships between members of the MEX 

protein family from different species of cyanobacteria and green plants. The tree is drawn to scale with branch lengths 

measured in the number of substitutions per site. Boot-strap support values from 100 replicates are indicated at nodes. 

The P. patens MEX proteins are indicated with arrows. 
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The resulting tree shows relatively high bootstrap values at nodes that separate the organisms into four main 

clusters, namely 1) cyanobacteria, 2) green algae, 3) bryophytes and lycophytes, and 4) higher plants (Figure 

13). It appears that MEX proteins from all green plants (those in clusters 2, 3 and 4) are orthologous and 

originate from a single gene, possibly inherited from cyanobacteria by a common ancestor. The phylogenetic 

relationships between the MEX proteins mostly coincide with the species tree and proteins from closely-related 

species tend to group together. The P. patens MEX1c and MEX1d proteins appear to be most closely related 

to each other and share similarity with proteins from the liverwort Marchantia polymorpha and the lycophyte 

Selaginella moellendorffii. The PpMEX1b protein shows the least amount of similarity to the other P. patens 

proteins. 

To quantify the sequence similarity between Arabidopsis and P. patens MEX proteins, pairwise local 

alignments using the Smith-Waterman were conducted and the percentage similarities for each alignment were 

compared. As with the phylogenetic analysis, PpMEX1b shows the lowest similarity values to the Arabidopsis 

(46.3%) and other P. patens MEX proteins (53.2%, 53.3% and 53.3%), while PpMEX1c and PpMEX1d show 

the highest similarity to each other (86.5%) (Table 7). 

Table 7. Similarity table of Arabidopsis and P. patens MEX proteins. Similarity values represent the percentage of 

aligned amino acids and were calculated by pairwise Smith-Waterman local alignment. 

 

 

The intron-exon structure of the four PpMEX genes was analysed by aligning the available gene and transcript 

sequences using Splign (Kapustin et al., 2004; Kapustin et al., 2008) and schematically representing the intron-

exon boundaries. PpMEX1c and PpMEX1d show an identical pattern with regards to their intron-exon 

structures (Figure 14).  
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Figure 14. Schematic representation of the intron-exon structure of the P. patens MEX genes. Both 5’ and 3’ 

untranslated regions are indicated by unfilled rectangles, while black rectangles represent coding regions within the genes. 

The position of restriction sites utilised during the construction of knockout vectors is indicated for each gene. Scale bars 

represent 100 bp. 

 

3.4.2 Construction of vectors 

3.4.2.1 P. patens knockout vectors 

P. patens MEX gene sequences were amplified from wild type genomic DNA using primers that amplify both 

the gene and 500 bp flanking each side of the predicted start and stop codons. All PpMEX sequences, except 

for PpMEX1c, were successfully amplified and matched the expected size (Figure 15A). These amplicons were 

ligated into the pMiniTTM 2.0 vector and the PpMEX genes disrupted by insertion of a neomycin 

phosphotransferase (nptII)-expression cassette after restriction with HindIII (PpMEX1a, PpMEX1d) and 

EcoRV (PpMEX1b) restriction enzymes (Figure 14). Disruption of PpMEX genes by the nptII-cassette was 

confirmed via PCR using primers that bind within the PpMEX and nptII genes (Figure 16). 
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Figure 15. PCR amplification of putative MEX orthologues identified in P. patens. PpMEX gene sequences were 

amplified from (A) wild type genomic DNA and the corresponding coding sequences were amplified from (B) wild type 

cDNA. Three PpMEX sequences successfully amplified, while the PpMEX1c sequence did not amplify from either gDNA 

or cDNA. 

 

Figure 16. Disruption of PpMEX genes by insertion of nptII-cassette during knockout vector construction. Plasmids 

were screened through PCR amplification with primers that bind within the nptII and PpMEX genes. Insertions were 

observed for all three PpMEX gene constructs. 

3.4.2.2 E. coli complementation vectors 

The PpMEX coding sequences were amplified from P. patens wild type cDNA using primers that amplify from 

the predicted start codon to the predicted stop codon and simultaneously add 5’-XbaI and 3’-XhoI restriction 

sites. Like the gene sequences described above, all PpMEX coding sequences except for PpMEX1c were 

successfully amplified (Figure 15B). The PCR product was purified and ligated into the pMiniTTM 2.0 vector 

before being transformed into 10-beta Competent E. coli. Plasmids were isolated and the PpMEX coding 
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sequences were excised using XbaI and XhoI. The fragments were purified from agarose gel and ligated into 

linearised (XbaI and XhoI) and dephosphorylated pBluescript SK (+). The ligation mixture was transformed 

into DH5α competent cells and transformants were selected via blue/white screening. Correct orientation of 

the insert was confirmed using colony PCR with primers that bind within the PpMEX coding sequences and 

the promoter site of the vector (Figure 17). 

 

Figure 17. Screen for correct orientation of PpMEX coding sequences in pBluescript during construction of 

complementation vectors. Plasmids were screened with primers that bind within the promoter and at the 3’-end of the 

PpMEX coding sequences. 

