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Abstract 

ABSTRACT 

Corynebacterium glutamicum is a Gram-positive facultative aerobe particularly known 

for its industrial application in the synthesis of amino acids, such as L-glutamate and L­

lysine. The central metabolic pathways of this organism has been an area of much 

research by many groups. Linked to glycolysis is the synthesis of glycogen, previously 

considered a storage molecule of excess glucose. No information concerning the role of 

glycogen or its metabolism in C. glutamicum was known, and the aim of this work was to 

elucidate glycogen metabolism in this industrially important organism. 

C. glutamicum was unable to utilise glycogen as a sole carbon source, but possessed 

enzymes capable of degrading the polysaccharide intracellularly. Glycogen was 

accumulated mainly during logarithmic growth in minimal media and during stationary 

phase in complex media, both containing glucose. Glycogen accumulation was not 

necessarily proportional to the concentration of glucose in the media, accumulating a 

maximum of81.8 mg glucose/g DW in a 5% glucose minimal medium compared to 53.4 

mg glucose/g DW in a 10% glucose minimal medium. In maltose grown cultures, 

glycogen accumulation was the highest compared to glucose with 107.8 mg glucose/g 

OW. Growth on organic acids and sugars such as fructose and sucrose did not support 

high levels of glycogen accumulation indicating that low level accumulation of glycolytic 

intermediates were unable to support glycogen production in C. glutamicum. 

Four genes involved in glycogen metabolism were identified by computer analysis of the 

genome sequence of C. glutamicum. These were: ADPglucose pyrophosphorylase 

(glgC), glycogen synthase (glgA), glycogen branching enzyme (g/gB) and a glycogen 

debranching enzyme (glgE). The transcriptional arrangement of these genes was found to 

be unique in comparison to those of other published glycogen operons. Northern analysis 

confirmed the monocistronic transcription of g/gA (- 1230 nt) and glgC (- 1250 nt) from 

a divergent, possible overlapping promoter region, while RT-PCR also confirmed the 

gIgB and glgE messenger as polycistronic (- 4000 nt). The regions upstream of each 

gene was analysed by promoter fusion constructs on different carbon sources. No 

significant regulation was found with the presence of glucose in complex media, however 
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Abstract II 

reporter activity was down regulated 2.5-3.5 times with growth on organic acids. 

Reporter activity in maltose grown cultures were in contrast upregulated 1.2-1.6 times 

which supported the higher glycogen levels measured during growth on this substrate in 

comparison to glucose. The function of the genes, glgC and gigS, was determined by 

inactivation by plasmid insertion resulting in no glycogen accumulation by the organism. 

Growth comparisons of the wild type and mutant strains indicated that glycogen was not 

essential for growth, but could support a higher cell density on entry into stationary 

phase. 
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Chapter 1 General Introduction 2 
-------------------------------_._--

1.1 Introduction to Corynebacterium glutamicum 

Physiological characteristics of Corynebacterium include that they are Gram-positive, 

facultatively anaerobic or aerobic, are unable to produce spores, are non-motile, and in 

the case of C. glutamicum are biotin auxotrophs (Collins and Cummins, 1986; Liebl, 

2001). Generally the cells are rod-shaped but appearing club shaped at times, therefore 

the term "coryneform" was coined for this group of bacteria due its seemingly irregular 

morphology (Collins and Cummins, 1986). More than 50 species of Corynebacterium 

have been isolated and described and more than halfofthem in the 1990's (Liebl, 2001). 

The order, Corynebacterium includes both medically and industrially important species 

such as C. diptheria and C. glutamicum, respectively. Generally the genus is 

phenotypically very diverse and have been isolated from sources as different as soil, dairy 

products, animal skin, faeces and plant material (Liebl, 200 I). 

The organisation of Corynebacterium as a genus was first established by Lehmann and 

Neumann in 1896. Since then a more chemotaxonomic and molecular approach has been 

adopted to complement the morphological taxonomic classification of bacteria 

(Goodfellow and Minnikin 1981). Recent classification of bacteria using 16S 

rRNAlrDNA sequence data, organises the genus Corynebacterium under the class of 

Actinobacteria and within the family Corynebacteriaceae (Stackebrandt et al., 1997). 

Another critical chemotaxonomic feature of Corynebacterium is the presence of mycolic 

acids (2-alkyl-branched-3-hydroxy-acids) in the cell wall (Collins et al., 1982). Except 

for C. amycolatum, all Corynebacteria have the feature of mycolic acids directly 

crosslinking the peptidoglycan layer (Liebl, 200 I). The cell wall of C. glutamicum is 

discussed in more detail relevant to the topic ofthis thesis in Section 1.9. Members of 

Corynebacterium have a typical G+C content of between 51-68% (Goodfellow and 

Minnikin, 1981) and with the recent sequencing of the C. glutamicum genome, the G+C 

content was found to be 53.8% (Kalinowski et al., 2003). 

The soil bacterium C. glutamicum was found to be a very efficient producer of L­

glutamate by Kinoshito and co-workers in the 1950's when they were screening for 

organisms able to produce glutamate (Kinoshito et al., 1957). The demand for L-

Univ
ers

ity
 of

 C
ap

e T
ow

n



General Introduction 3 

glutamate as a flavour enhancer was becoming increasingly high, and monosodium 

glutamate (MSG) was being extracted from plant species by chemical processes at that 

time (Hermann, 2003). With the discovery of a bacterium able to produce large 

quantities of amino acids, the fermentative production of amino acids boomed. 

1.2 Amino acid production by coryneform bacteria 

The industrial application of coryneform bacteria in amino acid and vitamin production 

has become very important where L-glutamate and L-Iysine contribute the most in terms 

of tonnage and economical value. Other amino acids such as L-valine, L-isoleucine, L­

threonine, L-aspartate, and L-alanine are also produced by Corynebacteria (Hermann, 

2003; Liebl, 2001). Coryneform bacteria are responsible for the production of around 1,5 

million tons ofL-glutamic acid per year, while the world market for L-Iysine was 550000 

tons in 200 I with a growth rate of 7% per annum (Hermann, 2003; Bott and Niebisch, 

2003). 

C. glutamicum was able to export glutamate without the necessity of creating mutant 

strains in order to excrete the amino acid. However, certain growth conditions such as 

biotin limitation were necessary (Clement and Laneelle, 1986). It was first surmised that 

the membrane became leaky due to biotin limitation (Kimura, 1963; Shiio et al .. 1963) 

or, that glutamate excretion occurred via the reverse action of the glutamate uptake 

system (Clement and Laneelle, 1986). Instead, the primary glutamate uptake system was 

found not to be reversible (Kramer, 1994a; Kronemeyer et al., 1995), and neither was the 

membrane leaky (Hoischen and Kramer, 1990; Kramer, 1994a; Kramer, 1 994b). Rather, 

an efficient energy-dependent efflux system for glutamate, against an existing chemical 

gradient played a major role in overproduction (Gutman et al., 1992). The role of biotin 

limitation was still important and it was thought the condition altered the lipid content 

and composition of the cell membrane (Takinami et al., 1968; Hoischen and Kramer, 

1990). [n industrial applications, C. glutamicum was not usually grown under biotin 

limitation since these strains are biotin auxotrophs. Therefore, other methods of 

compromising the cell wall were used, for example the addition ofpeniciIlin or Tween 60 

during the logarithmic growth phase (Liebl, 2001; Eggeling et aI., 200 I). The exact 
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Chapter I General Introduction 4 

mechanism of glutamate efflux is still not known, though altering the membrane fluidity 

did enhance glutamate efflux, and more recently, a mutation in oxoglutarate 

dehydrogenase led to high levels of glutamate excretion without biotin limitation 

(Kawahara et al., 1997). 

L-Lysine, although produced in lower quantities than L-glutamate, is considered the more 

economically important amino acid (Leuchtenberger, 1996). Lysine is an essential amino 

acid used to supplement animal feed which is largely deficient in this amino acid. 

Farmers prefer to use feed low in protein in order to reduce the amount of nitrogen 

excreted, therefore it would be more economical to add the amino acids specifically 

required by the animal (Hermann, 2003). L-Lysine forms part of the aspartate family of 

amino acids and is produced via a split pathway OfoL-diaminopimelate, the precursor of 

L-lysine and cell wall peptidoglycan synthesis (Liebl, 200 J). In the past the common 

practice of developing overproducing strains was by mutation and selection (Malumbres 

and Martin, 1996) but the precise physiological changes leading to increased 

overproduction were unknown (Kalinowski et ai., 2003). With the development of 

genetic tools (Katsumata et al., 1984; Ozaki et al., 1984; Santamaria et al., J 984) for C. 

glutamicum and metabolic engineering by recombinant DNA technology (Bailey, 1991), 

various overproducing strains have been constructed. In contrast to glutamate 

overproduction which requires only adjusting culturing parameters, lysine overproduction 

needed to be induced by genetic modification of C. glutamicum (Liebl, 200 1; Cremer et 

al., 1988). One of the reasons it was quite easy to manipulate L-lysine overproduction, is 

the lack of regulation of the synthesis oflysine-specific enzymes in C. glutamicum (Yeh 

et al., 1988). This is unlike the situation in E. coli where L-Iysine production is very 

strictly regulated (de Graaf et ai., 200 1). The export ofL-lysine in C. glutamicum occurs 

actively via a specific lysine carrier which was found to be necessary to prevent the 

accumulation of intracellular lysine when grown on lysine-containing peptides (Vrljic et 

al., 1996). Although the export oflysine is important (Bellman et al., 2001), the relative 

ease with which the pathway toward L-Iysine can be manipulated for example by deletion 

of homoserine dehydrogenase, or deregulation of aspartate kinase, has led to the Univ
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Chapter 1 General Introduction 5 
------

construction of very useful overproducing lysine strains (Sahm et al., 2000; de Graaf et 

al., 2001). 

C. glutamicum hyperproducers of other amino acids have also been constructed for 

example for threonine, isoleucine, tyrosine, phenylalanine, or tryptophan (Liebl, 2001). 

These have been accomplished by both classical rounds of mutagenesis and screening as 

well as more specifically targeted applications of recombinant DNA technology. 

Manipulation of pathways via deregulation, overexpression or deletion have been very 

fruitful. With the availability of new techniques such as in-vivo-NMR or MALDI-TOF 

mass spectrometry, intracellular flux distributions can be studied and mathematical 

models developed (Valli no and Stephanopolous, 1993; Marx et al., 1996; Park et al., 

1997; Wittmann and Heinzle, 2001). The DNA sequence of C. glutamicum further 

provides information concerning its central metabolism for example DNA chip 

technology (Loos et aI., 2001; Wendisch, 2003) or proteome analysis. A combination of 

these modem analytical approaches could lead to the design and development of further 

improved strains. 

1.3 The central metabolism of C. glutamicum 

The central metabolism of C. glutamicum has been, and still is an important area studied 

within this bacterium. Various groups have contributed to the current knowledge we 

have concerning the central metabolism of C. glutamicum, and a schematic of the main 

central pathway is dipicted in figure 1.1. There are two pathways via which the 

breakdown of six and five carbon sugars are oxidised in amino acid producing 

corynebacteria. These are, glycolysis and the pentose phosphate pathway. Building 

blocks for the synthesis of cellular components and energy is supplied via the breakdown 

of carbohydrates through these pathways, with the formation of phosphoenolpyruvate 

(PEP), pyruvate and acetyl-CoA (Gottschalk, 1986). Further oxidation ofthese products 

occurs through the tricarboxylic acid (TCA) cycle generating ATP and NADPH. The 

TCA cycle has an additional function in anabolism, where intermediates of the cycle 

provide carbon precursors for biosynthetic processes. During growth, and particularly 

amino acid production, these precursors are removed from the cycle and anaplerotic 
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General Introduction 6 

reactions come into play which are able to replenish the lost metabolites by generating 

oxaloacetate (Gerstmeir et al., 2003). The production of aspartate family type amino 

acids in particular, leads to the depletion of oxaloacetate and is replenished by the 

carboxylation of either PEP or pyruvate. In C. glutamicum both carboxylation processes, 

via PEP carboxylase (PEPCx) and pyruvate carboxylase (PC x), are possible but it is PCx 

that is mainly responsible for anaplerosis during growth on glucose (Peters-Wendisch et 

al., 1993, 1997, 1998). In fact, PCx was recently identified as the major bottle neck in 

glutamate and lysine production by C. glutamicum (Peters-Wendisch et al., 200 I) and 

PEPCx was previously found to be dispensible for growth and lysine production (Peters­

Wendisch et al., 1993). 

Growth of C. glutamicum on certain substrates such as acetate stimulate gluconeogeneic 

reactions. PEP is an important precursor for gluconeogenesis and is provided mainly by 

the enzyme, PEP carboxykinase (PEPCk) (Riedel et al., 2001). Two other enzymes 

might have a contribution toward gluconeogenesis in C. glutamicum, but their roles have 

not yet been clarified. Malic enzyme has been suggested as a decarboxylating enzyme 

converting malate to pyruvate (Cocaign-Bousquet and Lindley, 1995). The possible 

function of this reaction is to provide NADPH during growth on substrates where there is 

little or no flux through the penthose phosphate pathway (Gourdon et al., 2000). C. 

glutamicum also does not possess transhydrogenases able to synthesise NADPH from 

NADH and the cycling of malate via pyruvate and oxaloacetate, although ATP­

dependent, might supply NADPH without the loss of carbon (Cocaign-Bousquet and 

Lindley, 1995). The second unclarified decarboxylating enzyme found in C. glutamicum 

is oxaloacetate decarboxylase. Activity for this enzyme has been identified in vitro 

(Jetten and Sinskey, \995) but no gene has yet been identified and no carbon flux has 

been shown to be directed from oxaloacetate to pyruvate in vivo (Petersen et ai., 2000). 

The generation of pyruvate by these two possible reactions would require the presence of 

a functional PEP synthetase but this was considered unlikely since a PCx mutant was 

unable to grow on gluconeogenic substrates (Peters-Wendisch et al., 1998). Univ
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Chapter 1 General Introduction 7 

Glucose Acetate 

Figure 1.1 The central metabolism of C. glutamicum during growth on glucose and acetate. 

Dotted arrows represent pathways consisting of several reactions, uninterrupted arrows represent 

single reactions. AK, acetate kinase; PTA, phosphotransacetylase; lCD, isocitrate dehydrogenase; 

ICL, isocitrate lyase; MS, malate synthase; PEPCk, phosphoenolpyruvate carboxykinase; PCx, 

pyruvate carboxylase; PEPCx, phosphoenolpyruvate (Diagramme taken from Gerstmeir et al., 

2003) 

Different carbon sources enter the central metabolism of C. glutamic urn at different 

stages, and the flux distributions and amounts of energy derived are different for these 

carbon sources. During exponential growth on glucose it is believed that more than 50% 

of the carbon flux is distributed through the penthose phosphate pathway, in order to 

provide the reducing agent, NADPH (Cocaign-Bousquet et al., 1996; Valli no and 
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General Introduction 8 

Stephanopoulos, 1993; Dominguez et al., 1998). Whereas growth on fructose leads to a 

major flux distribution of 80% toward glycolysis (Dominguez et al., 1998; Shiio et al., 

1990), and NADPH is provided by pathways other than the pentose phosphate pathway. 

These have been estimated to include increased activity of the TCA cycle, but more 

importantly through the decarboxylation of malate, by malic enzyme, and the 

replenishing of oxaloacetate in the TCA cycle through the carboxylation of pyruvate by 

pyruvate carboxylase (PCx) (Dominguez et al., 1998) as mentioned earlier. Acetyl-CoA 

enters the TCA cycle by its incorporation together with oxaloacetate into citrate. With 

growth on acetate, gluconeogenesis is required to supply the cells with 3-

phosphoglycerate and with hexose and pentose sugars (Gerstmeir et al., 2003). Another 

cycle called the glyoxylate cycle functions to provide C4 and C3 anabolic intermediates 

when cells grow on acetate as the sole carbon source. This anaplerotic pathway bypasses 

some steps of the TCA cycle and via isocitrate lyase (ICL) and malate synthase (MS) 

generates malate directly (Kornberg, I 966a,b) (Fig. 1.1). C. glutamicum, unlike E. coli, 

when grown on mixed substrates such as sugars, for example glucose, and organic acids 

such as lactate, and acetate shows no diauxic growth and is able to co-metabolise these 

substrates (Wendisch et al., 2000). Thus so far there has been no concrete evidence for 

carbon catabolite repression in C. glutamicum (Gerstmeir et al., 2003). 

It had also been suggested that the uptake of carbon sources might be key rate-limiting 

reactions in growth and amino acid production (Linton 1990), and the uptake of different 

carbon sources in C. glutamicum has been investigated to some extent. The uptake of 

glucose is via two major transport systems (Gourdon et al., 2003). One is via the 

mannose phosphotransferase system (PTSMj which has a high affinity for glucose 

(Kotrba et ai., 200 1), and the other is a suggested permease type transporter (Dominguez 

and Lindley, 1996; Park et al., 2000; Cocaign-Bousquet et al., 1996). Fructose is 

transported into the cell through the fructose PTS (PTSFnl) which also has a low affinity 

for glucose (Mori and Shiio, 1987). Sucrose uptake is also via a specific PTS and 

requires phosphorylation of the liberated fructose by fructose phosphotransferase, 

generating glucose and fructose-I-phosphate (Dominguez and Lindley, 1996). The 

uptake of maltose has been suggested to be via an ABC transport protein (Krings, 2003) 
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General Introduction 9 

with possible intracellular cleavage by maltase similar to the related Brevibacterium 

flavum (Dominguez and Lindley 1996). This organism is included as part of the C. 

glutamicum species (Liebl, 2001). After the intemalisationofacetate.itis converted to 

acetyl-CoA via the enzymes acetate kinase (AK) and phosphotransacetylase (PTA) (Fig. 

1.1). Thus fur an acetate uptake carrier has not been identified in the genome of C. 

glutamicum (Gerstmeir et al., 2003). C. glutamicum can grow on DL-lactate as a sole 

carbon source using the enzymes D-and L-Iactate dehydrogenases (Bott and Niebisch, 

2003). So far, D-Iactate dehydrogenase has been purified from a C. glutamicum strain 

and a possible gene identified in the genome sequence, however there is only a possible 

gene identification of a L-Iactate dehydrogenase (Bott and Niebisch, 2003). Al so there is 

no information on the uptake ofDL-lactate in C. glutamicum although it is a substrate that 

promotes gluconeogenesis in the cell. 