3.4.3 E. coli complementation analysis 

The TST6 (malF) and JW1087-2 (ptsG) E. coli mutant strains were used to analyse the ability of the putative 

PpMEX transporters to translocate different sugars. The TST6 strain lacks the maltose/maltodextrin transport 

system permease protein (malF), an important component of the transporter complex involved in 

maltose/maltodextrin import, and is unable to grow on media where maltose is the sole carbon source, while 

the JW1087-2 strain lacks the EIICB component (ptsG) of the phosphoenolpyruvate-dependent sugar 

phosphotransferase system (PTS) which is involved in glucose transport and is incapable of growth where 

glucose is the sole carbon source. The strains were transformed with pBluescript vectors containing the PpMEX 

coding sequences (PpMEX1a, PpMEX1b, and PpMEX1d) and cultivated in M9 minimal medium containing 

either maltose or glucose. The bacterial density (OD600) of each culture was measured after 24 hrs of growth 

to assess whether the PpMEX transporters are capable of reverting bacterial growth on these carbon sources. 

Vectors containing the coding sequences from Arabidopsis and Chlamydomonas MEX genes (pQE-

30::AtMEX and pQE-30::CrMEX; Findinier et al., 2017), as well as a vector without insert were used as 

controls. 

Complementation with the Arabidopsis and C. reinhardtii MEX genes enabled growth on glucose, while only 

the Arabidopsis MEX protein was capable of reverting growth on maltose (Figure 18). None of the PpMEX 

genes were able to support growth of the malF or ptsG mutant E. coli strains in maltose or glucose, respectively 
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(Figure 18). To confirm that the lack of bacterial growth was not due to a lack of expression from the vector 

constructs, RT-PCR analysis was performed on RNA extracted from each culture during mid-log phase (in LB 

medium) to detect the PpMEX transcripts. All of the strains showed expression for the relevant PpMEX coding 

sequences (Figure 19). 

 

Figure 18. Complementation of E. coli malF and ptsG mutants with P. patens MEX coding sequences. Cultures were 

grown in M9 minimal medium containing either 0.5% (w/v) maltose (A) or glucose (B). Vectors containing the MEX 

coding sequences from Arabidopsis (AtMEX) and C. reinhardtii (CrMEX) were used as positive controls. Bacterial density 

was measured as OD600 after 24 hrs of growth. Results are expressed as the mean ± SD of three independent cultures 

(Student’s t-test). * P-value < 0.05; ** P-value < 0.01. 

 

Figure 19. Expression of PpMEX coding sequences in E. coli malF and ptsG mutant strains. RT-PCR analysis was 

performed on RNA extracted at mid-log phase from bacteria harbouring plasmids containing the PpMEX coding 

sequences. Expression was observed for all PpMEX genes in both the malF and ptsG strains. A control reaction where 

reverse transcriptase was omitted was included for each strain (-). 
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3.4.4 Generation and screening of P. patens knockout mutants 

Knockout mutant lines for the PpMEX genes were generated by transformation of protoplasts with the 

knockout vectors and subsequent homologous recombination of the endogenous gene with the version 

disrupted by a nptII-cassette. Transformed protoplasts were screened for resistance to G418 (transferred by 

nptII) by alternating growth on medium containing antibiotic selection and medium without selection for two 

rounds. Transformants that survived the second round of selection were considered stable transformants (due 

to the permanent integration of the disrupted gene into the genome). Only colonies of the PpMEX1a knockout 

mutant line survived and a total of 10 individual colonies were selected for genotyping. P. patens tissue was 

used directly in PCR amplification to screen for disruption of the PpMEX1a gene using primers that bind 

within the nptII cassette and the PpMEX1a gene. An amplicon of the expected size was observed only for 

colony 3, indicating successful disruption of the PpMEX1a gene in this line (Figure 20). 

 

Figure 20. Genotyping of P. patens MEX1a knockout mutant lines. Ten individual colonies were screened for 

disruption of PpMEX1a using primers that bind within the nptII and PpMEX1a genes. Colony 3 showed successful 

disruption of the PpMEX1a gene by the nptII cassette. 

3.4.5 P. patens MEX expression profile 

Semi-quantitative RT-PCR was used to determine the expression of PpMEX genes in wild type P. patens. 

RNA was extracted from both protonemal and gametophyte tissue of approximately 4-week old cultures at the 

start of the light period (day) and at the end of the light period (night). Actin 5 (ACT5) and elongation factor 

1-alpha (EF1α) were used as reference genes (Le Bail et al., 2013). Primers that amplify approximately 100 

bp fragments spanning exon-exon junctions were designed for each of the four PpMEX genes and the two 

reference genes. The linear range for ACT5 was determined to be 25 cycles of amplification (Figure 21) and 

thus subsequent sqRT-PCR analysis of PpMEX gene expression was conducted at 25 cycles.  
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Figure 21. Determination of the linear range of actin5 (ACT5) amplification for subsequent sqRT-PCR analysis. 

The linear range was determined to occur during 25 cycles of amplification. 

In protonemal tissue, PpMEX1a showed high expression during the end of the light period (Figure 22). No 

expression of other PpMEX genes could be detected in protonemal tissue at either of the timepoints. In 

gametophytic tissue, PpMEX1a and PpMEX1d showed expression during the day and night. In the case of 

PpMEX1a, expression seems to be slightly higher during the night, while expression of PpMEX1d seems to be 

slightly higher during the day. No expression could be detected for PpMEX1b. As neither the gene sequence 

nor the coding sequence for PpMEX1c could be amplified during initial vector construction (section 3.4.2), the 

efficacy of the sqRT-PCR primer pair for this gene could not be evaluated effectively and thus cannot be ruled 

out as a contributing factor to the lack of expression observed for this gene (results not shown).  