In general when glucose enters a bacterial cell and is phosphorylated, it is incorporated 

into glycolysis through the conversion of glucose-6-phosphate to fructose-I,6-

bisphosphate by isomerisation and phosphorylation. The phosphorylation step is the 

commited step toward glycolysis with the final products PEP and pyruvate entering the 

TCA cycle for further oxidation. However, when glucose is in excess, glucose-6-

phosphate can also be converted by the enzyme phosphoglucomutase to glucose-l­

phosphate. Glucose-I-phosphate together with ATP are the building blocks for 

generating the storage compound glycogen. 

1.4 The polysaccharide glycogen 

Carbon is accumulated in many organisms in the form of glycogen as an energy reserve, 

and is utilised during temporary starvation conditions arising in the environment. 

Necleoside diphosphates were first discovered by Leloir and co-workers in the 1950s and 

they established the biosynthesis of glycogen via an activated form of glucose, either 

UDPGIc in mammals, fungi, and eukaryotic heterotrophic microorganisms or ADPGIc in 

bacteria and photosynthetic eukaryotes (Leloir et ai, 1971). The glycogen molecule 

consists of 90-95% a(1 ~4) linear glycosidic bonds and 5-10% a(I ~6) glycosidic 

bonded branch points every 8-12 linear glucose molecules, see figure 1.2 (Preiss et al., 
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General Introduction 10 

1983; Voet and Voet, 1995). The one reduced molecule at the end of different branches 

can be cleaved to release glucose and subsequently made available for glycolysis. This 

can be very efficient for the rapid release of glucose (Voet and Voet 1995). With the 

many a-I ,4- polyglucans in this high molecular weight, non-reducing, polysaccharide it 

has the advantage to minimally effect the internal osmotic pressure of the cell (Ballicora 

et al., 2003). Glycogen can constitute 70% or more of the dry mass of a bacterial cell, 

and is stored in bacteria as either intracellular organic inclusion bodies or as dispersed 

cytoplasmic small granules (Matheron et al., 1998). The function of glycogen in 

bacterial cells was largely thought to be a storage molecule able to prolong cell survival 

under starvation conditions (Preiss, 1984). 
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Figure 1.2. Glycogen chemical structure. The molecule has one reduced end at the end of each 

branch at which the addition or removal of one glucose molecule can occur. The red line 

indicates a branch point. (Adapted from Voet and Voet., 1995). 

1.5 The role of glycogen in bacterial cells 

The accumulation of glycogen in bacterial cells generally occur during stress conditions 

such as limiting nitrogen, phosphate or sulphur but with an excess of carbon available for 

growth, as was found in E. coli (Holme, 1957). In E. coli and Aerobacter aerogenes, it 

was shown that cells containing intracellular glycogen, but having no external carbon 

source in the media, were able to survive longer than cells that did not contain 

intracellular glycogen (Strange, 1968; Strange et ai, 1961). This increased survival of 
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wild type strains compared to mutants in glycogen synthesis implied a function for 

glycogen as a storage compound. However, this role of the polysaccharide was not 

altogether clear since the organism, Sarcina lutea, showed no cell survival advantage 

under limited growth whether the cell accumulated intracellular glycogen or not 

(Burleigh and Dawes, 1967). Other proposed functions for glycogen have been 

suggested in sporulation (Rueda et al., 2001; Kiel et al., 1994), cell wall formation 

(Belanger and Hatfal!., 1999) and maintaining turgour pressure (Bruton et al., 1995). 

Glycogen has also been responsible for the development of caries in an overproducing 

mutant of Streptococcus mutans (Spatafora et al., 1995). In Mycobacterium smegmatis, 

the accumulation and degradation of glycogen has also been proved to be essential for 

normal exponential growth in the organism (Belanger and Hatfull, 1999). Since the role 

of glycogen in bacteria is not clear a few examples of glycogen accumulation in different 

organisms are discussed in more detail. 

1.5.1 Futile cycling and the carbon capacitor concept of glycogen in bacteria 

Futile cycling of metabolites brings about the hydrolysis of ATP as a net reaction, and 

therefore would only preferably occur when ATP is in excess in the cell. Futile cycling 

of glycogen was identified in Fibrobactor succinogenes, where lH-NMR and 13C-NMR 

spectra indicated the degradation and storage of glycogen at the same time (Gaudet et ai., 

1992). This was confirmed later by Matheron et al., (1998) where a further four strains 

of Fibrobacter were shown to cycle glycogen. Glycogen normally accounts for 

approximately 70% of the dry mass ofF. succinogenes and was found to be stored during 

all phases of growth, while even resting cells were able to accumulate and degrade 

glycogen (Gaudet et al., 1992). By tracking labelled carbon and hydrogen it was found 

that between 12 and 16% of carbon entering glycolysis originated from prestored 

glycogen. (Matheron el al., 1998). M smegmatis was also shown to recycle glycogen 

during growth as mentioned earlier and these authors were the first to coin the phrase 

"carbon capacitor" as an explanation for the accumulation and breakdown of glycogen 

during normal growth of the cell (Belanger and Hatfull, 1999). Glycogen was proposed 

to serve as a temporary reservoir for glycolysis argueing the sequestering of free glucose 

into glycogen and the release of glucose only when it was required by the celL Therefore 
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as the need for glycolytic breakdown of glucose fluctuated, so the rates of glycogen 

synthesis and degradation would adjust accordingly (Belanger and Hatfull, 1999). The 

above theory is oversimplified, but it was a reasonable attempt to explain the findings 

regarding cyclic glycogen metablism in M smegmatis. Another example of glycogen 

accumulation during exponential growth and even under nutrient limitation was found in 

Clostridium cellulolyticum (Guedon et al., 2000). This was an argument against futile 

cycling purely to consume excess ATP, but rather the controlled regulation of glycogen 

accumulation other than during limited growth conditions. Another important point 

demonstrated by this particular study was the control of the levels ofglucose-6-phosphate 

and glucose-I-phosphate. In C. cellulolyticum a high carbon flux through glycolysis 

caused a decrease of the glucose-6-phosphate pool and an increase in the glucose-l­

phosphate pool (Guedon et al., 2000) indicating this branch point was able to control 

excess carbon and dissipate energy. 

1.5.2 Accumulation of glycogen associated with sporulation. differentiation and 

virulence. 

[n the actinomycete, Streptomyces coelicolor, genes involved in glycogen metabolism 

have been identified and were found to be duplicated (Bruton et al., 1995; Martin et al., 

1997). S. coelicolor undergoes complex morphological differentiation through the 

germination of spores to forming complex mycelium (Chater and Losick 1997). 

Glycogen accumulates differently during these developmental phases and different 

operons were found to be active at a different stage of development (Schneider et al., 

2000). This implied a role for glycogen during different developmental stages in S. 

coeltcolor (Martin et al., 1997; Schneider et al., 2000). A proposed link between 

glycogen and trehalose has also been suggested because of the arrangement oftreS (gene 

converting maltose to trehalose) in the same operon as glycogen associated genes 

(Schneider et al., 2000). Glycogen has also been associated with sporulation in S. 

brasiliensis where glycogen was accumulated in sporeforming hyphae and a 

physiological link with trehalose was also confirmed with the formation of trehalose from 

glycogen in a sporulation specific event (Rueda et al., 200 I). In Bacillus, glycogen was 

also been shown to provide energy for sporulation (Slock and Stahly, 1974). The operon 
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involved was isolated from B. subtilis, characterised and glycogen was found to be 

accumulated only on media that allowed efficient sporulation (Kiel et al., 1994). As early 

as 1976, glycogen like molecules had been implicated as a significant factor in creating 

caries by Streptococcus mutans (Tanzer et al., 1976). Later, a glycogen synthesis 

deficient mutant generated by mutating a regulator involved in accumulation, was found 

to be less cariogenic (Spatafora Harris et ai., 1992) confirming the importance of 

glycogen in bacterial virulance. Glycogen associated virulence was also indicated in 

Salmonella entiridis where the highest amounts of glycogen were accumulated in the 

more virulent strains which also produced large amounts of biofilm (Bonafonte et al., 

2000). In the above cases, the accumulation of glycogen was beneficial for the respective 

bacteria under certain growth or developmental stages. Yet glycogen could also be non­

beneficial in bacteria, which was found in the symbiotic relationship between Rhizobium 

tropici and tropical plants (Marroqui et al., 200 I). This bacterium induces nitrogen 

fixing nodules in tropical plants (Martinez et al., 1985) and a mutation in glycogen 

synthase enhanced respiration and symbiotic nitrogen fixation in Phaseolus vulgaris 

plants (Marroqui et al., 2001). This was at least one case where the lack of glycogen 

accumulation in a bacterium was beneficial for its survival. 

The classic function of glycogen as a storage molecule during limited growth conditions, 

with an excess of carbon available (Preiss, 1984; Preiss 1996a) is clearly not the only 

function of glycogen in bacterial cells. The examples above indicate a possible, more 

intricate role ofthe polysaccharide in the metabolism of different bacteria. The genes and 

their chromosomal arrangement associated with glycogen have been studied in some 

bacteria and particular attention has also been paid to the regulation of glycogen 

biosynthesis in E. coli. These will be discussed in the following pages. 

1.6 The enzymatic reactions involved in glycogen metabolism 

The metabolic processes involved in glycogen synthesis and degradation as well as the 

genes associated with these processes are discussed relative to bacteria. The reactions 

involved had been studied since 1964 (Preiss 1969) and an illustration of the general 

process is given in figure 1.3. The enzyme linking glycolysis to glycogen synthesis is 
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phosphoglucomutase (Lu and Kleckner, 1994) converting glucose between glucose-6-

phosphate and glucose-I-phosphate. The first reaction in glycogen synthesis in bacteria 

is the priming of glucose to generate ADP-glucose, and this reaction is catalised by the 

enzyme ADPGlc pyrophosphorylase (ATP:a-o-glucose-l-phosphate adenyltransferase; 

EC 2.7.7.27; ADPGlc PPAse; GlgC) (Haugen et ai., 1976). The second reaction involves 

the transfer of the glucosyl unit to a glycogen primer by an ADPG\c-specific glycogen 

synthase (ADPglucose: 1 ,4-a-D-glucan 4-a-glucosyltransferase; EC 2.4.1.21; GlgA) (Fox 

et ai., 1976). It was found recently that in A. tumefaciens, GlgA was not only transferred 

a(1 ,4) linked glucans, but also catalysed its own glucosylation (Ugalde et al., 2003). The 

final reaction involved in synthesis, catalyses the fonnation of the branched a-l,6-

glucosidic linkages in glycogen using a branching enzyme (a-l A-glucan 6-

glycosyltransferase; EC 2.4.1.18; GlgB) (Boyer and Preiss, 1977). 

a-glucose-I-P .;(:-- Pgm )0 glucose-6-P 

~
ATP ~" 

~ 
"" GlgP 

GlgC r .... AMP " " " '- Pi 

PP, AspP " 
" 

[a(1 ~4)-glucan]n+ ADP-glucose -------;>. 
GlgA t-

[a( I ~4 )-glucan In+ 1 

ADP 

lG,gB r GlgX 

[a(1 ~4)-a(1 ~6)-glucanJr-1 

(glycogen) 

Figure 1.3 Representation of glycogen metabolism in bacteria. The reactions are described in 

the text. Abbreviations: PP, : inorganic pyrophosphate; P, : inorganic phosphate; P : phosphate. 

(The illustration was drawn according to the references in the text including Preiss and Romeo, 

1989 and Preiss, 1996a). Univ
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The glycogen molecule does not have many non-reduced ends and the breakdown of the 

molecule can occur at the few reduced ends with a glycogen specific phosphorylase (EC 

2.4.1.1; GlgP) (Choi et al., 1989; Yu et at., 1988). This reaction releases a-glucose-l­

phosphate and can only occur at greater than 5 or 6 residues from a reduced end, 

therefore a debranching enzyme (EC 3.2.1.*;GlgX) is required to hydrolyse the a(1-'!>6) 

branch points and reform a(I-'!>4) glycosyl links (Preiss, 1984). The core enzymes 

involved in synthesis and degradation were described but there is another enzyme that 

plays a regulatory role in the first step of glycogen synthesis. Adenosine diphosphate 

sugar pyrophosphatase (EC 3.6.1.21; ASPPase; AspP) hydrolises ADP-glucose 

generating the precursor molecule a-glucose-l-P and therefore is antagonistic to ADPGIc 

PPase (Moreno-Bruna et al., 200 1). 

1.7 Glycogen metabolism in different organisms 

The fundamental principle involved in glycogen synthesis and degradation in bacteria 

was described above and is generally the same in different bacteria (Preiss and Romeo 

1994). However, a comparison is drawn between E. coli and other organisms where 

genes or enzymes involved in glycogen metabolism have been studied. Differences occur 

in terms of the control of synthesis, degradation and the function of the polysaccharide in 

the various organisms. The arrangements of the genes in the chromosome of these 

bacteria are also quite different to each other. A physical map illustration of the E. coli 

chromosomal gene arrangement of glycogen associated genes is shown in figure 1.4 

together with the genetic arrangements of other organisms which are discussed. The 

function of the enzymes associated with the various genes were discussed in the previous 

section, therefore reference to specific functions of genes will only be mentioned of those 

not discussed above (refer to Fig. 1.3). 

1.7.1 Glycogen gene arrangement in E. coli 

The genes involved in the synthesis and breakdown of glycogen are arranged together on 

the chromosome of E. coli on an approximate 10 kb stretch of DNA (Preiss and Romeo, 

1994) (Fig. 1.4). The structural genes glgC, glgA and glgB were initially cloned on a 

single fragment and the arrangements of the genes identified by deletion mapping 
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experiments (Okita et ai., 1981; Okita et ai., 1982). Later two other genes were also 

identified, one ORF lies between gigB and glgC, and was designated glgX (Yang et al., 

1996) while the other ORF, gigP, was found downstream of glgA (Romeo et al., 1988; 

Yu et al., 1988). The coding regions of glgA and glgC are seperated by 2 bp and glgB 

and glgX ORFs overlap by I bp. The coding region of glgP is seperated from glgA by 18 

bp. The non-coding region seperating glgBX and glgCAP is involved in transcriptional 

regulation (Preiss, I 996a). The genes flanking the glycogen operon of E. coli are asd 

(aspartate semialdehyde dehydrogenase) and gipD (glycerol phosphate dehydrogenase) 

and are not involved in glycogen synthesis (Preiss and Romeo, 1994). Two operons, 

glgBX and gigCAP, are transcribed from their own promoters and in the same direction 

(Preiss and Romeo, 1994). Both operons each encode genes for synthesis and 

degradative enzymes, implying that the two functions are coordinately expressed and the 

clustering ofthe genes suggests translational coupling within the two operons (Romeo et 

al., 1988). 

1.7.2 Agrobacterium tume/aciens 

Information concerning the entire gig operon in A. fume/aciens was completed in 1998 by 

Ugalde et al., (1998). The region of glgCA and pgm were identi fied earlier by Uttaro and 

Ugalde, (1994) and transcriptional analysis was completed for the entire region by primer 

extension, RT -PCR, mutational analysis and fusion constructs. In this organism glycogen 

genes are clustered on a 9. J kb DNA fragment. All five genes identified are transcribed 

in a single operon and essentially the arrangement was the same as in E. coli. However, 

the structural genes encoding gigB and glgC were not seperated by an ORF encoding 

glgX, and glgX was also not found within this cluster. Downstream of glgA, the gene, 

pgm (enzyme linking glycogen to glycolysis), was also transcribed as part of two mRNA 

transcripts. It forms part of a mRNA transcribed from the start of glgP and is also 

transcribed as a 71 amino acid shorter product by its own promoter. The monocistronic 

messenger starts 168 bp upstream of an internal ATG and this shorter pgm was able to 

complement an inactivated pgm (Ugalde et al., 1998). Univ
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1.7.3 Rhodobactor sphaeroides 2.4.1 and R. capsulatus 

An approximate 6 kb DNA region was isolated from a gene bank of R sphearoides using 

a PCR generated probe for glgC (Igarashi and Meyer, 2000). The region contained the 

full sequence of glgC followed by the full sequence of glgA. The fragment was flanked 

by a truncated glgX on the 3' end, downstream of glgA, and flanked on the 5 'end by 

glgP. In between glgP and glgC an apparent deletion of a glgB gene was found, however 

the authors were able to measure branching activity in the cells and concluded that R. 

sphaeroides coded for another full length glgB elsewhere on the chromosome (Igarashi 

and Meyer, 2000). R. sphaeroides also has two chromosomes increasing the likelyhood 

of having a full length glgB . 

E. coli 

A. lumefaciens 

Rcapsulalus 

R sphaeroides 

B. sublilis 
(E. Slearolhermophilus) 

asd gigS gig){ • 

- c::=::=::J ~~~.~~~ . ... 
glgC glgA glgP glpD 

1IIIIii~.""~·C:i ======~:>- c::=::=::J-• 
glgP 

>-
glgB • glgC . ~ pgm • .. .. 

glgP 

>-
glgB • glgC glgA . ~ glgX • pgm 

• 
glgB? 

glgP + glgC glgA glgX glgB >-. '~-f- • I 
I 

tmB 
-c:::::=::::J~ 

glgB 

III 
glgC • glgO glgA glgP 

:> . ~-I • 

<:: 
glgP 

!'f~-~·~· 
glg81 

III 
• • 

• gig)( 
pep1 H treSIl pep211 glgSM 

III +C:::::::::::>-~·c=~> 
" • 

S ",!;",,, A3(2) { _____ .• __ 

glgC ? 
glgP pep1 glg81 

c::::::=:>c:::::;>+< i .c::::::=:>. III M. luberculosis 

Figure 1.4. Comparison of the glycogen operons from different bacteria. Narrow black 

arrows indicate published mRNA transcripts. Organisms closely related to C. glutamicum are 

near the bottom. Diagramme was reconstructed from various sources discussed in the text. 

(Adapted from Halsey 2003) 
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In another Rhodobactor strain, R. capsulatus, the arrangment of the glycogen genes were 

similar, but encoded a full ORF for glgB between glgP and glgC (Haselkorn et ai., 1999). 

Also downstream of glgX was a pgm ORF similar to the situation in A. tumefaciens 

(Haselkorn et al., 1999) but it was not known if this gene was transcribed from its own 

promoter. 

1.7.4 Bacillus subtilis and B. stearothermophilus 

The DNA region required for glycogen biosynthesis In B. subtilis and in B. 

stearothermophilus was found to be the same and is depicted as one physical map (Kiel et 

al., 1994; Takata et al., 1997) in figure 1.4. The region includes five ORFs and is 

transcribed as a single mRNA. The important difference in this operon is the encoding of 

the structural gene, gigO, which lies between glgC and glgA. In both organisms this 

polypeptide has sequence similarity to glgC from other organisms and forms a unique 

heterotetrameric ADPGlc PPase (Takata et al., 1997). Instead of allosteric regulation of 

homotetrameric AOPGlc PPase's as in other bacteria (discussed in Section 1.4.4.) it is 

implied that the GigO subunit may control total AOPGlc PPase activity in Bacillus 

strains since the enzyme activity in this organism did not respond to usual allosteric 

regulators. An ORF for glgX was not found in this operon but it contains a gene 

encoding glgP downstream of glgA similar to E. coli. 

1.7.5 Streptomyces coelicolor A3(2) 

In S. coelicolor A3(2) it was found that this differentiating organism possesses two 

glycogen branching enzymes, which are required for the different phases of growth 

concerning forming aerial mycelia (phase I) and initiating sporulation by septation (phase 

II) (Bruton et al., 1995). Subsequently, a gene encoding glgC responsible only for the 

formation of aerial mycelium was found in this organism, suggesting the probability of 

another glgC gene elsewhere on the chromosome (Cruz Martin et al., 1997). In 2000, by 

sequencing and operon disruption, two duplicated clusters were found in the S. coelicolor 

A3(2) associated with either phase I or phase II of differential development (Schneider et 

al., 2000). These operons were not very similar to the ones previously described, one 

important difference was the association of these operons with treS (Schneider et at., 
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2000). TreS is a gene product associated with the conversion of a.-I,4 glucans (mal to­

oligosccharides or maltose) to a.-I, I-glucans (trehalose). The ORF of glgB was 

duplicated and downstream of the phase 1 operon a structural gene of glgP was found. 

Downstream of the phase II operon a gene encoding glgX was found (see Fig. 1.4). The 

authors speculated as to the roles of the enyzmes encoded by the structural genes pep 1 

and pep2 suggesting both are associated with trehalose metabolism because of the 

association with treS in the operon. No similarity had been found to Pep2 like proteins 

therefore its function was unknown. However, Pep 1 was found to be a homologue of a 

glycanase enzyme designated GlgE in M smegmatis (Belanger and Hatfull, 1999). This 

enzyme could be an intracellular glucanhydrolase or a maltosyltransferase converting 

glycogen into possible maltose units and could serve as a substrate for treS. Insertional 

disruptions in treST and freSH had a polar effect on the glgB genes suggesting the 

transcription ofthis operon as a single mRNA. 

].7.6 M tuberculosis and M smegmatis 

The organisation of operons likely involved in glycogen metabolism of M tuberculosis 

was drawn from the complete genome sequence (Cole et at., 1998) and the revised 

annotation (Camus et al., 2002). The structural genes of glgP and gigB should be 

transcribed divergently and are separated by a gene designated pep 1. A gene designated 

glgE found in M smegmatis was similar to the pep 1 encoded in S. coelicolor as 

mentioned earlier (Belanger and Hatfull, 1999). These authors suggested that glycogen 

was recycled by GlgE (Pep I) during normal growth since a temperature sensitive mutant 

of glgE accumulated high concentrations of the polysaccharide. A different function was 

attributed to the PepI (GlgE) homologue in S. coeficolor where cycling of glycogen was 

thought to be with trehalose (Schneider et ai., 2000) and not linked directly to glycolysis 

as suggested in M smegma tis. The gene homologue has also since been designated pepJ 

in M. tuberculosis. The exact function of this enzyme in the two bacteria is not very 

clear. A gene encoding glgC was found associated with a ORF with homology to a 

putative glycosyl transferase but was not found clustered with glgP, pep I, and glgB. Univ
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From the diagramatic illustration in figure 1.4, the pattern of gene clustering was not 

identical in different bacteria, however, there is significant similarity between 

arrangements. In the cases of E. coli, A. tumefaciens, B. sublilis and B. 

stearothermophilus, transcription ofthe gig operons occur via one mRNA encoding both 

synthesis and degradative genes. Of interest would be the regulation of these genes. The 

clusters presented here are also associated with other genes in related pathways such as 

pgm in glycolysis and IreS in trehalose metabolism. The significance of the association 

of glycogen genes with those oftrehalose is not clear although it has been alluded that the 

two carbohydrates interact within the cell or during different development stages (Rueda 

et al., 2001; Zevenhuizen, 1992; Schneider et al., 2000). Trehalose is a relatively inert 

molecule and a difussible carbon and like glycogen does not affect the osmostic pressure 

of the cell. It is thought glycogen and trehalose interconversion might participate in the 

spatial differentiation in S. coelicolor (Schneider et al., 2000). In S. brasiliensis, it was 

also suggested from experimental data that the glycogen accumulated in hyphae was 

converted to trehalose during the final stages of sporulation (Rueda et aI., 200 I). In some 

organisms the levels of trehalose remain constant while glycogen is accumulated and 

degraded (Zevenhuizen, 1992) while in others trehalose is cycled at the same time 

glycogen is accumulated and degraded (Noventa-Jordao et ai., 1996). A possible link 

also occurs between these carbohydrates in C. glutamicum in relation to the cell wall of 

the organism and is discussed in Section 1 .9. 

1.8 Regulation of glycogen metabolism in bacteria 

Regulation of bacterial processes is through the control of the synthesis of enzymes or 

control of enzyme activity. The regulation of glycogen synthesis in bacteria has largely 

been studied in E. coli and control of this pathway in various degrees is by allosteric 

regulation of ADPGIc PPase (Ballicora et al., 2003; Hengge-Aronis and Fischer 1992), 

phosphorylation of glycogen phosphorylase (Fletterick and Madsen, 1980) and 

transcriptional regulation of the structural genes (preiss, 1996b; Preiss and Romeo, 1994). 
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1.8.1 Allosteric regulation of A DPGlc PPase 

Glycogen synthesis in bacteria was found to be solely via the ADP-glucose pathway 

(Preiss, 1996b). The ADPGlc PPase from E. coli has been well characterised and 

excellent summaries are given in three reviews concerning glycogen biosynthesis in 

bacteria (Preiss and Romeo, 1994; Preiss, 1996a/b; Ballicora et al., 2003.). E. coli and S. 

typhimurium mutants deficient in glycogen accumulation were found to have defective 

ADPGIc PPase and/or glycogen synthase activity (Krebs and Preiss, 1975; Preiss, 1984). 

Mutants of these organisms which were found to have glycogen in excess had 

overexpressing activities of ADPGIc PPase, glycogen synthase, and/or branching enzyme 

(Preiss 1983; Preiss, 1996a; Preiss and Romeo, 1994). Similarly those organisms 

accumulating less glycogen had lower enzyme activities of the enzymes mentioned. 

Many isolated ADPGlc PPases from plants and bacteria have also been subjected to site­

directed mutagenesis of specific amino acids and many were found to be involved in 

allosteric regulation of the enzyme (Ballicora et al., 2003). In most bacteria the enzyme 

is a homotetramer and is allosterically regulated by small effector molecules which form 

part of the major carbon assimilatory pathway of the organism (Ballicora et al., 2003). 

The respective carbon utilisation pathways produce certain metabolites and these act as 

effector molecules in the regulation of ADPGlc PPase (preiss, 1996b; Ballicora et al., 

2003). For the Embden-Meyerhof (glycolysis), Entner-Doudoroff pathways and the 

Krebbs cycle (TCA cycle), activators are fructose-l,6-bisphosphate, fructose-6-

phosphate, and pyruvate while AMP, ADP and/or Pi are inhibitors (Balli cora et al., 

2003). ADPGIc PPase from various sources has since been grouped into nine classes 

(Ballicora et al., 2003). These classes are largely classified according to the quaternary 

structure, respective activators and inhibitors, and the main carbon utilisation pathway 

employed. Glycolysis is the main carbon assimilation pathway in E. coli and the main 

activator of ADPGlc PPase is fructose 1,6-bisphosphate and its inhibitor, AMP. For 

some bacteria such as B. stearothermophilus and B. subtilis, ADPGlc PPase is not 

allosterically regulated, but rather the enzyme exists as a heterotetramer and is regulated 

by two GlgD polypeptides, which form a complex with two GIgC polypeptides (Takata et 

al., 1997). Univ
ers

ity
 of

 C
ap

e T
ow

n



General Introduction 22 

In addition to allosteric regulation of ADPGlc PPase, glycogen phosphorylase, glgP, is 

also similarly regulated, but the enzyme is also controlled by phosphorylation and 

dephosphorylation. The unphosphorylated (inactive) form of GlgP is phosphorylated 

(active form) via phosphorylase kinase with 2xA TP' s and the reverse reaction occurs via 

a phosphoprotein phosphatase and water (Fletterick and Madsen, 1980). Allosteric 

regulation of GlgP involves inhibition by ATP, glucose-6-phosphate and ADP-glucose 

and activation by AMP (Preiss and Romeo, 1994). 

1.8.2 Transcriptional regulation of glycogen genes in E. coli 

Regulation of the transcription of glycogen genes have been thoroughly studied only in E. 

coli. Glycogen is under the control of different regulation mechanisms in E. coli, but the 

exact mechanisms of the various components are not yet clear. However a picture can be 

drawn from what is known to date. For example, the committed enzyme of the pathway, 

ADPGJc PPase, is allosterically regulated by AMP and fructose-l ,6-bisphosphate, which 

is likely the most important regulatory step in E. coli glycogen synthesis and was 

discussed above. The genetic expression of various glycogen genes are also positively 

and negatively regulated by various machanism. 

1.8.2.1 Positive transcriptional regulation 

The sigma factor associated with stationary phase growth, as (rpoS), in E. coli has been 

identified as a positive regulator of glycogen synthesis. Together with cAMP, this sigma 

factor stimulates the synthesis of gigS, the protein product of which in tum is a positive 

regulator of glycogen synthesis (Hengge-Aronis and Fischer, 1992; Preiss and Romeo, 

1994). The monocistronic gene, gIgS, constitutes the third known glycogen operon in E. 

coli. GigS stimulates glycogen synthesis, but its precise molecular function has not yet 

been established since it appears to have no direct effect on the gigCAP operon in E. coli 

(Hengge-Aronis and Fischer, 1992). In addition, a null mutant of gigS accumulated more 

glycogen than an rpoS mutant, suggesting the sigma factor had additional influence on 

glycogen synthesis (Hengge-Aronis and Fischer, 1992), although the mechanism has not 

yet been clarified (Preiss and Romeo, 1994). The expression of gig A and glgC was 

moderately enhanced by ppGpp which acted synergistically with cAMP (Romeo and 
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Preiss, 1989). Adenylate cyclase (cya) and CRP (cAMP receptor protein; crp) are also 

strong positive regulators of glgA and glgC glycogen synthesis (Urbanowski et al., 

1983). These components however, did not significantly effect the expression of glgB 

(Romeo et al., 1990; Romeo and Preiss, 1989). 

1.8.2.2 Negative transcriptional regulation of glycogen genes in E. coli 

A novel regulator of carbon storage was identified which was able to exert a negative 

control on glycogen synthesis (Romeo and Gong, 1993; Romeo et al., 1993) by 

destabilising mRNA (Baker et al., 2002). The expression of glgB, glgCAP and gigS was 

shown to be post-transcriptionally regulated by this protein, called CsrA (Liu et al., 1995; 

Yang et al., 1996). This protein, although a negative regulator of glycogen and other 

genes expressed in stationary phase, can also stabilise mRNA expressed during 

exponential growth, for example transcripts involved in flagellum biosynthesis, motility 

and chemotaxis (Romeo, 1998; Gudapaty et al., 2001; Wei et al., 2001). In 1997, the 

CsrA protein was purified and found to be co-purified with a sRNA molecule designated 

csrB (Liu et al., 1997). A second sRNA was recently isolated having the same function 

as csrB sRNA, designated csrC (Weilbacher et al., 2003). Both sRNAs have the function 

of competing with cellular mRNA for binding to CsrA via the binding of the protein to 

imperfect repeat sequences. The sRNA csrB having 18 and csrC having 9 repeats (Liu et 

al., 1997; Weilbacher et al., 2003), act as antogonists to the function ofCsrA. A model 

was proposed where sRNA controlled the activity ofCsrA (Romeo, 1998), but it was also 

found that CsrA could activate the expression of csrB. indicating that CsrA also regulated 

itselfby regulating csrB. This activation of csrB transcription by CsrA was not expected 

to occur directly, since activation only occured in vivo and not in vitro implying CsrA 

either post-transcriptionally inhibited the expression of a transcriptional repressor or 

activated the expresssion of a transcriptional activator of csrB (Gudapaty et al., 2001). 

The intermediate regulatory circuitry involved in the autoregulation ofCsrA was recently 

reported to include the response regulator UvrY and the sensor kinase BarA (Suzuki et 

at.,2002). This two component signal transduction system supported the activation ofa 

transcriptional activator theory of the CsrAlCsrB and BarAlUvrY regulatory system 

(Suzuki et al., 2002). The model ofCsrA function has since been modified to incorporate 
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the latest findings and is presented in figure 1.5. The destablisation and degradation of 

RNA transcripts in the presence ofCsrA was confirmed by Liu et al., (1995), but it was 

also believed that in addition, CsrA might bind to the RSS and prevent translation 

(Romeo, 1998). This concept was further analysed on glgC mRNA, where they found 

that more than one molecule ofCsrA could bind the mRNA, with binding of the protein 

to the leader sequence at the RBS and further upstream (Baker et al., 2002). The 

sequence sites at which CsrA bound was similar to the repeated sequences found on the 

sRNAs csrB and csrC (Weilbacher et al., 2003). More CsrA molecules were also 

predicted to bind other, already mRNA bound, CsrA molecules to stabilise the complex. 

This mechanism of preventing translation initiation was thought to be specific for 

glgCAP and gigS as previously it was established that the protein was not a general 

inhibitor of translation (Yang et ai., 1996; Liu and Romeo, 1997). However,just recently 

the translation of cstA, a gene induced by stationary phase sigma factors, was also found 

to be inhibited by the binding of CsrA to the RBS of its leader sequence (Dubey et aI., 

2003). This confirmed the model presented by Saker et ai., (2002) and also included the 

existence of CsrA as a homodimer by cross-linking studies (Dubey et al., 2003). It is 

also interesting to note that the debranching enzyme, glgX, is not regulated by CsrA 

while the branching enzyme, gigS, is (Yang et al., 1996), confirming post transcriptional 

regulation of the glgBX operon in E. coli. 

Another gene involved in the negative regulation of glycogen biosynthesis in E. coli is 

glgQ. Its gene product was able to decrease the expression of glgC, glgA and glgB and 

when it was mutated, glycogen was accumulated 5 to 10 times more than in the wild type 

controls (Romeo and Preiss, 1989; Dedhia et al., 1994). GlgQ was not closely linked 

with the structural genes according to PI transduction whereas another negative regulator 

gigR was found closely linked to the structural genes (Romeo and Preiss, 1989). The 

gene product GlgR also decreased the synthesis of glgC and gJgA, but had no affect on 

the synthesis of gigS in E. coli (Romeo and Preiss 1989). The last two mentioned 

regulators have to date not been well studied in E. coli. Univ
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CsrA-csrB(C) Complex 

G CsrA 

glgCAPmRNA 

Terminator 
() 
I :L 

25 

Figure 1.5 Model of CsrA-mediated regulation of E. coli g/gC. sRNA, csrB forms a 

ribonucleoprotein complex with CsrA and acts as an antogonist ofCsrA function. Translation of 

glgCAP is inhibited by the binding of CsrA to two positions in the leader sequence. The one site 

overlaps the Shine Delgamo (SD) sequence and the second binds within a short RNA hairpin. 

Binding in all cases is with ssRNA. Binding ofCsrA to these sites facilitates the binding of more 

CsrA molecules generating protein-protein interaction and stabilising the complex. With the 

prevention of translation, endunucleolytic cleavage (X) results in rapid degradation of the 

message. (Illustration redrawn from Baker et al., 2002). 

An important concept to understand in the regulation of glycogen accumulation in E. coli, 

is that the genetic regulation is distinguished from the absolute level of glycogen. 

Glycogen genes are induced on entry into stationary phase, but if there is no excess 

carbon available glycogen is not accumulated. In contrast, glycogen is accumulated 

extensively when E. coli is grown on media containing excess glucose and nitrogen is 

limiting, even though there is low expression of glycogen genes under these conditions 

(Preiss and Romeo, 1994; Hengge-Aronis and Fischer, 1992). Allosteric regulation of 

ADPGIc PPase has been found to be the main means of regulating glycogen synthesis in 

E. coli (Ballicora et al., 2003). Univ
ers

ity
 of

 C
ap

e T
ow

n



General Introduction 26 

1.9 The cell wall of C. glutamicum 

The cell wall of C. glutamicum is unusual for Gram-positive bacteria, and this separates it 

from other Gram-positives in that it contains a hydrophobic (lipid) bilayer (Minnikin & 

O'Donnell, 1984; Nikaido et al., 1993). The organism shares this unusual cell envelope 

with a taxon ofactinomycetes which include mycobacteriae, norcardiae, and rhodococci. 

In fact the function and structure of the Gram-positive corynebacteria cell wall resembles 

that of the Gram-negative cell envelope, which has an outer lipid bylayer composed of 

phospholipids and Iypopolysaccharides (Liebl, 200 I). Corynebacterium and their related 

organisms possess, in addition to the plasma membrane, a distinct outer barrier which 

forms an outer lipid layer, predominant constituents of which are the mycolic acid esters. 