 

Figure 22. Expression profile of PpMEX genes in protonemal and gametophytic tissue of wild type P. patens. RNA 

was extracted from 4-week old cultures at the end of the day (D) and at the end of the night (N). Semi-quantitative PCR 

was performed to assess expression of PpMEX genes. Actin 5 (ACT5) and elongation factor 1-α (EF1α) were used as 

reference genes. Expression of PpMEX1a and PpMEX1d was observed at both time points in gametophytic tissue. 

Expression of PpMEX1a was also observed at the end of the day period in protonemal tissue.  

Stellenbosch University  https://scholar.sun.ac.za



58 

 

3.5 Discussion 

In this study, the presence of orthologues of the Arabidopsis MEX1 transporter (Niittylӓ et al., 2004) was 

investigated in the moss P. patens. Four putative orthologues were identified during the initial homology search 

against the P. patens genome and these genes were arbitrarily designated PpMEX1a, PpMEX1b, PpMEX1c 

and PpMEX1d. Phylogenetic analysis of the PpMEX protein sequences suggests that the P. patens MEX 

transporters are indeed orthologues of Arabidopsis MEX1 and that all green algal and plant MEX proteins 

identified share a common ancestor which likely inherited and derived this gene from cyanobacterial origin 

(Figure 13). PpMEX1b appears to be the least phylogenetically related to the other PpMEX proteins (Figure 

13) and exhibits a markedly lower nucleotide identity to that of the Arabidopsis MEX1 and the lowest amino 

acid similarity to both the Arabidopsis MEX1 and other PpMEX sequences (Table 6; Table 7). The substantial 

difference between P. patens and higher plants with regards to the number of MEX isoforms can be attributed 

to the occurrence of at least one whole genome duplication event in P. patens between 30 and 60 million years 

ago (Rensing et al., 2007). Following this genome duplication event, there was a significant increase in the 

number of genes involved in metabolism, including those involved in the pathway of starch synthesis and 

degradation (Rensing et al., 2008; Rensing et al., 2013). This is evident when comparing the number of 

isoforms of starch metabolic enzymes between P. patens and other plants (Table 1). Divergence of PpMEX1b 

and clustering of the other three PpMEX proteins during phylogenetic analysis (Figure 13) could indicate that 

P. patens obtained two MEX genes following one of its reported whole genome duplications, one of which 

evolved into PpMEX1b and the other of which formed the common ancestor gene to PpMEX1a, PpMEX1c 

and PpMEX1d and further diverged due to more duplication events. This assumption is further supported by 

the high amino acid similarity (86.5%) between PpMEX1c and PpMEX1d (Table 7) and their apparent 

identical exon-intron structure (Figure 14) which could be an artefact of a duplication event. 

The Arabidopsis MEX1 protein is a chloroplastic membrane protein that has been demonstrated to translocate 

maltose from the plastid to the cytosol (Niittylӓ et al., 2004). To determine whether the P. patens MEX proteins 

share this subcellular localisation, the PpMEX sequences were analysed for the presence of N-terminal signal 

peptides and transmembrane domains to indicate that the proteins are targeted to the chloroplast and embedded 

within the membrane. While all of the PpMEX sequences possess transmembrane domains and are thus likely 

enveloped within a membrane, only PpMEX1a and PpMEX1b harbour an N-terminal chloroplast signal peptide 

like the Arabidopsis MEX1 (Table 6). The use of fluorescence protein tags and visualisation by confocal 

microscopy in other studies has demonstrated that the Arabidopsis and C. reinhardtii MEX proteins localise 

to the chloroplast envelope membrane (Niittylӓ et al., 2004; Findinier et al., 2017). Thus, further in vivo 

analysis of the subcellular localisation of these PpMEX proteins through fusion with a green fluorescence 

protein (GFP)-tag would be useful in determining whether these proteins are indeed embedded within the 

chloroplastidial membrane like their counterparts in other green plants.  

Of the four P. patens MEX proteins, both the genes and coding sequences could only be amplified for 

PpMEX1a, PpMEX1b and PpMEX1d (Figure 15). The lack of PpMEX1c amplification can be explained by 

four scenarios: either 1) the PCR cycling conditions were not properly optimised for amplification of 
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PpMEX1c; 2) the primers used during amplification did not bind the sequences effectively or the primer pairs 

were incompatible with regards to e.g. melting temperatures; 3) PpMEX1c is a pseudogene and could be the 

result of an error occurring during reconstruction of the P. patens genome; or 4) the PpMEX genes are 

expressed in a tissue-specific manner and the tissue type where PpMEX1c is expressed was not included in the 

sample from which nucleic acids were extracted. To counter the first scenario, a gradient PCR with a range of 

12°C was performed to find the optimal annealing temperature of the primers. Furthermore, two different high-

fidelity DNA polymerases were utilised to attempt recovery of the sequences, but no amplification could be 

observed. As some discrepancies could exist between the sequences deposited on Phytozome (Goodstein et 

al., 2012) and the actual gene and coding sequences resulting in ineffective binding of the primers, a variety 

of primers were designed that bind within different regions of the sequences to reduce the likelihood of this 

occurring. These primers were also used in several combinations, but neither of the combinations yielded 

amplification. Although the lack of amplification of the PpMEX1c gene sequence suggests that it is likely a 

pseudogene. In disagreement with this, there is expression data reported for PpMEX1c mRNA transcripts 

(Phytozome). As these transcripts were only detected in sporophyte tissue, it explains the inability to amplify 

a PpMEX1c coding sequence as the cDNA used as template in this study was synthesised from RNA that was 

extracted from a mixture of gametophytic and protonemal tissue. However, it still does not resolve the failure 

in isolating the PpMEX1c gene sequence. 