This outer barrier lipid layer is composed of both covalently linked corynomycolates and 

non-covalently bound glycolipids (Puech et al., 200 I). The non-covalently bound 

glycolipids consist of trehalose dicorynemycolates and trehalose monocorynemycolates 

(Liebl, 2001). The mycolic acids play an important role in the cell wall permeability as 

mutants in mycoloyl transferases generated a decreased mycolate content and subsequent 

increased permeability (Jackson et al., 1999; Puech et al., 2000). Understanding the cell 

wall composition ofe. glutamicum and its permeability aids in understanding the uptake 

of nutrients and also the excretion of certain molecules which is important for industrial 

strains. Trehalose is an important constituent of the non-covalently linked mycolates and 

a possible relationship between glycogen and trehalose in e. glutamicum is addressed in 

the next section. 

1.9.1 The link between glycogen and trehalose in e. glutamicum 

Tehalose forms part of two corynomycolic acid esters: trehalose monocorynomycolate 

(TMCM) and trehalose dicorynomycolate (TDCM). These two molecules have been 

shown to be the major free lipid (non-covalently bound lipid) fractions of the lipid bilayer 

in e. glutamicum (Puech et al., 2000). The deletion of pathways involved in trehalose 

biosynthesis led to impaired growth of the cultures and altered cell wall lipid composition 

(Tzvetkov et al., 2003). The two major pathways for trehalose synthesis is the OtsA­

OtsB and the TreY -TreZ pathways utilising the substrates glucose-6-phosphate and UDP­

glucose, and malto-oligosaccharides or a-l,4-glucan polysaccharide, respectively (Wolf 
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et al., 2003). A third pathway considered less significant in trehalose synthesis, converts 

maltose to trehalose via TreS (Wolf et al., 2003). Glucose-6-phosphate could indirectly 

be one of the precursors for glycogen synthesis (Fig. 1.3), while glycogen also consists of 

a-I ,4-glucan molecules (maltodextrins). Trehalose synthesis was thought to be linked to 

glycogen biosynthesis through the need of the Tre YZ pathway for the substrate a-l,4-

glucans (Tzvetkov et al., 2003) (Fig. 1.6). The mutants, !lotsABlglgA::Km and 

!lotsABltreSlgIgA::Km displayed the same growth conditions, and trehalose 

accumulation, as mutants in MreZ. Although the glycogen synthesis mutants may not 

affect cell wall composition of C. glutamicum excessively since the OtsA-OtsB pathway 

was energetically more favourable compared to the TreY-TreZ pathway. However, 

TreY-TreZ was able to support growth of C. glutamicum under high and low sugar 

conditions. Though the contribution of both pathways to trehalose biosynthesis still 

needs to be determined, a clear link between trehalose synthesis and glycogen was shown 

by a growth deficiency in mutants blocked in the OtsA-OtsB pathway and glycogen 

synthesis (Tzvetkov et al., 2003). 

UDP-glucose 
glucose-6-P 

\ 
OtsAB 

maltose 

TreS 

maltodextrins 
(e.g. glycogen) 

/ 
TreYZ 

\tl 
D 
o~o~ 

trehalose 

Figure 1.6 Known trehalose biosynthesis pathways in C. glutamicum. 

Diagramme is redrawn from Wolf et al., (2003). 
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Toward the end of this thesis, a part of the work presented in the this thesis was published 

by Tzvetkov et al., (2003) where they identified the putative arrangement of glgA and 

glgC through scouring of the published genome and produced an integration mutant of 

glgA. This mutant was unable to accumulate glycogen in the presence of excess sucrose 

in the culture medium. 

1.10 The aims of this study 

The industrial significance of this organism is the reason that it has been so well studied 

(Hermann, 2003; Liebl, 2001) particularly with regard to amino acid production, 

precursor supply by central metabolic pathways and anaplerotic reactions, transport 

systems, and carbon and nitrogen fluxes (Bott and Niebisch, 2003). To this end, the 

genome of Corynebacterium glutamicum ATCC 13032 had been sequenced 

independently by various groups (Kalinowski et al., 2003; Nakagawa, 2002). These have 

been made publicly available during the course of this work and can be accessed using 

the Genbank accession number NC_003450 (Nakagawa, 2002). In a review of the 

respiratory chain of C. glutamicum, Bott and Niebisch (2003) point to the importance of 

understanding the organism as a whole rather than simply parts thereof when considering 

constructing the 'optimal' production strain. Also, although the type strain C. 

glutamicum ATTC 13032 used throughout this study is non-pathogenic, information on 

C. glutamicum might serve as a model for pathogenic strains of Corynebacteria and the 

related Mycobacteria. 

With this in mind, an introduction to glycogen metabolism in C. glutamicum ATCC 

13032 was undertaken. The physiology of glycogen accumulation in C. glutamicum was 

studied under different culture conditions. The genome sequence was used to identifY 

and isolate the genes involved in glycogen synthesis and degradation, and finally, 

regulation and genetic aspects were investigated to establish the importance and 

relevance of glycogen metabolism to this strain. 
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2.1 Summary 

The breakdown and accumulation of the glycosidic polysaccharide, glycogen, was 

investigated in Corynebacterium glutamicum ATCC 13032. e. glutamicum was unable 

to grow on glycogen as a sole carbon source. It is very possible e. glutamicum does not 

have uptake mechanisms for the polysaccharide and neither is it likely to possess, and 

excrete, extracellular enzymes able to degrade glycogen. However, the intracellular 

extract was shown to possess enzymes able to degrade glycogen through the simple 

identification of a zone of clearance on a glycogen containing agar plate on which cell 

extract of e. glutamicum had been incubated. Some physiological aspects of glycogen 

accumulation in e. glutamicum were also investigated where the organism accumulated, 

up to 91 mg glucose/g OW of the polysaccharide during stationary phase on complex 

medium, with an excess of glucose. In contrast, maximum glycogen was detected during 

late logarithmic phase with growth ofe. glutamicum on minimal medium supplemented 

with glucose. Interestingly a 5%, and not a 10%, glucose supplemented minimal media 

produced the most glycogen of 81,8 mg gJucose/g OW, suggesting glycogen 

accumulation in e. glutamicum was not proportional to the concentration of glucose in 

the media. Maltose grown cells accumulated the highest levels of glycogen compared to 

glucose grown cells of 107.8 mg glucose/g OW. The sugars, fructose and sucrose did not 

support high levels of glycogen accumulation « 40 mg glucose/g OW) and neither did 

growth on the organic acids, acetate and lactate, produce much glycogen « 20 mg 

glucose/g OW). We suggest low level accumulation of glycolytic intermediates, under 

these conditions, were unable to stimulate glycogen production in C. glutamicum. 
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2.2 Introduction 

The accumulation and break down of glycogen in Corynebacterium glutamicum has not 

been previously investigated, yet many organisms possess the enzymes required to 

accumulate and degrade this polysaccharide. Glycogen accumulates under stress 

conditions, for example when E. coli enters stationary phase growth due to reasons other 

than carbon limitation (Preiss 1984, Preiss and Romeo, 1994). It was not unreasonable to 

assume that the industrially important organism, C. glutamicum, also harboured enzymes 

involved in glycogen metabolism. In fact, the closely related M. smegmatis was 

previously shown to produce glycogen (Elbein and Mitchell, 1973). 

C. glutamicum was grown on different concentrations of glucose and the intracellular 

glycogen content analysed to determine if the glucose concentration in the media was 

proportional to the amount of glycogen detected in the cells. The effect on glycogen 

accumulation when C. glutamicum was grown on different sugars as carbon sources were 

also investigated. C. glutamicum was also able to grow aerobically on the organic acids, 

acetate and lactate. Acetate would be incorporated into the citric acid cycle via acetyl­

CoA (Gerstmeir et al., 2003) and lactate would be converted to pyruvate by quinone­

dependent lactate dehydrogenases (Bott and Niebisch, 2003). Under these growth 

conditions, gluconeogenesis should be more active than glycolysis, resulting in the 

accumulation of fewer intermediates, which would usually stimulate ADPGJc PPase. 

There is evidence that in E. coli, a low concentration of glycolytic intermediates leads to 

the negative regulation of ADPGJc PPase (Preiss et al., 1983). If the same situation 

exists in C. glutamicum, one would expect less glycogen in cells grown on acetate or 

lactate. In the current chapter, a physiological investigation concerning glycogen 

accumulation in C. glutamicum was undertaken which might help build a platform for 

further genetic and regulatory characterisation. 
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2.3 Materials and Methods 

2.3.1 Bacterial strains and culture conditions 

Corynebacterium glutamicum was first isolated during screening for glutamate producers 

in 1957 according to Kinoshito et al. (1957). In this study C. glufamicum ATCC 13032 

was routinely grown in complex medium, LB or 2xTY (Sambrook et al., 2001), or 

modified CgC-minimal medium (CgC-MM; Appendix A; Kase et al., 1972). All cultures 

were grown in fluted Erlenmyer flasks on a rotary shaker to facilitate aeration, at 120 

rpm, and at a temperature of 30°C. Carbon sources were filter sterilised and added to 

autoclaved media prior to inoculation. 

2.3.2 Preparation of cell free extracts 

2.3.2.1 Glycogen determination 

For glycogen assays, cultures of C. glutamicum were grown on LB or CgC-MM broth 

(Appendix A) and 5 ml samples harvested during growth. Samples were washed once 

with 0.9% NaCh and a second time with a resuspension buffer, 40 mM potassium 

acetate; pH 4.2. The cell pellet was reconstituted to a total volume of 1 ml with the 

resuspension buffer, and frozen at -20°C till further analysis. The washing steps 

removed residual glucose (or other carbon sources) from the medium which might have 

interfered with the glycogen test described in section 2.3.4. The cells were disrupted in 2 

ml screw-top eppendorftubes filled with 250 mg acid washed glass beads (150-212 j.!m, 

Sigma-Aldrich Chemicals GmbH), using mechanical lysis of a Ryboliser (Hybaid 

RiboLyser Cell disruptor). The cell disruptor was used at a maximum speed of6.5 for 45 

s, and 3 times without cooling in between since glycogen rather than enzyme activity was 

to be measured. The cell debris and glass beads were cleared from the supernatant by 

centrifugation at 13,000 rpm, 20 min, and 4°C. 

2.3.2.2 Enzymatic analysis 

For preparation of cell free extracts for enzymatic analysis, sampling was the same as 

above. Cells were disrupted in the appropriate reaction buffer at 4 °c in a similar 
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manner, with the addition of intermittent cooling between mechanical bursts of the 

Ryboliser. 

2.3.3 Physiological glycogen plate assay 

Cell free extracts of standardised protein concentration were placed on sterile 

nitrocellulose filters on CgC-MM plates containing 0.5 % glycogen. After incubation at 

30°C for 24 hours, the plates were stained with Lugol's iodine reagent (1.5 % KI; 0,15 

% I). The a( 1-»4) glucan chains in glycogen molecules form coils in which the iodine 

molecules fit and form glycogen iodine complexes. These complexes would have a blue­

brown colour in comparison to the yellow-brown colour of the negative control. 

2.3.4 Enzymatic glycogen assays 

2.3.4.1 Degradation of glycogen to glucose 

Cell free extracts for glycogen assays were obtained as described above in 2.3.2.1 and 

boiled for 5 min in order to inactivate glucose degrading enzymes. Each sample was 

divided into two 100 III aliquots (reactions A and B), and 2 III amyloglucosidase (10 

mg/ml, Roche Diagnostics) was added to reaction A while reaction B remained as a 

reference. Both reactions A and B were incubated, with shaking, at 57°C for 2 hours. 

With amyloglucosidase digestion, a-I ,4- and a-I ,6-glucosidic bonds were digested and 

glucose liberated. This enzyme was most active at 37°C but also had the ability to 

release glucose from trehalose at 57 °c. Incubation of the sample with amyloglucosidase 

at 57°C favoured the release of glucose from glycogen but prevented the breakdown of 

trehalose to glucose, as was shown by Parrou and Franscois, (1997). Since trehalose was 

not degraded to glucose, it would not interfere with the determination of glycogen 

through the measurement of glucose. Glucose concentration was then measured in both 

control (- amyloglucosidase) and experimental (+ amyloglucosidase) tubes, the control 

value was subtracted from the experimental value and the milligrams of glucose 

calculated, relative to the cell dry weight. 
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23.4.2 Enzymatic determination of glucose 

After the digestion of glycogen by amyloglucosidase, the resulting glucose was measured 

enzymatically by the phosphorylation of glucose to glucose-6-phosphate by hexokinase 

and its subsequent oxidation with NAOP by glucose 6-phosphate dehydrogenase. The 

following reactions being irreversible under these conditions: 

Glucose + ATP 

Glucose-6-P +NAOP 

HK: Hexokinase 

HK .... - -­
- ~ 

GO: Glucose 6-phosphate dehydrogenase 

Glucose-6-P +AOP 

6-phosphoglucan +NAOPH 

The NAOPH was measured spectrophometrically at room temperature at a wavelength of 

340 nm and subsequently the amount of glucose could be calculated based on the 

extinction coefficient for NAOPH as well as the molecular weight of glucose. The 

intracellular glucose resulting from the degradation of glycogen was determined by 

subtracting sample B, to which no amyloglucosidase had been added, from sample A, 

which had been incubated with amyloglucosidase as described in section 2.3.4.1. The 

measurements were calculated based on the volume of a I ml reaction volume using the 

following equation: 

Cglll:ose = (Vtolal X L\E) / (E x d x V ~l1l1ple); E340 6.3 l.mmorl x cm, d = 1 cm; 

Glycogen is reported as mg glucose/g dry cell weight (mg glucose/g OW). The dry cell 

weight was calculated according to the absorbance at 00600 where an 00600 of 1 

correlated to 0.25 g.rl for C. glutamicum (Borman et al., 1992) In this study, the values 

of glycogen (mg glucose/g OW) are given as the average for at least 2 separate 

experiments where glycogen is measured each time in triplicate. Univ
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2.3.5 Protein determination 

Protein concentration was detennined using the BioRad dye reagent with bovine serum 

albumin as a standard with concentrations between 0.025 mg.mr1 to 0.1 mg.mrl 

according to the principle of Bradford, (1976). 
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2.4 Results 

2.4.1 Qualitative evidence for glycogen degrading enzymes in the cell extract of C. 

glutamicum. 

The growth of C. giulamicum was analysed in minimal medium broth and solid media 

containing glycogen as the sole carbon source. The organism was unable to grow on this 

substrate but it may possess glycogen degrading enzymes in the cell extract. Cell extracts 

were prepared from E. coli DH5a and C. giulamicum as described in the Materials and 

Methods (2.3.2). The protein concentration of the cell free extracts were determined 

according to Bradford (1976) using bovine serum albumin as a standard, and the protein 

content of all samples was standardised for the experiment. Of each 10 mg/ml protein 

solution, 25 III was pipetted onto a filter placed on a minimal medium plate containing 

glycogen and allowed to incubate at 30°C overnight. A zone of clearance was visible 

upon staining with Lugol's iodine reagent, in the region of the filter, which implied 

enzymes capable of degrading glycogen were present in the ce II extract of C. glutamicum 

(Fig. 2.1). 

Figure 2.1 Glycogen degradation by enzymes in the cell extract ofC. glutamicum. 

I : Potassium acetate buffer only; 2: E. coli DH5a ceU extract*; 3 and 4: C. glutamicum cell 

extract*. *extracts were of a standard protein solution of 1 0 mglml and 25 III loaded per sample. 
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2.4.2 Development of an assay to detect intracellular glycogen 

An enzymatic glycogen test for C. glutamicum was developed to measure the intracellular 

levels of glycogen (Materials and Methods 2.3.4). The test was based on the degradation 

of glycogen to glucose by amyloglucosidase at a temperature of 57 DC, which prevented 

the breakdown of trehalose to glucose at this temperature (Parrou et al., 1997). Different 

concentrations of glucose were analysed to optimise glycogen detection, and to see if 

these concentrations were proportional to the amount of glycogen accumulated in the 

cells. 

Table 2.1 Glycogen content, measured as mg glucose/g OW, in C. glutamicum cells grown in 

minimal medium with 2% glucose. 

i 
Time Glucose 

Ihl fmg/g DWl 
I 0 44.2 ±0.03 

4 50.2 ±0.53 
7 65.8 ±0.29 
12 32.7 ± 1.59 
24 17.9±0.IS 
72 4.9±0 . 

An example of the glycogen content and standard deviations calculated for different time 

points during growth ore. glutamicum on minimal media supplemented with 2% glucose 

are given in Table 2.1. 
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2.4.3 Accumulation of glycogen in C. glutamicum grown on complex media with 4% 

glucose 

Initial quantitative detection of glycogen in C. glutamicum was performed on complex 

media with an excess of glucose, where intracellular glycogen was measured during 

growth. Cells grown on complex media without glucose, accumulated no glycogen after 

16 hours, therefore complex media precultures for this experiment contained no glucose. 

During exponential growth of C. glutamicum on complex media with 4% glucose, 

glycogen was accumulated between 30 and 60 mg glucose/g DW. During stationary 

phase, inhibitory metabolites or products are accumulated by the cells and oxygen 

becomes limited because of an increase in cell density. However, the culture was able to 

maintain growth to OD600 47 after 24 h with a growth rate (fl) of 0.55 h-I and a doubling 

time of 1.3 h. (Fig. 2.2 A). Higher levels of glycogen were measurable during stationary 

phase than during logarithmic phase, with a maximum accumulation of91 mg glucose/g 

DW at 24 hours (Fig. 2.2 B). 
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Figure 2.2. Accumulation of glycogen on complex media containing excess glucose. 

A.: C. glutamicum grown in LB + 4% glucose. B: Accumulation of glycogen during growth of 

C. glutamicum. 
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2.4.4 Growth of C. glutamicum and the glycogen accumulation profile on different 

concentra tions of glucose 

The effect of different concentrations of glucose in minimal medium broth on the 

accumulation of glycogen in C. glutamicum was investigated. Three concentrations of 

the carbon source were tested, 2%, 5%, and 1 0% glucose. The profiles of these 

experiments are depicted in figure 2.3 A and B, where glycogen was measurable at T=O, 

because the minimal medium preculture contained an initial I % glucose concentration. 

Minimal medium plus glucose was used as a preculture in order to prevent the carry over 

of other nutrients from a complex media preculture, and to allow the cells to adapt to the 

medium in which they were to be tested. The growth rate on minimal media for both 2% 

and 10% glucose was 2.6 h-1
, while on 5% glucose it was 2.7 h-1

. This was half the rate 

determined on complex media supplemented with 4% glucose (11 0.55 h-1
). The highest 

growth density was determined with cells grown on 5% glucose supplemented minimal 

media, reaching a maximum OD600 of 72 at 24 hours and a final OD600 of S4 after 72 

hours. Minimal media containing an initial 2% glucose concentration grew to a 

maximum 00600 40.5 with a final 00600 24.7 reached after 72 hours. Surprisingly the 

medium supplemented with 10% glucose did not support the highest growth rate or reach 

the highest growth density. However, between 24 hours and 72 hours this culture was 

able to maintain its maximum 00600 of 56. 

The accumulation of glycogen in C. glutamicum, grown on glucose supplemented 

minimal medium, did not follow the same profile as growth on complex media, where 

maximum glycogen was accumulated in stationary phase (Fig. 2.2 B). The maximum 

glycogen concentration detected, of 81.8 mg glucose/g OW, was determined on S% 

glucose during late logarithmic growth, or entry into stationary phase ie at T=7 hours 

(Fig. 2.3 A and B). The 2% and 10% supplemented cultures, produced less glycogen in 

comparison after 7 hours, but these were also the highest levels for these cultures during 

their growth profile. After 24-hour growth, the 10% supplemented culture maintained 

glycogen levels of 50 mg glucose/g OW and the 2% and S% glucose supplemented 

culture produced less than 20 mg glucose/g OW. After 72 hours growth, glycogen was 

still produced up to 25.6 mg glucose/g OW in the cultures containing the initial 10% 
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glucose concentration. This culture did not support the highest glycogen accumulation 

but contributed to measurable glycogen over a longer culturing time. The 2% and 5% 

glucose containing cultures exhausted their supply of glucose after 10 and 14 hours, 

respectively, while after 72 hours cultures containing initially 10% glucose still had 0.5% 

glucose in the medium. 
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Figure 2.3. Glycogen accumulation in minimal medium with 2%, 5% and 10% glucose. 

A.: Growth of C. glutamicum in 2%, 5% and 10% glucose. B: The accumulation of glycogen 

during growth on different glucose concentrations. Where 12/14 h is the measurement of 

glycogen at 12 h for the 2% glucose CgC-MM culture and the measurement at 14 h for the 5% 

and 10% glucose CgC-MM culture. The preculture for each experiment contained glucose which 

explains the initial 44.5 mg glucose/g DW measured at 0 h. Standard deviations for these 

experiments were less than 20%. 

2.4.5 Growth of C. glutamicum and accumulation of glycogen on different 

carbohydrate substrates 

The effect of carbohydrates, other than glucose, on glycogen accumulation was 

investigated. C. glutamicum was cultured as described in the materials and methods with 
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glucose, maltose, fructose and sucrose at a final substrate concentration of2% in minimal 

medium broth. The minimal media precultures contained the relevant carbohydrates at an 

initial concentration of 1 %. Cell extracts from the cultures were harvested at 0 hours, 4 

hours, 71l 0 hours, 12114, hours and 24 hours. Samples taken at 711 0 hours and 12114 

hours indicate the sampling of glucose and maltose grown cells at 7 and 12 hours, and the 

sampling of fructose and sucrose grown cells at 10 and 14 hours. Glycogen was 

subsequently assayed to determine the glycogen accumulation profile of C. glutamicum 

during growth on the different carbohydrates. The growth pattern of C. glutamicum on 

glucose, maltose, fructose and sucrose are shown in figure 2.4 A. On media 

supplemented with glucose, the cells grew at a rate offJ. = 0.26 hot, which was maximal 

for the different sugars tested, while fructose grown cells displayed the slowest growth 

rate of 0.19 hot. In a different study by Dominguez et ai., 1998, the growth rate of C. 

glutamicum ATCC 17965 on fructose was also found to be less in comparison to growth 

on glucose. The cultures grown on the four different sugars all reached an approximate 

final OD6000f30 after 24 hours. 

Glycogen accumulation during the growth of C. glutamicum on the various sugars is 

depicted in figure 2.4 B. Maltose grown cells accumulated maximum glycogen levels, 

during practically the entire growth phase, reaching a maximum accumulation of 107.8 

mg glucose/g OW after 4 hours of growth. Glucose grown cells showed a maximum 

level of glycogen of 65.8 mg glucose/g OW, measured after 7 hours growth. After 4 

hours of growth on maltose and glucose, maltose grown cells had more than twice the 

amount of glycogen. However, it must be noted that the enzyme amyloglucosidase, used 

to degrade glycogen in the enzyme assay (see Materials Methods Section 2.3.4), has both 

0,-1,4 and 0,-1,6 glucosidase activity, and maltodextrins (formed from maltose) consist of 

0,-1,4 bonded glucose molecules. Degradation of intracellular maltodextrins by 

amyJogJucosidase may give artificially high levels of glycogen measured as glucose. 

This might be particularly true under growth conditions such as minimal medium 

containing maltose. However, in the next chapter it was established that the promoter 

regions upstream of these structural genes, were also upregulated when grown on maltose 

in comparison to glucose grown cells. 
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C. glutamicum cultured on the sugars, fructose and sucrose, showed low levels of 

glycogen accumulation with the maximum reached after 4 hours with the values 21.9 and 

42 mg glucose/g DW, respectively (Fig. 2.4 B). Glucose, fil.lctose, and sucrose are 

assimilated via specific phosphoenolpyruvate phosphotransferase systems (PTS) and 

therefore would be found in the cytoplasm in a phosphorylated form. Dominguez and co­

workers established that two fructose uptake mechanisms function in C. glutamicum 

A TCC 17965, with the main uptake via PTSFru generating fructose-I-phosphate, while 

the rest was taken up by the lower affinity PTSMan
, forming fructose-6-phosphate 

(Dominguez et al., 1998). We found that cells grown in fructose media had the slowest 

growth rate, and accumulated the lowest levels of glycogen. 
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Figure 2.4. Glycogen accumulation on different carbon sources. A: Growth pattern of C. 

glutamicum in CgC-MM broth with the carbohydrate sources glucose, maltose, fructose and 

sucrose at a final concentration of 2%. B: Glycogen accumulation during the growth of C. 

glutamicum on different carbohydrates. Standard deviations for glycogen assays were less than 

15%. 
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2.4.6 Intracellular glycogen content of C. glutamicum during growth on acetate and 

lactate 

In an attempt to determine the accumulation of glycogen during growth on organic acids 

which enter the TCA cycle via acetyl-CoA and pyruvate, C. glutamicum was grown on 

minimal media supplemented with either 1 % acetate or lactate, and 1 % glucose was used 

in the control culture . C. glutamicum grew on all three substrates, and samples were 

taken for glycogen assays during the logarithmic growth phase 4 hours after inoculation 

at 00600 1 in minimal medium broth . The organic acids supported growth to a final 

00600 of approximately 8.8 while 1 % glucose supported growth for C. glutamicum to a 

higher 00600 of 17.9 after 24 hours. The amount of glycogen measured after growth on 

acetate and lactate was considerably less, at 16.5 and 9.2 mg glucose/g DW respectively, 

compared to 49 mg glucose/g DW glycogen for the glucose containing culture (Fig. 2.5). 
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Figure 2.5. Accumulation of glycogen with growth on organic acids A: The growth of C 

giulamicum on the organic acids, acetate and lactate, in comparison to glucose. B: The measured 

accumulation of glycogen on the carbon sources glucose, acetate and lactate taken during the 

logarithmic growth phase of the WT. Glycogen was measured after 4 h. The precultures of 

complex medium contained no carbon source and the cultures were allowed to adapt to the carbon 

source during a 16 h overnight culture with the appropriate carbon source. 
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2.5 Discussion 

Since C. glutamicum is an important amino acid producing organism, its central 

metabolism and the metabolic fluxes prevalent in the cell are ofimportance and glycogen 

accumulation may at first glance be of secondary interest. Conditions that might affect 

the flow of carbon to the TCA cycle may have an effect on the availability of 

intermediates for amino acid and vitamin production. An investigation of glycogen 

accumulation was therefore undertaken with respect to conditions such as excess glucose 

as well as glycogen accumulation during growth on different carbon sources. As a first 

introduction to glycogen metabolism in C. glutamicum, we attempted to grow the 

organism on solid medium and in liquid medium with glycogen as the sole carbon source. 

As expected, the organism was unable to degrade the complex substrate, presumably 

because extracellular glycogen degrading enzymes are not produced by this organism. C. 

glutamicum did however, have the ability to degrade glycogen intracellularly. 

Glycogen levels were highest in samples taken from stationary phase cultures grown in 

complex media with 4% glucose (Fig. 2.2). After 24 hours, 91 mg glucose/g DW was 

accumulated under these conditions. Tn contrast, glycogen was highest when measured 

during the late exponential growth phase regardless of the concentration of glucose when 

grown on minimal medium (Fig. 2.3). The availability of other nutrients, such as 

peptides in complex media would result in glucose being metabolised, but more 

importantly the synthesis of metabolites from glucose would be blocked. Glucose not 

required immediately for growth could have been incorporated into glycogen resulting in 

higher glycogen levels in stationary phase on complex media. The higher concentrations 

of glucose in minimal media supported the accumulation of glycogen over a longer 

growth period. In both the 5% and 10% glucose containing cultures, the maximum OD600 

of 56.2 was maintained from approximately 12 hours to 72 hours (Fig. 2.3). However it 

was the 5% glucose containing media that accumulated the most glycogen, indicating the 

accumulation of glycogen was not proportional to the concentration of glucose in the 

media. This in tum suggests the uptake and distribution of glucose (into glycolysis or 

glycogen) in C. glutamicum could be regulated. Tn E. coli. glycogen is mostly 

accumulated in the stationary phase (Preiss, 1984), however in M smegmatis. glycogen is 
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constantly accumulated and degraded during growth (Ballinger and Hatfull, 1999). 

Cycling of glycogen was also established in Clostridium and in Fibrobacter strains 

implying glycogen cycling could be prominent in all bacteria and not only Gram-positive 

bacteria (Guedon et at., 2000; Matheron et al., 1998). To more fully understand the 

accumulation and degradation of glycogen in C. glutamicum, mutants within the 

glycogen biosynthesis pathway would have to be generated and investigated for growth 

characteristics. 

When considering the uptake of sugars from the medium, C. glutamicum utilises the 

phosphotransferase system (PTS) for the assimilation of sugars such as glucose, sucrose 

and fructose (Dominguez and Lindley, 1996; Parche et al., 2001), with specific enzyme II 

complexes. The PTS components in the related C. diphtheriae have been previously 

described (Parche et al., 2001), and the presence of these components in C. glutamicum 

have recently also been identified in its genome sequence (Kalinowski et al., 2003). 

However, in the case of glucose, a suspected permease transporter might also be present, 

since there was still residual growth on glucose when the two glucose PTS's, PTSManand 

PTSFru
, were deleted (Park et al., 2000; Dominguez and Lindley 1996). A schematic of 

the flow of carbon from these sugars toward glycolysis or glycogen is given in figure 2.6. 

Growth ofe. glutamicum on different sugars would lead to the accumulation of different 

levels of glycolytic intermediates, one of which would be fructose-l ,6-bisphosphate, the 

stategic branch point of glycolysis and glycogen formation. Fructose-l,6-bisphosphate is 

a known regulator of ADPGlc PPAse in E. coli (Preiss and Romeo t 994) and therefore 

different levels of this intermediate could regulate glycogen formation. In the case of 

fructose grown cells, an excess of fructose-J ,6-bisphosphate could result leading to the 

activation of ADPGIc PPase. The reaction leading to glycolysis from fructose-l,6-

bisphosphate requires A TP, but the precursor for glycogen, glucose-I-phosphate, could 

also be formed via the enzymes fructose-l,6-bisphosphatase, glucose-6-phosphate 

isomerase and phosphoglucomutase. The activation of ADPGlc PPase correlates with the 

levels of glycogen measured with growth of C. glutamicum on fructose which were the 

lowest (Fig. 2.4) in comparison to the other sugars. With the assimilation of sucrose, 

once phosphorylated, it would be degraded into one glucose-6-phosphate molecule and 
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one fructose molecule. Even though fructose-I,6-bisphosphate is an activator of 

glycogen synthesis, only half the number of glucose molecules would be available to 

enter glycolysis, therefore the accumulation of glycogen would likely not occur. We 

found growth of e. glutamicum on sucrose led to less glycogen accumulation in 

comparison to glucose but more in comparison to fructose (Fig. 2.4). In another 

physiological aspect, the growth of e. glutamicum on inorganic acids led to even less 

glycogen accumulation of < 20 mg glucose/g OW relative to > 20 mg glucose/g OW 

measured on fructose. The carbon source, acetate, is incorporated in the TCA via acetyl­

CoA while lactate is first converted to pyruvate via lactate dehydrogenase. In the above 

cases, the glycolytic pathway is not being used so that gluconeogenesis would be required 

in order to generate the glycolytic intermediates that would normally stimulate glycogen 

production. We found the highest accumulation of glycogen when C. glutamicum grew 

on the substrate maltose (Fig. 2.4). Via synthesising enzymes, maltose is either 

incorporated into growing maltodextrin chains or can be phosphorylated and 

subsequently degraded to yield glucose-I-phosphate (the precursor toward glycogen) 

(Fig. 2.6). The maltodextrin chains form a pool ofmaltodextrins of various lengths, and 

due to the nature of the enzymatic glycogen assay it is possible this pool contributed to 

the higher intracellular levels of 'glycogen' measured with growth on maltose. Since 

maltodextrins are (l(1 ~) linked glucose molecules these are also degraded by 

amyloglucosidase, the enzyme used to degrade glycogen, however the contribution of the 

carbon source was excluded from the test by several washing steps before lysing the cells 

(Materials and Methods, Section 2.3.4). 

In summary, we have established that C. glutamicum ATCC 13032 has the ability to 

synthesise and degrade glycogen. The accumulation of glycogen was highest during 

logarithmic growth on 1 % or 2% glucose but was also maximally accumulated during 

stationary phase when there was an excess of glucose (Fig. 2.2). A further objective 

would be to identifY the genes involved in glycogen metabolism, which would facilitate 

the analysis of regulatory mechanisms in glycogen metabolism. Understanding the 

regulation and function of glycogen accumulation may help lead to a better understanding 

of the contribution of this polysaccharide to the central metabolism ofe. glutamicum. 
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CHAPTER 3 

IDENTIFICATION OF THE GENES INVOLVED IN GLYCOGEN 

METABOLISM IN C. glutamicum: TRANSCRIPTIONAL ANALYSIS 

AND REGULATION 
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3.1 Summary 

C. glutamicum has been shown to accumulate and degrade glycogen. Subsequent 

bioinfonnatic analysis of the then unannotated genome of C. glulamicum and Blast 

searches with known and putative glycogen genes from other bacteria, led to the 

identification offour genes possibly involved in glycogen metabolism. Genes coding for 

the ADPGlc pyrophosphorylase (glgC), a glycogen synthase (glgA), a branching enzyme 

(glgB) and a debranching enzyme (glgE) were identified according to their arrangement 

and amino acid sequence similarity of the respective deduced proteins to other 

(homologous) enzymes. Transcription analysis of C. glutamicum g/gA, glgC, glgB and 

glgE revealed the monocistronic transcription of glgA (- 1230 nt) and glgC (- 1250 nt), 

while the transcription of glgB (- 2500 nt) and glgE (- 2000 nt), as a single mRNA 

transcript was confinned by RT-PCR as well as Northern blots. The genes glgA and 

glgC were transcribed divergently by possible overlapping promoter regions which was 

confinned by reporter gene analysis of the promoter region. Transcriptional regulation of 

these genes was analysed during growth on different carbon sources by measuring the 

activity of promoter regions cloned ahead of a promoterless chloramphenicol acetyl 

transferase reporter gene. These assays were perfonned in C. glutamicum and it was 

found that all promoters were down regulated 2.5-3.5 times when grown on acetate and 

lactate in comparison to glucose, while in maltose grown cells the promoters where 

upregulated 1.5 times relative to glucose. These results indicate regulation at the 

transcriptional level of the genes glgA, glgC and gigEB in C. glutamicum. 
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3.2 Introdnction 

Before the current annotated genome sequence of C. glutamicum (Nakagawa, 2002; 

Kalinowski et al., 2003) was made publicly available, the identification of the relevant 

genes for glycogen synthesis and degradation were identified by comparison of 

previously published enzymes against the unannotated genome sequence available. 

Multiple alignments of published sequences with that of the recently annotated C. 

glutamicum genome sequence using BLAST (Altschul et al., 1997), allowed a more 

thorough investigation of the genes involved in glycogen metabolism in C. glutamicum. 

The arrangement of genes involved in glycogen metabolism in many organisms are 

clustered and computer analysis also allowed us to indentifY the genetic arrangement of 

glycogen genes in C. glutamicum. In E. coli, the genes coding for glycogen synthesis and 

degradation are coordinately expressed in two operons (Romeo et al., 1988). In S. 

coelicolor glycogen related genes are not only found in an operon but are also duplicated 

and the different operons are expressed at different stages of development in the 

bacterium (Schneider et ai., 2000). In Chapter 2, we established that glycogen 

accumulation in C. glutamicum was dependent on the carbon source, whether it was 

carbohydrates or organic acids, suggesting some sort of regulation of these genes. 

Glycogen accmulation also varied during the growth phase of the bacterium. In this 

chapter, we were able to identifY and analyse four genes involved in glycogen 

metabolism in C. glutamicum. Regions of DNA upstream of the translational starts of 

these genes were also analysed for an indication of transcriptional control of gene 

expression under different conditions. 