To investigate the function of the MEX proteins in P. patens, knockout vectors containing a version of the 

PpMEX gene sequences disrupted by a nptII-cassette were constructed and used to transform wild type P. 

patens. Only PpMEX1a knockout mutants survived both rounds of screening by antibiotic selection and one 

mutant line showed successful disruption of the PpMEX1a gene (Figure 20). At the time of writing, there was 

not enough tissue available to confirm that expression of PpMEX1a had been repressed. Although 

incorporation of the disrupted PpMEX1a gene into the genome was confirmed, it is possible that the construct 

integrated into a random region and did not replace the endogenous copy of the PpMEX1a gene. Therefore, 

methods of transcript expression analysis such as sqRT-PCR or qPCR are essential in ascertaining that 

expression has been repressed. The possible phenotypic differences between wild type P. patens and the 

knockout mutant line could also not be examined due to the lack of tissue. To fully analyse any phenotypic 

effect that disruption of the PpMEX1a gene may manifest in P. patens, the mutant line will have to be grown 

on a variety of growth media containing, for example, different sugars as these compounds elicit different 

phenotypes in wild type P. patens cultures. The growth of various tissue types and structures, such as 

protonema, gametophytes and sporophytes, will need to be compared to the wild type structures. 

As a precursor to the analysis of PpMEX gene expression in knockout mutant lines, a preliminary expression 

profile of the PpMEX genes in wild type P. patens was composed for comparison. In this study, protonemal 

and gametophytic tissue growing on BCD solid medium was harvested at the end of the light period (day) at 

the onset of diurnal starch degradation, and at the end of the dark period (night) when starch degradation comes 

to a halt. At these time points, starch metabolic genes should theoretically be expressed at their highest and 

lowest, respectively. High expression of PpMEX1a was observed at the end of the day in protonemal tissue, 
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while low expression of both PpMEX1a and PpMEX1d was observed at both time points in gametophytic 

tissue (Figure 22). These observations correlate with the available microarray data on Phytozome which 

indicates that PpMEX1a shows low expression in gametophores, leaflets and sporophytes, while high 

expression has been observed in protonema (specifically protonemal tissue growing on BCD solid medium). 

Growth of protonemal tissue under stress conditions such as high temperatures or altered light conditions 

(extended darkness, red light, or continuous light) is correlated with low to no expression of PpMEX1a. In the 

case of PpMEX1d, the microarray data demonstrates that low levels of expression have been observed with 

protonemal growth on Knop medium or BCD medium supplemented with ammonia, but that there is no 

expression during protonemal growth on BCD medium which corroborates the lack of expression observed in 

protonemal tissue during this study (Figure 22). PpMEX1d expression in gametophytic tissue (Figure 22) is 

also supported by the microarray data which shows high PpMEX1d transcript levels in gametophores and 

sporophytes. It would therefore be valuable to expand the expression profile of the PpMEX genes to include a 

wider variety of tissue types, growth media and growth conditions as these components all appear to play a 

role in their expression. 

The lack of expression of PpMEX1b or PpMEX1c in this study is also corroborated by the corresponding 

microarray data as PpMEX1b shows very low to no expression in protonemal tissue and only low levels of 

expression in gametophores growing on BCD medium, while PpMEX1c expression is limited to sporophytes. 

It is possible that expression levels of PpMEX1b were too low to detect using sqRT-PCR analysis as the coding 

sequence was successfully amplified, albeit in low amounts, during end-point PCR using cDNA synthesised 

from a mixture of gametophytic and protonemal RNA (Figure 15). A more sensitive method (such as qPCR) 

might be preferable for detecting expression of the PpMEX genes, particularly when they are expressed at low 

levels such as in the case of PpMEX1b. As only protonemal and gametophytic tissue were analysed in this 

study, the absence of PpMEX1c expression can be attributed to the lack of sporophyte tissue although it is 

possible that the primers designed to detect PpMEX1c expression did not effectively bind or amplify the 

desired region. In this case, however, the former seems a more likely explanation. Regardless, as neither the 

gene nor the coding sequence of PpMEX1c could be amplified during the initial isolation of the PpMEX 

sequences, the ability of the primer pair to amplify the desired region of the coding sequence could not be 

confirmed using the initial sequences as template (as was the case for the other PpMEX sequences). 

Observation of the expression of PpMEX1a in protonemal tissue during this study, as well as the microarray 

data showing that PpMEX1c expression is limited to sporophyte tissue could suggest that the different PpMEX 

proteins have been specialised to perform their functions during specific life stages or are targeted to particular 

growth structures. It is unknown whether the PpMEX transporters have redundant or overlapping functions. 