Univ
ers

ity
 of

 C
ap

e T
ow

n



3 51 

3.3 Materials and Methods 

3.3.1 Compnter analysis of genes involved in glycogen metabolism 

Computation was performed at the SIB (Swiss Institute for Bioinfomatics; 

http://www.isb-sib.ch) and NCBI using the BLAST network services (Altschul et al., 

1997). The protein and DNA sequences were analysed using the online ExPASy 

proteomics server (Gasteiger et at., 2003) and ClustalW (Higgins et al., 1994), Clone 

Manager version 5 and Genedoc software packages. The SWISSPROT accession 

number for C. glutamicum GlgC is Q8NRD4. Additional sequences used for comparison 

with this polypeptide and their respective Genbank accession numbers are as follows: M 

tuberculosis glgC (005314), S. coelicolor glgC (P72394), E. coli glgC (P00584). The 

Genbank accession number for C. glutamicum glgA is AP005277; protein ID 

BAB985I 0.1 and additional sequences used for comparison are M tuberculosis 

CDCI551 (AE007001; protein ID AAK45507.l), S. coelicolor (AJ243803; protein lD 

CAB50741.1) and E. coli (BAB37697). For multiple alignment analysis of various GlgB 

proteins the following sequences were used: C. glutamicum glgB (BX927151; protein lD 

CAF19928.1); M tuberculosis glgB (BX842576, protein ID CAA98090.1); S. coelicolor 

glgBI (X83397); S. co elicolor glgBH (X73903); E. coli glgB (M13751). The putative a­

amylase (GlgE) of C. glutamicum (BX927151; protein ID CAFI9929) was aligned with 

M smegmatis putative glucanase GlgE (AFI72946; protein ID AAF07898.l) and two 

putative glucanohydrolases from S. coelicolor designated Pep 1 I (AJOO 1205; protein ID 

CAA04600.1) and Pep 1 II (AJOO 1206; protein ID CAA04606.1). 

3.3.2 Bacterial strains, growth conditions and plasmids 

C. glutamicum was routinely grown aerobically in 500 ml fluted Erlenmyer flasks at 120 

rpm to facililate aeration. The medium was either complex medium with or without a 

carbon source, or CgC-MM supplemented with different carbon sources (Appendix A). 

Cloning and subcJoning were conducted with the E. coli strain DH5a, which was grown 

in 2xTY broth or agar (Sam brook et al .. 2001). Kanamycin was added to the growth 

medium at 50 ~g.mrt to select for transformants. Bacterial strains, plasm ids and 

oligonucleotides used in this chapter are described in the tables below. 
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Table 3.1. Bacterial strains 

Strain Relevant characteristics 

E. coli DH5a supE44, hsdR17, recAI, till-I, 

endAI, lacZa, gyrA96, relAI 

C. glutamicum ATCC 13032 Wild type 

Table 3.2 Plasm ids 

Plasmid Relevant characteristics 

pEKEx2 KmK expression vector carrying lac/', the tac 

promoter and the pUC 18 mutiple cloning site 

pEKglgA pEKEx2 derivative, 1.3 kb fragment of glgA 

ORF including RBS 

pEKglgE pEKEx-2 derivative, 2.1 kb fragment of glgE 

ORF including RBS 
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Reference 

Hanahan, 1985 

Abe et al., 1967 

Reference 

Eikmanns e/ al., 1994 

this work 

this work 

pK19mobsacB KmR, non-replicating in C. glutamicum, oriT Schafer et al., 1994 

(mobilizable),oriV 

pK19IMA 

pK19IMC 

pET2 

pETPA! 

pETPC4 

pETPEBl 

pK 19mobsacB derivative, 550 bp internal 

region of glgA, cloned via PCR generated 

San-BamHi restriction sites 

pK 19mobsacB derivative, 371 bp internal 

region of g/gC, cloned via PCR generated 

BamHI and internal Sail restrictions sites 

KmR, cat, ori pBL 1, ori colE t 

pET2 derivative, 437 bp g/gA promoter 

fragment 

pET2 derivative, 437 bp glgC promoter 

fragment 

pET2 derivative, 556 bp glgE promoter 

fragment 

this work 

this work 

Vasicova et al., 1998 

this work 

this work 
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Table 3.3 Oligonucleotide primers· 

Primer Sequence (5'-3') 

DMgIgE-rev4 GGAA TTCGGT AGGTCTTGA TTTCGC 

PR-glgAC-for CGGGATCCTGCACCCATGCAGTGAAC 

PRAC-2-rev 

PRAC-2-for 

PR-glgAC-rev 

PR-glgEB-for 

PR-glgEB-rev 

DM-g\gE-for3 

RT-revB2 

DM-glgE-forl 

DM-glgE-rev2 

IM-glgB-for 

IM-glgB-rev 

ACGCGTCGACTCCGGAGTTCACCA 

ACGCGTCGACTGCACCCATGCAGTGAAC 

CGGGATCCGAATCCGGAGTTCACCAG 

CCGCTCGAGGATTCGGTTGCCTAATGC 

CGGGATCCTTCCATCCAAAATGCGGG 

CGACATTTTGCATGCGTC 

ATCAGCCTTGACCTGCGG 

ACGCGTCGACCGGTATCGATGATGTTCG 

GGAATGGAGTATGGAAGTTGG 

CCCAAGCTTATCCGATGCGTTCTATGG 

CGGGATCCTCAGAGAATGCGTACACC 

* oligonucleotide primers were synthesised by MWG-Biotech, GmBh 

3.3.3. General recombinant DNA procedures 

53 

Restriction sites 

EcoRI 

BamHI 

Sail 

Sail 

BamHI 

XhoI 

BamHI 

Sail 

HindIII 

BamHI 

All DNA modifications and manipulations were performed according to standard 

procedures (Sambrook et al., 200 I). C. glutamicum chromosomal DNA was isolated 

according to Eikmanns et al., (1994). Plasmid DNA from E. coli was isolated using a 

modified method of alkali lysis according to Birnboim (J 983) or with the GFX-kit for 

plasmid isolation (Amersham). 

3.3.4. Isolation of chromosomal DNA from C. glutamicum 

Chromosomal DNA was isolated from a 5 ml overnight culture (2 x TY with 0.5% 

glucose) according to the method described by Eikmanns et al., (1994). The culture was 

centrifuged (5000 rpm; 5 min), washed twice with TE buffer and resuspended in 1 ml TE 

containing 15 mg.mr l lysozyme. After 3 hours incubation at 37°C, 3 mllysis buffer (10 

mM Tris-HCl, 400 mM NaCh, 2 mM EDTA, pH 8.2), 220 III SDS (10%), and 150 III 

Proteinase K (20 mg.mr l
) was added and the solution incubated at 37°C overnight. 
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Proteins were precipitated by addition of 2 ml salt saturated NaCI and the solution 

centrifuged (5000 rpm, 15 min, R T) to recover the supernatant. The chromosomal DNA 

was precipitated with addition of ice cold 100% ethanol and spooling with a pasteur 

pipette, washed in 70 % ethanol, dried and allowed to resuspend overnight in 100 - 200 

!ll TE at 4 °c (or 10 mM Tris pH 7.6). 

3.3.5. RNA extractions 

RNA was harvested from mid-exponential phase C. glutamicum cultured in 60 ml CgC­

MM, containing I % or 2% glucose as the carbon source (Appendix A). An equal volume 

of killing buffer (20 mM Tris-HCI pH 8.2; 20 mM NaN3; 5 mM MgCh) was added to 20 

m) of chilled culture, and centrifuged for 10 min at 5000 rpm and 4 °c to pellet the cells. 

Pelletcd cells were flash frozen in liquid nitrogen and stored at -70°C or RNA was 

extracted immediately. The cell pellet was defrosted on ice and the cells added to 2 ml 

screw top eppendorfs previously filled with 0.25 ml glassbeads (150-212 !lm, Sigma­

Aldrich Chemicals GmbH); 0.5 m( acidic phenol; and 0.5 ml RL T buffer (RNeasy'1!l Mini 

Kit, Qiagen GmbH, Hilden). These were Iyzed with a Ryboliser (Hybaid RiboLyser Cell 

disruptor) 3 times for 45 sec at a setting of 6.5 and without cooling on ice except at the 

end. The cell free extract was added to 15 ml falcon tubes containing 1.5 ml acidic 

phenol; 1.5 ml chlorotorm isoamyl alcohol; and 2.5 ml AE Buffer (40 mM sodium 

acetate; 1 mM EDT A), which had been heated to 60°C in a water bath. The aqueous 

phase was extracted by centrifugation and treated to three more subsequent phenol 

extractions. The aqueous phase was finally extracted with chloroform isoamyl alcohol 

(24:1) and precipitated with 0.1 volume 3M sodium acetate and 2.5 volume absolute 

ethanol at -20°C for 2 h to overnight. The RNA was washed with 70% ethanol and 

resuspended in RNAse-free H20. For Northern blots and RT -PCR, the RNA was treated 

with DNase I digestion according to standard protocols (Sambrook et al., 2001). 

3.3.6 Reverse Transcription peR (RT -PCR) 

RT-PCR was performed using the primers RT-revB and DM-glgE-for3 (Table 3.3), with 

RNA extracted from exponential phase C. glutamicum cultures grown in CgC-MM + 1% 

glucose or CgC-MM + 1 % acetate (Appendix A). In order to determine a single mRNA 
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transcript for glgE and glgB, RNA was extracted as described above and treated with a 

DNase-l digestion according to standard protocols. The reactions were perfonned 

according to the manufacturers specifications for the Ready to Go RT-PCR Beads, 

Amersham Biosciences. Contaminating DNA was excluded in the experiment by 

perfonning a control PCR with heat-inactivation of the reverse transcriptase at 42°C for 

20 min. Two positive control RT -PCR reactions were included to confinn the presence 

of each gene. A 540 bp region on the 5' end ofglgE was amplified using RT-PCR with 

the primers DM-glgE-forl and DM-glgE-rev2. The second control was the amplication 

of a 1.01 kb internal region of glgB with the primers, IM-glgB-for and IM-glgB-rev. 

3.3.7 Northern hyhridisation 

Total RNA was isolated from mid-exponential phase cultures ofe. glutamicum strains as 

described above (Section 3.3.4). RNA was seperated by electrophoresis in 1.0% 

denaturing fonnaldehyde gels according to standard RNA protocols. Two concentrations 

of RNA; 4 Ilg and 6 Ilg were loaded per lane. Except for positive controls, where 1 Jlg of 

RNA was loaded on the RNA agarose gel. The positive controls were RNA extracted 

from C. glutamicum containing the plasmids pEKglgA and pEKglgE. These plasmids 

have the complete ORF, including a sufficient region upstream to contain possible 

ribosomal binding sites of g/gA and glgB (Table 3.2). RNA was transferred by vacuum 

extraction onto a nitrocellulose membrane and the RNA fixed according the 

manufacturers instructions. Hybridisation with a p32 labeled specific probe was allowed 

overnight at 60°C, and after the washing steps the blots were exposed to X-ray film and 

developed. The RNA molecular marker (O.24-9.5kb), was obtained from Invitrogen Life 

Technologies. 

3.3.8 Construction oftranscriptional fusions 

PCR (Appendix B) was used to amplity fragments upstream of glgA, glgC, and gigEB 

using e. glutamicum chromosomal DNA as a template. The primers shown in Table 3.3 

were tagged with appropriate restriction enzyme sites to facilitate cloning into the 

promoter-reporter vector pET -2 using the reporter gene, chloramphenicol acetyl 

transferase (CAT). The promoter region of glgA was constructed using the primers, PR-
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glgAC-for and PRAC-2-rev which generated a 437 bp fragment and was cloned into 

pET2 with the restriction sites SalI and BamHI. The promoter region of glgC was the 

same fragment but amplified with the primers PRAC-2-for and PR-glgAC-rev, which had 

the restriction sites reversed, and the fragment was cloned in the pET2 vector. The 

promoter probe vector pETPEB 1 was constructed using the primers PR-glgEB-for and 

PR-glgEB-rev and the 556 bp fragment cloned using the PCR generated restriction sites 

XhoI and BamHI. The promoter DNA fragments for analysis were sequenced from the 

vector by the company MWG Biotech, Germany. The sequencing results were analysed 

using NCBI Blast searches and the DNA software programme Clone Manager, version 5. 

All plasmid constructs were introduced into C. glutamicum using the high efficiency 

electroporation protocol of van der Rest et ai., 1999. 

3.3.9 Preparation of cell free extracts 

For the chloramphenicol acetyl transferase (CAT) assays, C. giutamicum cultures were 

grown overnight (16h) in complex media and inoculated into fresh complex media with 

and without glucose to a starting OD600 of 0.3. Cells were harvested at various growth 

stages by centrifugation (5000 g for 5 min at 4°C), and resuspended in 500 III of 50 mM 

Tris-HCl (pH 7.6). Cells were disrupted either by sonication at 95 W using 30 s bursts 

for 6 min (Virsonic Digital 475 Cell Disruptor, Virtis) or by mechanical lysis with a 

Ryboliser (Hybaid RiboLyser Cell disruptor) using the maximum setting, for 45 s bursts, 

3 times, and with cooling inbetween. The samples were centrifuged at 14000 g for 20 

min at 4°C, and the cell-free extracts (CFE) obtained used for CAT assays. For CAT 

activity from samples grown in CgC-MM + carbon source', C. glutamicum was grown in 

complex medium for 6 hours, inoculated into fresh CgC-MM + carbon source' and 

incubated overnight. This preculture was inoculated into a main culture ofCgC-MM + 

carbon source' and the cells harvested during the exponential growth phase. Cell extracts 

were prepared as described for complex medium . 
• Carbon sources were I % glucose, I % maltose, I % acetate, or I % lactate 
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3.3.10 Protein determination of cell free extracts 

Protein concentrations of the cell free extracts were determined using the BioRad dye 

reagent with bovine serum albumin as a standard (concentrations of 0.025 mg.mr) to 0.1 

mg.mr l
) according to the principle of Bradford (1976). 

3.3.11 Determina tion of CAT activities 

Chloramphenicol acetyl transferase catalyses the following reaction: 

Chloramphenicol + 2 Acetyl-CoA ----t Chloramphenicol-l,3-diacetate + 2 CoA 

The reduced CoA is catalyzed further in a second reaction with 5,5' -dithiobis-2-

nitrobenzoate (DTNB): 

CoA + DTNB ----t Dithionitrobenzene-CoA + 5'-thio-2-nitrobenzoate 

5-Thio-2-nitrobenzoate has an extinction coefficient of 13_6 mM-)em-) at 412 nm. CAT 

assays were performed according to a modified method of Shaw (1979). Where 10 Itl 

cell extract was added to 950 Itl of reaction mixture (0.4 g DTNB/l, 100 mM Tris-HCI, 

pH 7.8, 0.1 mM acetyl-CoA) and incubated at 37°C for 2 min. The reaction was started 

with the addition of 50 f!1 5 mM chloramphenicol and followed photometrically where I 

Unit of CAT activity is defined as I f!mol of chloramphenicol acetylated per minute. 

Specific CAT activity in the samples were calculated as U CAT/mg protein. 
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3.4 Results 

3.4.1 Identification ofGlgC and GlgA by computer analysis 

The first two genes identified by computer analysis was an ADPGlc pyrophosphorylase 

(glgC) and a glycogen synthase (glgA). Both genes are involved in anabolic reactions in 

the metabolism of glycogen. These genes have been previously identified and studied in 

E. coli (Leung et al., 1986; Preiss, 1996a) and have also been identified in organisms 

such as A. tumefaciens (Ugalde et al., 1998) which was summarised in Chapter I. 

3.4.1.1 Analysis of the C. glutamicum GIgC subunit by multiple alignment 

ADPGIc pyrophosphorylase (ATP:a-D-glucose-l-phosphate adenyltransferase; EC 

2.7.7.27; ADPGlc PPase) consists of four subunits encoded by the same genetic 

sequence. The amino acid sequence for one subun it was analysed (Fig. 3.1). Conserved 

regions in bacterial and plant ADPGlc PPase subunits have been annotated according to 

the computer programme, PROSITE, where three regions were identified as signature 

patterns for this enzyme. The first two were N-terminal and most likely regions involved 

in substrate binding and/or allosteric regulation, while the third motif was a conserved 

region within the central part of the enzyme. These ADPGlc PPase signatures are as 

follows: signature 1:- [AG]-G-G-x-G-[STK]-x-L-x(2)-L-[T A]-x(3)-A-x-P-A-[LV] ; 

signature 2:- W-[FY]-x-G-[ST]-A-[DNSH]-[AS]-[LlVMFYW]; and signature 3:- [APV]­

[GS]-M-G-[LlVMN} Y -[JVC]-[L/VMFY]-x(2)-[DENPHK] (Preiss et al., 1991; Nakata, 

et al., 1991). An alignment of the putative C. glutamicum GJgC subunit was made with 

similar subunits in related Gram-positive organisms such as M. tuberculosis and S. 

coelicolor, where the polypeptides showed 60% and 55% identity, respectively. A 

comparison was also drawn to the not so closely related Gram-negative organism E. coli, 

where the polypeptides had 36% identity. The well characterised E. coli GlgC has been 

discussed earlier in Chapter 1 (Preiss and Romeo, 1994), and the same functional 

domains such as, the three signatures for ADP-glucose pyrophosphory\ase, were present 

in all four organisms and are underlined in the alignment shown in figure 3.1. The 

absolutely conserved amino acid in bacteria and plants, denoted in E. coli as Lys-195 

(Preiss and Romeo, 1994; Ballicora et al., 2003), binds the phosphate moiety of the 
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substrate and was conserved in the C. glutamicum GlgC polypeptide (Lys-180) as well as 

in the M tuberculosis and S. coelicolor polypeptides (black highlighted column in Fig. 

3.1). Another amino acid important for catalysis recently identified in E. coli (Frueauf et 

al., 2001), was also conserved in C. glutamicum GJgC at Asp-126 . The domain 

important for nucelotidyltransferase activity was found to be N- terminal, between amino 

acids 8-279 in C. glutamicum, and includes the three conserved motifs for this type of 

enzyme. 