Therefore, it would be interesting to observe whether expression of the other PpMEX genes change upon 

repression of one PpMEX gene and whether these transporters are interchangeable and capable of 

compensating for the loss of function of their counterparts. Furthermore, generation of double and triple 

mutants would be beneficial in determining the specific functions of the PpMEX transporters or if and how 

they work synergistically during starch degradation in P. patens. Analysis of the expression of the different 
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PpMEX genes at different time points or within different tissues could be performed by isolating the promoter 

sequences that drive their expression and fusing these to a GUS reporter gene. P. patens mutants transformed 

with these constructs would aid in visualisation of where gene expression is localised. 

Once P. patens knockout mutant lines have been generated for all the PpMEX genes, it would be essential to 

analyse differences in their starch and metabolite content to determine the effect of loss of function of the 

PpMEX proteins. In Arabidopsis and C. reinhardtii, mutant plants deficient in MEX activity demonstrate a 

starch excess phenotype, characterised by the accumulation of high levels of starch due to an inability to 

degrade this polyglucan and severely impaired growth (Niittylӓ et al., 2004; Jang et al., 2015; Findinier et al., 

2017). Intriguingly, although the starch excess phenotype in Arabidopsis is accompanied by the accumulation 

of high levels of plastidial maltose (Niittylӓ et al., 2004; Stettler et al., 2009), neither wild type C. reinhardtii 

nor MEX1 mutants contain detectable levels of maltose (Findinier et al., 2017). It would be interesting to 

examine whether the PpMEX proteins share the function of their Arabidopsis or C. reinhardtii counterparts 

and whether loss of these genes lead to starch accumulation with or without maltose accumulation. 

Lastly, this study examined the ability of the PpMEX transporters to translocate sugars other than maltose, as 

has been observed for the Arabidopsis and C. reinhardtii MEX proteins. Upon complementation of E. coli 

mutant strains lacking the endogenous maltose (malF) or glucose (ptsG) transporters with the Arabidopsis 

MEX1 coding sequence, the ability to grow on minimal media containing either maltose or glucose as the sole 

carbon source was restored (Findinier et al., 2017). This implies a dual function for the Arabidopsis protein in 

transporting both maltose and glucose, which correlates with the current view of the pathway of starch 

degradation where maltose is the major end-product exported to the cytosol, while smaller amounts of glucose 

are also exported from the plastid (Weber et al., 2000; Niittylӓ et al., 2004; Stettler et al., 2009). In contrast, 

the C. reinhardtii protein was only capable of reverting growth on glucose, not maltose (Findinier et al., 2017), 

suggesting that the ability to transport maltose could be a function that developed in the common ancestor of 

land plants after divergence of the green algal lineage. The P. patens coding sequences that were successfully 

amplified (PpMEX1a, PpMEX1b and PpMEX1d) were used to complement the E. coli malF and ptsG mutants. 

As expected, strains expressing the Arabidopsis and C. reinhardtii MEX coding sequences exhibited growth 

in glucose (Arabidopsis and C. reinhardtii) and maltose (Arabidopsis), but no significant change in bacterial 

growth could be detected in either glucose or maltose for any of the PpMEX genes (Figure 18). 

To determine whether the lack of bacterial growth was due to a lack of expression, RT-PCR analysis was 

performed on the cultures during mid-log phase to detect PpMEX transcripts. Expression was observed for all 

PpMEX genes in both the malF and ptsG strains (Figure 19), indicating that the constructs were successfully 

expressing the sequences. However, it is possible that the mRNA transcripts were not translated into protein, 

the protein was misfolded and subsequently inactive or that protein was not targeted to the outer E. coli 

membrane. I utilised pBluescript as the vector driving expression of the PpMEX genes under the control of the 

lactose promoter, while the Arabidopsis and C. reinhardtii MEX sequences were ligated into pQE-30 under 

the control of the T5 promoter. It is possible that expression under the control of the T5 promoter would be 

more favourable for producing active protein. Due to the lack of a protein affinity tag in the pBluescript vector 
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or antibodies capable of binding the PpMEX transporters, analysis of PpMEX protein expression could not be 

performed and it is unclear whether the mRNA transcripts were indeed translated into soluble protein. Future 

experiments should focus on ligating these PpMEX coding sequences into the pQE-30 vector like the 

Arabidopsis and C. reinhardtii sequences to determine whether MEX activity is improved. The pQE-30 vector 

also has an N-terminal histidine tag to allow for protein analysis. It would also be valuable to add a native E. 

coli membrane peptide to the PpMEX coding sequences to target expression of the PpMEX proteins to the 

outer E. coli membrane to ensure that they are embedded in the membrane to allow uptake of sugars present 

in the growth media. 

In a previous study, complementation of the Arabidopsis mex1 mutant with the C. reinhardtii MEX sequence 

resulted in a wild type growth phenotype, but both starch and maltose still accumulated in the leaves of the 

transgenic plants indicating a low or absent capacity to revert maltose transport (Findinier et al., 2017). 

Replicating this experiment with the P. patens MEX sequences, in addition to complementation of the E. coli 

mutants, would provide valuable insight into the evolutionary development of MEX transporters by 

determining whether some or all of the PpMEX proteins have the capacity to transport maltose and/or glucose. 
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Chapter 4: General conclusion 
 

This study aimed to investigate two aspects of the starch metabolic pathway in plants. During both parts, a 

focus was placed on the comparison of starch metabolism between lower plants (algae and mosses) and higher 

plants. The aim of the first experimental chapter (Chapter 2) was to examine the function of a starch synthase 

from the red alga C. crispus through recombinant expression and biochemical characterisation. No active 

soluble protein could be recovered as the recombinant protein was insoluble and accumulated as inclusion 

bodies, despite various attempts to optimise expression and purification. However, key features were identified 

in the C. crispus and other red algal starch synthases which could contribute to the reported preference of these 

enzymes for UDP-glucose as substrate, unlike bacterial and green plant starch synthases which utilise ADP-

glucose. A series of vectors containing mutated versions of the C. crispus starch synthase were constructed 

through site-directed mutagenesis of key residues identified during a literature search and multiple sequence 

alignment of starch synthases from different organisms. The second experimental chapter (Chapter 3) aimed 

to analyse whether the maltose transporter plays the same role during starch degradation in the moss P. patens 

as it does in Arabidopsis leaves by generating knockout mutants and performing complementation studies in 

E. coli. Phylogenetic analysis suggests that the MEX gene in the common ancestor of all plants has a 

cyanobacterial origin and displays a possible pattern of gene duplication in P. patens that resulted in four MEX 

genes as opposed to the one or two isoforms present in other green plants. Expression analysis of the P. patens 

MEX genes correlated with the available microarray data from previous studies and suggest that the proteins 

perform specialised functions in different tissue types. However, complementation of E. coli mutant strains 

was unsuccessful and P. patens knockout mutant lines could not be analysed due to time constraints. 

Although this study answered some of the questions that were raised, many more remain unanswered and 

future studies are imperative in accomplishing this task. In order to draw conclusions about regions of substrate 

specificity in ADP- or UDP-glucose utilising starch synthases, the expression of the C. crispus starch synthase 

needs to be optimised to obtain active protein for biochemical characterisation. Although in silico comparison 

of sequence data can be useful for extrapolating features based on similarities and differences between proteins, 

this type of analysis is limiting, and experimental data is required to corroborate any deductions. Likewise, the 

effects on starch metabolism and growth in P. patens knockout mutant lines remains to be analysed and 

complementation studies are still incomplete. 
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Appendix A: List of primers 
 

Primer name Sequence (5’ → 3’)  

CcSS Fw ATGGTGTTTCTGACTGCCGAACTGGGT C. crispus starch 

synthase CcSS Rv TTACTGAACTTGCAGAACGTTGTTCGT 

E1200C Fw AAGTCTGTTCTGCCCAGGTGGCATTGTTC  

 

Site-directed 

mutagenesis 

E1200C Rv GGCATCAGCCCAAAGTCA 

T1181Y Fw GTGGTGCTTTTTCGCACAGCCTGACG 

T1181Y Rv GGATGGCGACGACGCAGG 

TA829-30KT Fw TCGCTTCAGTAAGACGGGCGGTCTGG 

TA829-30KT Rv CCCAGTTCGGCAGTCAGAAA 

BBH CcSS Fw TTATCAACACACAAACACTAAATCAAAGA- 

ATTCATGCGGGGTTCTCATCATCATCATCAT 

 

Yeast-mediated 

ligation BBH CcSS Rv TTGGACTAGAAGGCTTAATCAAAAGCTCTC-

GAGTTACTGAACTTGCAGAACGTTGTTCGT 

PpMEX1a gene Fw AGTACCAATGTTGCCAGCGA  

 

P. patens MEX gene 

sequences 

PpMEX1a gene Rv CTGGAGGAGGTGTGCTGTTT 

PpMEX1b gene Fw GCATTCCATGGCCTCCTCTT 

PpMEX1b gene Rv TTGCGGACAGACAAGGGTAC 

PpMEX1c gene Fw TCAACATTCACAACTTTGCACCA 

PpMEX1c gene Rv TCATAGCAAAGATAAAGTCACTCAAA 

PpMEX1d gene Fw ATGGCCTCCATTGCAGTG 

PpMEX1d gene Rv GGCATTGGGTGGATGGAAGA 

PpMEX1a cds Fw CAGATCTATATGGCCTCCATTGCAGT  

PpMEX1a cds Rv ACATTACGCAGACCTACTTCC 

PpMEX1b cds Fw CAGATCTATATGTCGTCTGAGGGTAGGT P. patens MEX coding 

sequences PpMEX1b cds Rv TTGGTTTTAGAATGTCCACAGAGT 

PpMEX1c cds Fw CAGATCTATATGGCCTCCATTGCAGT  

PpMEX1c cds Rv TCAGACGTAGTATCGCCTTGA 

PpMEX1d cds Fw CAGATCTATATGGCCTCCATTGCAGT  

PpMEX1d cds Rv CTTTCAGCCGTGATATTGCCT 

PpMEX1a sq Fw AGCTTAGCCCTAGCCTCTGG P. patens MEX sqRT-

PCR PpMEX1a sq Rv ATGGAGGCCGGAATGAATGG 

PpMEX1b sq Fw GCATACTTGTTGCTGTTGGCA 

PpMEX1b sq Rv TCCTGAGACTGAGTCATATCTCCAT 

PpMEX1c sq Fw CTACCTCATTCGTTGCTGCCT 

PpMEX1c sq Rv GCACCACCCACATGTAATAGCA 
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PpMEX1d sq Fw CCAGTCTCTGGTGATTGGCG 