C. glutaJa1cua ------------·IIIK'~RPHY!IA 
Y. tuberoulos1s ------------· .... ,.VII·RVIrc 
S.coe11c010r ---------
E.0011 

C.gluta.aicUJll 
tII.tuberoulosis 
S.ooelioolor 
8 . 0011 

C.g1ut .... 1cum 
Y. tuberou10s1s 
S.coelioolor 
E.c011 

C.g1utaJa10WII 
M. tuberou10sis 
s.coe11c010r 
8.c011 

C.glutaJa1ctUl 
hi. tuberoulosis 
S.ooelioolor 
8.c011 

C.glutaJll1cUJII 
M.tubercu10s1s 
S . ooelicolor 
E.0011 

1E-----~ •• AGTYRIII MI EGiiT GI~A" G----- AQE AASYRII 8M DG G8 GT A P 
AG----- BE VTR- PG PGA BAY P T 
QDRSGSB G G8VYV 8 S 8 E C E 

liBB
ovv--------

v VWI--------
V E yp-------
E E MLRKLGHKOER 

405 
404 
399 
430 

Figure 3.1. Multiple amino acid alignment of C. glutamicum GlgC polypeptide with that of other 

GJgC bacterial polypeptides. The ADP-gJucose pyrophosphorylase signatures 1, 2 and 3 

considered important in aUosteric regulation and substrate binding, are underlined. The amino 

acid, E. coli Lys-195, conserved in both bacteria and plants, is highlighted in black. 
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3.4.1.2 Alignment ole. glutamicum GlgA amino acid sequence 

The e. glutamicum glgA gene encodes a 409 aa predicted glycosyltransferase with the 

given IUP enzyme nomencleture, EC 2.4.1.21 (Nakagawa, 2002). An alignment of the 

GlgA polypeptide was computed with putative glycosyl transferases from M. tuberculosis 

(59%) and S. coelicolor (49%) and with the previously characterised glgA from E. coli 

(24%) (Kumar et al., 1986). The e. glutamicum glgA polypeptide had a very low 

identity to the polypeptide from E. coli yet the protein family domain was confirmed to 

belong to glycosyl transferases using nucleotide diphospho-sugar, nucleotide 

monophospho-sugar and sugar phosphates [EC: 2.4.1.-] to form glycosidic bonds with 

specific acceptor molecules. The classification was according to Campbell et al. (1997), 

where they classified these glycosyltransferases based on amino acid sequence similarity. 

In the e. glutamicum GlgA polypeptide, this region lies between amino acids 209-387 

and corresponds to the same C-terminal regions of the polypeptides of the other two 

actinomycetes (domain underlined in black in Fig. 3.2) and of E. coli. GlgA polypeptides 

characterised in E. coli (Kumar et at., 1986), Rb. Sphaeroides (Igarashi and Meyer, 

2000), and R. trapid (Marroqui et al., 2001) were also classed in the glycosyl transferase 

family I, even though the percentage identity they had with GlgA from e. glutamicum 

was less than 25% on the protein level. 

The gene from e. glutamicum, according to sequence analysis, has two possible 

translational start sites seperated by 60bp (starred amino acids in Fig. 3.2). A putative 

ribosomal binding site was not identifiable near either translational start. The alignment 

with similar but putative polypeptides from M. tuberculosis and S. coelicolor speculates 

the translational start to be the second methionine, with a polypeptide size of 390 bp. 

According to the complete genome sequence annotation by Kalinowski et al. (2003) this 

shorter polypeptide (Accession number BX927151; Protein ID CAFI9823.1) had been 

designated as the putative glgA gene. The annotation according to Kalinowski and co­

workers was the most recently released (2ih July 2004), yet no EC number has been 

given to this 390 aa polypeptide. The e. glutamicum GlgA has been very recently 

confirmed to be involved in glycogen synthesis (Tzvetkov et al., 2003). Nevertheless, the Univ
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gene, g/gA, had been disrupted (Tzvetkov et a/., 2003) and no glycogen was measurable 

confinning its function in glycogen synthesis. 

C. glutaJIiou .. 
hi . tuberoulosis 
S.ooelioolor 
E .ooli 

C. glutanoicWII 
M.tuberculosis 
S . ooelicolor 
B.coli 

C . glutaJllicwn 
bI . tuberoulosis 
S . ooelicolor 
E.coli 

C . glutaJIioUJlt 
M. tuberculosis 
S.coelicol.or 
B . ooli 

C . gluta.icu. 
M. tuberoulosis 
S . ooelioolor 
E . ooli 

C. glutiUllicUJII 
M. tuberculosis 
S ,coelicolor 
E .ooli 

C . glutaJliioum. 
M. tuberculosis 
S . ooelicolor 
E . ooli 

* * 
===============~~~~~~~~~~III=======:E ::~EE ~ 
--- - ------ - ------- --------- ------ YG -- -----P AGYBYE LARL 
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ClSAl'~I;YFYIIGYi)pIAIIP.8----TGllUut---_i.GiI ClSAl'R--PQAFAYRl'Dl' SAIl TL8-- --ADL AAS-- -AAT -I; LYDP> 
IIWGEGR-TDGYLRHlU'WB AIID F~- - --YD ~-- -GRE - G GYP 
L APHLYDRPGBP~ AYTD ALLGWYG GLDPFWRP A RPAKS 

•
----------IY8siS--iKM~~------ - ---AypRlEPDN 

P - - -- ------ - y~--£OTA -------- - -yypSLDPNL 
P ----------- L8GRA--! RrAFE ~ ----------OXPDLDABR 

IOLPWSFFN FNGQISFLKAGL TYlIRE EPOFAYGMEGLLQ01WRI!GR 
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~~ 
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381 
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411 

Figure 3.2. Amino acid multiple alignment of the C. glutamicum glgA gene product with that of 

two glgA polypeptides of related species. The domain involved in glycosyl transferase activity is 

underlined in black and the two putative translational starts are starred for C. glutamicum. 
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3.4.2 Chromosomal arrangement of glgA and glgC in C. glutamicum and 

transcriptional analysis 

With the recent availability of the genome sequence of C. glutamicum (OenBank 

NC _00345) the genes surrounding glgA and glgC could be analysed. The chromosomal 

arrangement of these genes are depicted in figure 3.3 A. The genes encoding glycogen 

synthase and ADPOIc PPase are shown to be transcribed divergently from each other. 

The ORF for glgA encodes a DNA sequence size of 1170 bp (390 aa) and glgC has a 

DNA sequence size of 1217 bp. The region between the two genes possibly encodes a 

divergent promoter region able to control the expression of both genes. Possible 

ribosomal binding sites for both genes were not easily identified from sequence analysis 

of this region. This chromosomal region had been described in a recent publication 

(Tzvetkov et al., 2003), where the researches suggested the start codons of gig A and glgC 

were separated by 5} bp, but we propose the separation to be at least 97 bp based on the 

amino acids sequence of 409 aa (Nakagawa, 2000). In addition, the OlgA protein has 

also been predicted to encode a 390 aa polypeptide from the genome sequence by 

Kalinowski et al. (2003). The intergenic distance between the genes would then be 

increased by 20 amino acids, to } 57 bp. [n comparison with the other two related 

actinomycetes, M tuberculosis and S. coelicolor, by alignment (Fig. 3.2), we propose the 

intergenic region between glgA and glgC to be at least more than 51 bp as previously 

published. Mapping the transcriptional start would help define the promoter region and 

the true translational start for these genes. The gene directly upstream of glgA is 

transcribed in the same direction and has been annotated as a putative sucrose hydrolase. 

The region between the glycogen synthase and putative sucrose hydrolase is 147 bp. The 

gene immediately upstream of glgC has been annotated as a methyl transferase 

(NCgll 074) and is transcribed in the opposite direction to glgC. A gene further 

downstream of g/gC is transcribed in the same direction and encodes a putative RNA 

polymerase sigma factor (NCgl} 075). 

To confirm the sizes of the transcripts from the glgA and glgC genes, Northern 

hybridisation was performed. Total RNA was obtained from C. glutamicum cells grown 

on minimal media containing 1 % glucose. An internal 550 bp glgA specific probe (Fig. 
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3.3 A) was made from the vector pK 191MA (Table 3.2), and hybridised strongly with 

RNA isolated from C. glutamicum wild type (WT) (Fig. 3.3 B, 6 Ilg RNA, lane 3). A 

positive transcript was included in the experiment and took the form ofmRNA extracted 

from C. glutamicum harbouring pEKglgA. This strain overexpressed the full sequence, 

of glgA on a plasmid which was induced with addition of IPTG to the growth media. 

The probe hybridised with a glgA mRNA transcript (lane 1 ) synthesised from the 

inducible overexpression vector generating a band of ~ 1200 nt. The size of the band 

generated with RNA from C. glutamicum WT was slightly larger and the native transcript 

size was estimated at ~ 1230 nt. The difference in mobility ofthese bands may be due to 

different RNA concentrations of specific RNA but still confirms the monocistronic 

transcription of g/gA mRNA in C. glutamicum, and agrees well with the predicted size of 

the gene which is 1170 bp. 

The glgC mRNA transcript was similarly analysed and an internal specific probe, 371 bp 

Sall-BamHI fragment (Fig. 3.3 A) from pK 19fMC (Table 3.2) hybridised with RNA 

isolated from C. glutamicum WT. Two concentrations of RNA were loaded on the gel 

and hybridised with the probe. A band was visible with 4 Ilg of RNA in lane 2 and 6 Ilg 

of RNA in lane 3 (Fig. 3.3 C). The size of a transcript of - 1250 nt was confirmed 

against a RNA marker, confirming the predicted sizes for the gene of 121 0 bp. The glgC 

transcript was therefore also transcribed monocistronically, which seemed likely since the 

gene directly downstream of g/gC would be transcribed in the opposite direction (Fig. 3.3 

A). 
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Figure 3.3 The gene arrangement of glgA and glgC on the chromosome of C. glutamicum 

and Northern blots. A: Chromosomal arrangement. Annotation of the genes are as follows : 

NCglJ 071: putative sucrose hydrolase (cscA); NCgll 074: putative methyl transferase; NCgll 075: 

putative RNA polymerase sigma factor, ECF family. B: Northern blot analysis of glgA 

expression. Hybridised with a specific glgA internal probe (550 bp). Lane 1: positive control : 1 

!lg RNA extracted from C. glutamicum overexpressing glgA on a plasmid. Lane 2 and 3 are WT 

RNA: 4 !lg RNA in lane 2; 6 !lg RNA in lane 3. C: Northern blot analysis ofglgC expression. 

RNA extracted from C. glutamicum was hybridised with a glgC specific probe (371 bp). Lanes 2 

and 3 represent 4 and 6 Ilg, respectively. Sizes corresponding to a RNA reference marker are 

indicated on the left of the Northern blots. The intergenic region cloned for promoter analysis is 

shown by the dashed line (437 bp). 
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3.4.3 Multiple alignments ofGlgB and GlgE and transcriptional analysis 

Two further enzymes involved in synthesis and degradation of glycogen were analysed. 

These enzymes have opposite functions and are responsible for generating branching 

points 0,(1....-+6) (g/gB) and for removing branches (g/gE) from the 0,(1....-+4) linked 

glycogen chains. 

3.4.3.1 Analysis of the deduced GlgB amino acid sequence 

A comparison of the C. glutamicum glycogen branching enzyme (GlgB) amino acid 

sequence with others contained in the genetic databases indicated that it shares a 

significant identity with known GlgB branching enzymes (Fig. 3.4). Glycogen branching 

enzyme, [EC 2.4.1.18], belongs to the a-amylase family of enzymes (Romeo et al., 1988) 

and three domains have been identified by secondary structure analysis (Matsuura et al., 

1984); Buisson et al., 1987). An amino-terminal domain involved in the size of the 

glucan chain transferred; a carboxy-terminal domain involved in substrate preference; 

and a central (alP) barrel involved in catalysis. The a-amylase catalytic domain in the C. 

glutamicum branching enzyme is underlined in black in the figure 3.4, betweeen amino 

acids 256 and 596 (Falquet et al., 2002). Amino acids in the catalytic centre of branching 

enzyme, shown to be conserved for various organisms (Abad et al., 2002), lie at positions 

Tyr303
, ASp338; His343; Arg406; ASp408; GIU46I

; Glu462
; His528

; ASp529, in the C. glutamicum 

branching enzyme. The recent crystallisation of a truncated, but active, E. coli branching 

enzyme revealed the first three-dimensional structure of this enzyme and more 

information concerning functions of the three domains are now available (Abad et al., 

2002). Analysis of the overall amino acid sequence identity revealed the highest 

similarities with the Gram-positive actinomycetes, M tuberculosis (57% identity) and S. 

coelicolor (56% identitiy) in comparison to the well described enteric E. coli GlgB 

enzyme (45% identity). Two GlgB proteins are described in S. coelicolor (Bruton et al., 

1995) and both have a 56% similarity to the c. glutamicum GlgB. The predicted 

branching enzyme of C. glutamicum shares much amino acid similarity to the E .coli 

known branching enzyme and therefore most likely shares the role of creating 0,(1....-+6) 

branch points in 0,(1....-+4) glucan linked molecules. 
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Figure 3.4. Amino acid similarities of C. glutamicum GlgB with that of other GlgB enzymes. 

The origin of these proteins are as follows: GLGB CORGL: C. glutamicum glgB; 

GLGB_MYCTU: M tuberculosis glgB; GLBI_STRCO: S. coelicolor glgBl; GLB2_STRCO: 

S. coelieolor glgB2; GLGB_ECOLI: E. coli glgB. The catalytic domain of C. glutamieum is 

underlined in black and the amino acids involved in catalytic activity are starred. 
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3.4.3.2 Analysis o/the putative GlgE amino acid sequence 

The amino acid sequences ofGlgE polypeptides with which the putative C. glutamicum 

glgE gene product were aligned have been characterised at the functional level in M 

smegmatis (Belanger and Hatfull, 1999) and at the genetic level in S. coelicolor 

(Schneider et al., 2000) (Fig. 3.5). The pepJ gene is duplicated in S. coelicolor 

(Schneider et al., 2000) and designated pep I I and pep 1 II (see Chapter 1, figure 1.4). No 

significant similarity was found between the C. glutamicum GlgE and the functional 

equivalent E. coli GlgX enzyme (results not shown), but according to Pujadas and Palau, 

(200 I) it is not uncommon for members of the GH-13 (glucoside hydrolase 13) family to 

have common enzyme activity but unsimilar sequences. However, C. glutamicum GlgE 

has 60% identity to M smegma tis GlgE enzyme, the function of which has been 

previously reported (Belanger and Hatfull, 1999). The GlgE polypeptide also had 51 and 

50% identity to the Pep I I and Pep I H polypeptides from S. coelicolor, respectively. 

Another argument in favour of its involvement in glycogen degradation would be the 

chromosomal arrangement it has with glgB. In E. coli, the branching and debranching 

enzymes, g/gBX, are transcribed on a single mRNA transcript (Romeo and Preiss, 1988) 

and so it is possible that c. glutamicum glgE, which lies downstream of C. glutam/cum 

glgB, also forms an operon with glgE. In fact, the genes glgE and glgB in M smegma tis 

also lie in tandem, although it is not yet known whether they are transcribed as a single 

transcript (Belanger and Hatfull, 1999). The C. glutamicum GlgE reported in this study 

was based on that annotated by Kalinowski et al. (2003), with the predicted polypeptide 

size of 675 aa which stands in better agreement than the GlgE polypeptide predicted by 

Nakagawa (2002) of498 aa. 
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Figure 3.5. Amino acid sequence multiple alignment of the C. glutamicum glgE gene product 

(GLGE_CORGL) with that of published and related glucan hydrolases from M smegmatis 

(GLGE_MYCSM), S. coelicolor pepIA (PPIA_STRCO) and S. coelicolor peplB 

(PPIB_STRCO). The region identified as belonging to the alpha_amylase protein family (pfam) 

is underlined in black. 
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3.4.4 Chromosomal arrangement of glgE and glgB and transcriptional analysis in C. 

glutam;cum 

The structural genes of glgE and glgB where also identified in the genome of C. 

glutamicum by BLAST searches and the flanking region analysed. The flanking region is 

set out in the figure 3.6 A. Two genes downstream of glgB have homologies to 

sulphonate binding and export in Pseudomonas putida and are called ssuA and ssuB, 

respectively. Both genes are transcribed in the opposite direction to g/gE and glgB. The 

neighbouring gene to glgB is also transcribed in the opposite direction and has a strong 

similarity to a ferric enterobactin transport protein from E. coli. The region behveen the 

translational end of glgE and the translational start of glgB consists of only 37 bp, and is 

most likely too short to contain a promoter region able to drive the transcription of glgB. 

Although it can also be argued that even though the length of the non-coding region 

between g/gE and glgB is only 37 bp, there might be a specific promoter of glgB present, 

as intragenic promoters within operons were found in C. glutamicum even in gene 

clusters where much shorter intergenic regions were present (e.g. hom-thrB. trp operon) 

(Mateos et al., \ 994;O'Gara and Dunican, 1994). In order to test whether gigE and glgB 

are cotranscribed, Northern blot analysis was done to confirm the transcriptional mRNA 

size of the two genes, and the intergenic region between was also amplified by RT-PCR. 

For Northern analysis, RNA was also extracted from C. glulamicum WT and C. 

glutamicum harbouring pEKglgE (see Table 3.2 in the Materials and Methods for a 

description of the plasmid). A PstI specific probe (486 bp Fig. 3.6 A) was generated 

from the plasmid pEKglgE (Section 3.3.9) and hybridised with the RNA. This probe 

hybridised strongly to a glgE mRNA transcript synthesised from a plasmid under TPTG 

induction and a transcript size of2.03 kb was detected as seen in lane 1 of figure 3.6 B. 

Relative to the band in lane 1, a transcript of - 4 kb was visible in lane 3, suggesting the 

expression of glgE and glgB as a single mRNA transcript. 

To confirm a single mRNA transcript for glgE and gigB, RNA was isolated from C. 

glutamicum cultures grown on minimal media containing 2% glucose and reverse 

transcriptase experiments performed. The intergenic region was amplified by 

synthesising cDNA from the RNA template and subsequent amplification of the region 
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with specific primers. The primers, RT-revB2 and DM-glgE-for3 (Table 3.3), amplified 

a 940 bp product across the intergenic region, (Fig. 3.6 C, lane 4). To exclude the 

possibility of contaminating DNA in the RNA sample, a negative control was included 

where the reverse transcriptase had been heat inactivated and the reaction generated no 

product (lane I). Thus the PCR products seen in lane 2 - 4 were due to the amplification 

of cDNA transcribed from RNA. Lane 2 and lane 3 were positive controls of gigE and 

gigB, respectively, where an internal region for each gene was amplified to prove 

functionality of the reaction. Although equal volumes of all RT-PCR reactions were 

loaded on the agarose gel, it appeared glgE expression might be higher than glgB 

expression due to the brighter RT-PCR band seen in lane 2. However, the RT-PCR was 

not quantitative and the intensity of the bands varied in repeated experiments. The same 

pattern, seen in figure 3.6 C, was found with RT -PCR experiments on minimal media 

containing acetate as the sole carbon source and on medium containing a mixed 

glucose/acetate carbon source (results not shown). 