PpMEX1d sq Rv CGTCAGCTGAGTTCTTCCAGT 

PpACT sq Fw ACCGAGTCCAACATTCTACC P. patens reference 

genes sqRT-PCR  PpACT sq Rv GTCCACATTAGATTCTCGCA 

PpEF1a sq Fw AATCATACATTTCACCTCGCC 

PpEF1a sq Rv GATCAGTGGGTAGAAGTGAC 
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Appendix B: Codon-optimised Chondrus crispus starch 

synthase sequence 
 

ATGGCTGCTCCGGCTTGGACTGACTTTCCTCTGCGTAGTGGCGAAACCCACCCAGCCGTGCTGG

ACGGCTACCCTGCCGACGTAGCTCGTCGTCTGCGTGGTCGCTTCATCGTCCAGCCAGCAGGCAT

GCGCGAAGCAAGCCTGATCGAAGTCCCTATCGATGAAGTTGGTGCGGAGTGGGACGCAGCCAC

TGGCGACCTGAACAGTCGTGGCACCTTCGAGAGTGTTCTGACGATCATTCCTGGGCTGAAAGTT

CAGAACTTTACTGGTGTTTACATGATGGGTGCCCTGGAACGTCCGTCTGACGACCCTAACCCTT

CTCCATTCAGCGTTGCCGATCGTGAAATCCCTGCAAACATCCTGGGTGGCAAGAGTGCGTTCCG

TAATCTGTGTGCCGAGATGAAACGTCTGGGGCTGTGCCCTATCATTGATGGGATCGATCGTGTA

TCTCGTACGCGCATGAGCCGCAAGTATCGCCATCTGACGGTTGAAACGCTGAGTAACAAAGGC

ATCCCACTGCGCCATCCTGGGACCGATGGTCGCGAGAACCAGTGGGAGGATACGGCACTGCTG

AACCATCGTCGTGTGGAGACCTGGAACCTGATGGTTGCAGAAGTGAAAGCGATGGCAGAGGAA

TACGGCGTAGGTGGCATCCGTCTGGACAACGCTCAAAGCCTGCCACCGATCATGGCTCCGAAC

ATGGACGAGCTGCTGCGCCACGATCCTGATGGTGAGCCTCACTATTCTCTGAGCGAGGTGTTCT

ATGGGGCAGTCGTGAAGGCCAATGAAGAGTACGGCTATTGGACGTCTTCTGCTGGGATTGAAC

GTGGTTACCCAAATCCATTTCTGGTGAAGTTTTGCCGTGAGATGTGGAATGCATTTCCTGACTTC

ATTGTCATGGCGGAAGCACACTTTCACCGCGAGGCACAACTGCTGACTTCTGGTCCGGTAGTTC

ATACTGTACGCATTCCACAGATTCTGGCCAGCATTAGTGGCAAGTCTCTGCGTAAAGATGGCAC

TGTAGGTCGCGTTCCTGGCAAGAATCGCTCTACCGCTCGCACTCTGAGTCGTCTGTACCGTAAC

GATAGCGATTGGCTGCCGAAGAATGCCATCATGGTGAATTGCACGTGTACCCATTCTTCTCCGT

ACCCTGGGCTGCTGTATGGGCGTCGTTCTTGGATTGCGGTTGATCTGCTGAACTTTCTGCCTGAA

GTACCTATGACTGTCTATGGGGAAGAACGTGGTCGTGCGTATCGTATGAACATGAACGGCGTG

AGCAATACCGAGGAAATGACTGAGTATGATGTGAACTTTGATGCAGTCCTGCCTAAGAGTCCTC

CGCTGCGCACTGGTCAGACGATGCCATCTAAACCTAAAGGGCTGCCACCACTGACTCCGCCACA

TTCTGTAGAACGTAAGCTGAAGATGAAGCGCAAGGGTTCTCTGGCGGACCTGCGTCGTGTCCCT

AGCAATTCTAATCTGGTTCGTTCTCGTTCTCGTGACGATATGAATGGTATGAGCGTCCGCAGTGT

ATCTGCTGCCGATTTCCGTAAGATGAGCGCGATGGAGGAACAAACTCGCCAAGAGATTGGTCC

GGCAAGTGGGTACGACATCGCGCAGATTGAGGGGCACTATAGTCATCGTCGCATGCTGCGCCA

GGAGCTGGCTGCGCTGCACTCTGGCTTCATGTGCGTGCTGACGATCGAACCTCAGCTGAAAGAG

CAAGTCTTTGCCTTTGCTCGCTATACGGAGGACCAAGTCGTGATTGTGGCTGCGAACTTCAAGG

ATAACCGCGATGGCCCACAGTATAGCAACGGGTGCGATGTCGAACTGGACTTTCAGACCCTGT

GGGACGTGCTGCCGGATACCTTTACGACTGGTGCTGCGCCATGCGCCTTCTATTCTGTGGTCAA

CACGTTTACCGGCAAAGAGCACAGCACGGATGTCCAGACCCTGGAGGAACTGGTCTTTCGCAA

GTACAAGACGCATCTGGACCCGCTGGGTATCAGCCTGCTGACTTTCAAGCCGGTTCAGGACACG

CCTGAACGTCGTGGTGCGCACTTTAGCGAATGCATCAACCGTCTGCGCTCTCAGGAAGCTAATG

ACATCAAGGATGCGCGTGAGAACGACATCATTGCTCGCCTGGCACGTGGTGCAGCAGCCAGCG
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CGAGTGACTTTGTTGGGGCTATGGAAAGTCTGCGCAATGGGCTGCGCAATGAAGGCTGCGAGA

AAGCGGAGATGGAGCGCATCATGCAGCTGTGCATGCAGCGTGCGAGCCAACTGCGCTTCATGG

TCGCTTATGAAGGCGTCCCTCGTCCGAAAGACTTCGAACCACCTGCCGCAGAGCATATCGTAGC

GTATCTGACCCACATGAGTACGTGTGCGAAAGACCCGGATCTGATGACCCTGGCTCGTAGCGTA

GTAGCCAAAACCACCAAGCTGGGTCCACTGGTGTTTCTGACTGCCGAACTGGGTCGCTTCAGTA

CGGCAGGCGGTCTGGGGGTTATGGTGGACGAACTGACCAAAGGGCTGGCAGGTCTGGGTCTGG

AAGTCTATGTAGTTTCTCCATACTACACTGTGAATCGCAAGAATCGTTCTGGTTATCTGGGGGA

CAACATTCAGTGGACTCGCAACATTAGTGTCAACATCGGGACTCACATTGTCGAAGCTGGCGTA

TTCGAGGGCGTAGAAAACGATGTGAATCTGATCTTTCTGGAACGTGGCGATTTCTTTCCTAAAG

TCTACGCTGATCCTGGTGGGAGCGTACGTCATCTGCAAACGGTAGTCCTGATGTCTCTGGGGAG

CCTGGAAGTGTGTTGTCAAAAGCAGCTGTATCCGAGCGTCATTGTAACTAACGACTGGCTGCCA

TCTATGGCTGCTGGTTACCGCGATTTCTTTGGCGACTACTTCAAGAATACCTCTTTCTTCCATCT

GATTCACAACCTGGGTGAAGGTGCGTATGAGGGTCGTGTGTATCCTAATCCAGGCGAAGGCAC

CCTGGACCATATCCACCGCCTGCCGACGCACGTCATGGTAAACCCGTGGTGGAGCACGCTGGTA

GTGAATCCATCTCGCTGTGCGATCATGCGTAGTGAAAGCTGGGGCACTGTGAGTCCTTCTTATC

TGCGCGAGCTGCGTGCCGGTCACCCTCTGAGTGACCTGCTGCAACAAGCCAAAAGCCCTTTTGC

ATACCCTAATGGCATTCGTAAGGCTGAACGTGAAGAAGCCCTGCGCGTCAAAGGGGCAGAGAG

TCATGCGGCAGCTAAGGAAATCCTGCAAAAACGCTACTTTGGGTTCCAGAAAGGTGATCCTAC

GATCCCTCTGTTTGCGTTCGTAGGTCGCATTACGAGTCAAAAGGGCGTTCACCTGATTCTGAAC

GCAGTTGACGAACTGATCGGTCATACGAACGGGAAGATCCAGATCCTGGTAGGTGGCCCAGCC

AACTACAGTGACGAGTATTCTAGCGGGTGTGCTCGTCACATGGTAGACCTGCGTCGTCGCCATC

CGTGGTGCTTTTGGGCACAGCCTGACGAGTTCTTCACGGATGGTCCAATGTGTAATCTGGGTGC

TGACTTTGGGCTGATGCCAAGTCTGTTCGAGCCAGGTGGCATTGTTCAACAGGAGTTCTTCGTG

GCTGGCACTCCAGTGATTGCCTACAAGACTGGTGGCCTGAAAGACACTGTGCACGAATGGAAA

AGTAGCCAAGGGGAAGGTAACGGCTTTACGTTTGAGGAGTATTCTCATGCTGACTTCGTGTGGG

CTGTAAAGCGTGCCCTGCGCGTATTCGCCCAACCTCACGAGTACGAAGAAATGCGCGTCGCAG

CAGCGGAGACGACTATTGACGTTTCTCAGGTGGCATGGGCCTGGAGTAGCGAGTTCCACCGTAT

TCGTAACGCTATGTATACTCGCGGTGACGTTGTTGCCAGCATCATTAGTAGCACCGTAGATGAA

GAGACGGACCTGTACGATCGTAGCGCGAACCCAGTCCTGATTCAGTGGACGGGGAGCGGCAAC

TCTGTGGTGCTGAAAGGGAGCTTCGACAACTGGACCGCTGAATGGCCACTGAGCCAAGCGGTC

GGGGATCATGGCGCATTTGGCCTGAAACTGCTGCTGCGTCCTGGGGAGTATGTTTGCAAGTTCA

AAGTAAACCAGGAGTGGACGGTAGCTGACGACCTGCCGCAGAAACAAGACGAGGCTGGGTTTA

CGAACAACGTTCTGCAAGTTCAGTAA 
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Appendix C: Multiple sequence alignment of starch and 

glycogen synthases from bacteria, algae and plants 
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