From the experiments described above, we concluded that glgE and glgB are transcribed 

as a single operon. The glycogen genes analysed in C glutamicum are therefore found in 

two clusters unlike the arrangement of these genes in E. coli (Preiss, 1996a). These 

clusters were not found in the near vicinity of each other and except for the sucrose 

hydrolase downstream of glgA, no other neighbouring genes are involved in carbohydrate 

metabolism. Another gene that is important for glycogen degradation is a glycogen 

phosphorylase which removes single glucose molecules from the reduced end of the 

polymer. This gene was not found clustered with the other glycogen metabolic genes 

described here. 
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A 

RNA probe 
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Figure 3.6. Organisation of glgB and glgE on the C. giutamicum chromosome, Northern 

analysis and reverse transcriptase reactions. A: Chromosomal arrangement. The glgB and 

glgE are flanked by the following genes: NCgll175: a putative ssuB; NCg11176: a putative ssuA; 

NCg11179: a putative JepC. For description of the genes see text. B: Northern blot Lane 1: I 

J.!g of RNA extracted from C. glutamicum overexpressing glgE (positive control). Lanes 2 and 3 : 

4 and 6 J.!g of C. glutamicum RNA, respectively. The probe hybridised to a band at ~ 4 kb in lane 

3. Sizes according to a RNA marker are shown on the left of the Northern blot. C: A 0.8% 

agarose gel ofRT-PCR. Lane 4: RT-PCR of the 940 bp intergenic region between glgE and 

glgB amplified with the primers DM-glgE-for3 and RT-rev2 from RNA extracted from C. 

glutamicum exponential phase grown cells. Lane I: negative control of heat inactivated reverse 

transcriptase. Lanes 2 and 3: positive controls, where internal 540 bp and 1.0 I kb products were 

amplified within glgE and glgB, respectively. Lane M: PsI} digested A-DNA-size marker. The 

region cloned to test promoter activity is represented by the dash line (556 bp). 
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3.4.5 Reporter gene analysis of the promoter regions upstream of glgA, glgC and 

gigEB 

The promoter regions of glgA, glgC and g/gEB were tested for activity during different 

growth stages of C. glutamicum on complex media with and without glucose, as well as 

on minimal media with different carbon sources. Transcriptional fusions were 

constructed with a promoterless chloramphenicol acetyl transferase reporter gene as 

described in the Materials and Methods (Section 3.3.8) and the resulting plasm ids were 

transformed into C. glutamicum by electroporation. Reporter gene activity was 

quantified in cell free extracts as a measure of choramphenicol acetyl transferase gene 

expression under the control of the different promoters. The promoter fusion construct, 

pETPA, contained a 437 bp fragment of g/gA, that extended 255 bp upstream and 182 bp 

downstream of the putative translational start (this region also contained the second 

putative translational start discussed in 3.4.1). While the promoter fusion construct, 

pETPC, contained the same 437 bp fragment, cloned in the opposite direction (for a 

diagramatic representation see Fig. 3.3 A dashed line). The analysed promoter region of 

glgC extended 279 bp upstream and 158 bp downstream of the putative translational start. 

The third promoter fusion construct, pETPEB, contained a 556 bp fragment that extended 

508 bp upstream and 49 bp downstream of the putative translational start and is 

represented by the dashed line in figure 3.6 A. A negative control of the vector pET2 

without an insert was also electroporated into C. glutamicum and CAT activity measured 

in the cell extract. 

3.4.5.1 Promoter activity on complex media with and without glucose 

All three promoters were active during early and late exponential growth phase as well as 

stationary phase for cultures grown on complex medium and complex medium + 2% 

glucose (Fig. 3.7). The control plasmid, without insert, showed specific CAT activity of 

< 0.01 U.mg-1 protein indicating the expression of chloramphenicol acetyl transferase 

measured in the other plasmids was due to the activity of the regions cloned upstream of 

the CAT gene. Maximal gene expression was measured for all three promoters at 24 

hours. The promoter activity on media containing glucose was approximately 1.5 times 

less than on media without glucose. This small difference in expression was not 
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considered significant, since glycogen was not accumulated in cells grown on complex 

medium without a carbon source as discussed in Chapter 2. Rather, promoter activity 

from these promoter regions, indicated they were constitutively expressed in the cell 

regardless of the availability of glucose. The promoter regions upstream of glgA, glgC 

and gigEB also showed little regulation during the growth phase of C. glutamicum and 

promoter activity remained relatively low under the conditions tested. 

Specific CAT Activity 2 x YT 

* 0.25 
0. 0.2 

E 0.3

l It 0.15 

I- 0.1 II· 
is OO~h 

2 hrs 
i h i 

n 
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Growth Stage 

.pETPA DpETPC [:JpETPEB .pET.2 

Specific CAT Activity 2 x VT + 2% Glucose 

IJJI-rJ 
• i 

2 hrs 24 hrs 48 hrs 

Growth Stage 

• pETPA 0 pETPC 0 pETPEB • pET.2 

Figure 3.7 Chloramphenicol acetyl transferase activity on complex media, with and without 

glucose, of the three promoter constructs pETPA, pETPC, and pETPEB. Samples were harvested 

and analysed during the exponential, stationary and late stationary growth phase of C. 

glutamicum. The control plasmid, pET-2. contained no additional DNA and the read through 

activity measured was always <0.01 U CAT.mg'l protein for all time points. 

3.4.5.2 Promoter activity on different carbon sources 

Promoter gene expression of the three constructs were also compared on different carbon 

sources. Samples were harvested in mid-exponential phase from C. glutamicum cultures 

grown on minimal medium batch culture containing either glucose, maltose, acetate or 

lactate with an initial concentration of 1 % in the culture medium. All promoters showed 

high specific CAT activity of approximately 0.420 U.mg'l protein when grown on 

minimal media with glucose (Table 3.4). Acetate and lactate grown cells had 2.5-3.5 

times lower promoter gene expression compared to glucose. Interestingly promoter 

activity of all the genes was approximately 1.5 times higher in maltose grown cells than 
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glucose grown cells. Glycogen was also accumulated 1.5 times more in the cell extract of 

C. glutamicum when grown on maltose compared to glucose. Reporter gene activity 

measured in the cell extract containing the vector without insert was always less than 

0.005 U CAT/mg protein. 

Table 3.4 Specific chloramphenicol acetyl transferase (CAT) activity from cell extracts of the C. 

glutamic urn strains, 13032 (pETPA), 13032 (pETPC), and 13032 (pETEB) taken during the 

logarithmic growth phase of respective cultures. Standard deviations were ± 0.015 for plasmids 

containing inserts. 

C. glutamicum strain 

13032 (pETPA) 

13032 (pETPC) 

13032 (pETPEB) 

13032 (pET-2) 

Carbon source 

Glucose 

Maltose 

Acetate 

Lactate 

Glucose 

Maltose 

Acetate 

Lactate 

Glucose 

Maltose 

Acetate 

Lactate 

Glucose 

Maltose 

Acetate 

Lactate 

Specific CAT activity 

(U.mg- I protein) 

0.395 

0.506 

0.113 

0.160 

0.446 

0.701 

0.162 

0.158 

0.467 

0.625 

0.083 

0.117 

<0.005 

<0.005 

<0.005 

<0.005 
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A shortened promoter region (355 bp) upstream ofglgEB was cloned by using an internal 

Sail site within the upstream region. SalI -BamHI region extending 304 bp upstream and 

49 bp downstream of the putative translation start was also constructed and this clone 

showed the same promoter activity as pETPEB 1 (results not shown). However it can be 

assumed the transcriptional start of gigEB must lie within this 304 bp region upstream of 

the translational start. 

3.5 Discussion 

Subsequent to the physiological studies presented, four genes were identified to be 

involved in glycogen metabolism in C. glutamicum. These genes encoded an ADPG1c 

PPase, glycogen synthase, glycogen branching enzyme and a glycogen debranching 

enzyme. These proteins or polypeptides were aligned with other known enzymes of the 

same function. In three cases, these genes or enzymes had been characterised in E. coli, 

these were ADPGlc PPase (GlgC), glycogen synthase (GlgA) and glycogen branching 

enzyme (GlgB). The glycogen debranching enzyme (GlgE) was most similar to the M 

smegmatis GlgE which had been named the functional, but not the genetic equivalent of 

GlgX in E. coli (Ballinger and Hatfull, 1999). GlgC from C. glutamicum encoded a 405-

aa polypeptide with a predicted Mr of 43 .86 kDa, and was in agreement with the GlgC 

polypeptide encoded by E. coli of approximately 50 kDa (Salamone et al., 2002). The 

amino acid sequence shared only 36% identity to the well characterised E. coli 

polypeptide, but had in common the three signatures of a ADPGIc PPase as well as 

critical conserved amino acids for substrate binding and allosteric regulation (Fig. 3.1). 

The predicted glycosyl transferase [EC 2.4.1.21] from C. glutamicum was denoted to 

belong to the glycosyl transferase family 1. The glycogen synthase from C. glutamicum 

had very little amino acid similarity to the GlgA of E. coli (24%) and the predicted size of 

the polypeptide was also in question. However, it has been argued that amino acid 

polypeptides with more than 20% or more identity have common ancestory (Doolittle, 

1981). During the course of this work, the function of glgA had been confinned by 

Tzvetkov et at., (2003) in relation to the link between trehalose and glycogen. An 

integration mutant of glgA produced less trehalose and glycogen in comparison to the 

wild type when grown on sucrose (Tzvetkov et al., 2003). The ORFs encodingglgA and 
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glgC were clustered together but transcribed divergently by possible overlapping 

promoters (Fig. 3.2). The transcript for glgC hybridised at approximately 1250 nt. Both 

g/gA and glgC were transcribed monocistronically. The promoter region between the 

two genes was cloned in both directions into the chloramphenicol acetyltransferase 

expression vector pET2 and tested for activity (section 3.4.3). Both orientations of the 

promoter drove transcription ofthe reporter gene, therefore the region between gIg A and 

glgB encoded functional promoters in both directions. Divergent and overlapping 

promoters are not uncommon in C. glutamicum (Patek et al., 2003) and the genes 

transcribed are usually involved in the same pathway one of the more recent examples 

being P-aceA and P-aceB (Gerstmeir et ai., 2003) involved in the glyoxylate cycle. We 

were not able to detennine whether this 157 bp region encodes overlapping promoters. 

Mutation, studies and primer extension would help define this region further. 

Unlike the clustering of glycogen encoding genes in the same region in other bacteria 

(Igarashi and Meyer, 2000), the ORFs encoding glgE and glgB were not found clustered 

with glgA and glgC. In fact except for the sucrose hydrolase directly downstream of 

glgA (Fig. 3.3 A), no other genes involved in glycogen or carbohydrate metabolism were 

identified near these clusters. Glycogen branching enzyme (glgB) from C. glutamicum 

was compared to the glycogen branching enzyme from E. coli where they shared 45% 

identity. The E. coli branching enzyme had been recently well characterised through the 

obtaining of a partial crystal structure (Abad et al., 2002). We suggest therefore the 

encoding of this 731 aa protein with a molecular weight of 82.59 kDa as the C. 

glutamicum branching enzyme. The predicted glycogen debranching enzyme of C. 

glutamicum had no genetic equivalent in E. coli. However, g/gE had been previously 

characterised in M smegmatis (Belanger and Hatfull, 1999) which had 60% amino acid 

identity to the C. glutamicum glgE. The GlgE from M tuberculosis has been 

subsequently renamed as a Pep 1 polypeptide, because of its high similarity to the 

duplicated Pep 1 enzymes in S. coelicolor (Schneider et al., 2000). The S. coelicolor Pep 1 

enzymes had also about 50% identity to that of the polypeptide designated GlgE in C. 

glutamicum. The difference in nomenc1eture is likely due to the slightly different 

function given to GlgE and Pep I enzymes. In Mycobacterium the authors eluded to the 
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degradation of glycogen by GlgE, and the release of glucose available for glycolysis 

(Belanger and Hatfull, 1999), whereas in Streptomyces the breakdown of glycogen was 

instead associated with the subsequent conversion of maltose units to trehalose by TreS 

(Schneider et al., 2000). The intergenic region between glgB and glgE was estimated at 

only 37 bp, and the probability that these two genes were transcribed as a single operon 

was investigated. Northern analysis and R T -PCR confirmed this, while primer extension 

analysis was unsuccessful and the promoter region could not be defined closer than 304 

bp upstream of the glgB translational start. The co-ordinated expression ofthe - 2.2 kb 

glgB, branching, and - 2.02 kb g/gE, debranching genes from one promoter confirmed 

the synchronised expression of synthetic and degradative enzymes. The expression of 

both a degrative and synthetic gene on one transcript indicates that these proetins are 

likely post-transcriptionally regulated. In fact, in E. coli the g/gBX messenger transcript 

has been shown to be post-transcriptionally regulated by the protein CsrA (Liu et al., 

1995). 

Promoter activity was measured by cloning the region upstream of each gene in front of a 

reporter gene. No transcriptional regulation of these genes in C. glutamicum was evident 

when cells where grown on complex media with or without glucose. A similar situation 

was observed in E. coli where expression of glycogen genes on complex media or 

complex media with glucose was similar on entry into stationary phase (Hengge and 

Fischer, 1992). However, the promoter activities measured with cells grown on acetate 

and lactate were all reduced between 2.5-3.5 times in comparison to those grown on 

glucose. Growth on maltose, in contrast, caused the upregulation of all three constructs 

by between 1.2-1.6 times. Glycogen content in these cells were also decreased or 

increased by the same amounts according to the substrate in the growth medium. This 

implies transcriptional regulation of these genes in terms of glycolytic or gluconeogenic 

carbon sources in C. glutamicum. In E. coli glycogen accumulation is under positive 

transcriptional regulation by GigS, RpoS, cAMP, CRP, adenylate cyclase, and ppGpp 

(Preiss and Romeo, 1994; Preiss, 1996a) as discussed in Chapter 1, under Section 1.8. 

There is also strong negative post-transcriptional control by the carbon storage regulator 

(CsrA) protein (Preiss and Romeo, 1994; Preiss, 1996a). Database searches using this 
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CsrA protein against the C. glutamicum genome gave no clear indication that this same 

carbon storage regulator was also found in C. glutamicum. In fact, no carbon catabolite 

repression has yet been identified in C. glutamicum (Gerstmeir et al., 2003). 
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CHAPTER 4 

CONSTRUCTION OF MUTANTS IN glgB AND glgC AND 

PHYSIOLOGICAL STUDIES 
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4.1 Summary 

Two mutants in glycogen biosynthesis were constructed in the wild type strain C. 

glutamicum ATCC 13032, generating C. glutamicum CgIMB and C. glutamicum CgIMC 

where the glgB and the glgC genes, respectively were disrupted by insertion of a plasmid 

through sequence specific homologous recombination. The disruption of each gene was 

confirmed by Southern hybridisation and physiological studies. The mutants were 

analysed for growth variation as well as the ability to produce glycogen. Both strains 

showed a slight deviation in growth rate on minimal media supplemented with glucose 

but were able to reach the same final cell density as the wild type strain. However, on 

complex media containing an excess of glucose, the maximum cell density of the WT 

was approximately 1.5 times higher than both mutants yet the mutants showed no 

deviation in growth rate on this medium. In the wild type, maximum glycogen 

concentrations as high as 90 mg glucose/g DW were measured. Both mutant strains were 

unable to produce glycogen on minimal media containing 1 % glucose, and produced 

significantly less glycogen (maximum - 10 mg glucose/g DW) on complex media 

containing glucose in excess. The genes designated glgB and glgC therefore have been 

successfully inactivated by insertion ofa non-replicating plasmid and the function of the 

genes in the synthesis of glycogen in C. glutamicum has been confirmed. 
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4.2 Introduction 

In Chapter 2, physiological aspects of glycogen biosynthesis were described and in 

Chapter 3, four genes from C. giutamicum were identified by data base searches and 

alignments of the relevant amino acid sequences. Inactivation of these genes by gene 

disruption or gene replacement would help prove their functionality and their role in 

glycogen metabolism. 

The importance of C. giutamicum in fermentative production of economically important 

amino acids had established a need for the development of genetic tools. In the mid 

t 980's, the first molecular genetic engineering in C. glutamicum was reported 

(Katsumata et ai., 1984; Ozaki et al., 1984; Santamaria et a!., 1985 and 1987). 

Transformation techniques, and the construction of plasmid vectors for C. glutamicum 

have since developed into a wide range of available genetic techniques forthis organism. 

Recently the published literature on the tools for genetic engineering in C. glutamicum 

was summarised by Kirchner and Tauch, (2003). Information concerning transformation 

techniques, cloning of genes for overxpression or promoter regions for analysis as well as 

the generation of deletions was expounded in the publication. [n this Chapter, the 

inactivation of genes involved in the glycogen biosynthesis pathway in C. glutamicum 

was undertaken. The method of inactivating the two genes, glg8 and gigC, was via the 

integration of a plasmid within the gene. The principle of this method entailed the 

cloning of an internal region of the gene into a suitable vector. The vectors, in this case, 

did not possess an origin of replication for C. glutamicum but were able to propagate in 

E. coli. In fact, in this study, the use of a commercial E. coli T -tailed cloning vector was 

also suitable for inactivation of a gene in C. glutamicum. Preferred methods of 

inactivation of a gene would be the deletion of an internal region within the gene or 

generation of point mutations. We decided to disrupt the target genes by insertion of a 

non-replicating plasmid. Downstream genes would not be affected by the insertion of a 

plasmid since neither glg8 nor g/gC form an operon with other genes (The genetic 

arrangements of the glycogen genes in C. glutamicum were discussed in Chapter 3 but are 

given again in the Materials and Methods of this Chapter). Although different vectors 

were used to inactivate each gene, the principle of generating an integration mutant was 
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mutant was the same. Both vectors were unable to replicate in C. glutamicum and carried 

a region of DNA homologous to an internal region within the gene that was to be 

inactivated. A forced integration by homologous recombination would be expected after 

introduction of the recombinant plasmid C. glutamicum and cells harbouring the 

integrated plasmid were selected for with an appropriate low concentration of antibiotic. 

The effect of these mutants on growth and glycogen accumulation was of interest and the 

strains where thus characterised. 

Glycogen synthesising genes have been disrupted in other organisms. The insertional 

inactivation of glgC, from the related actinomycete, S. coeficolor, led to the accumulation 

ofless glycogen (Cruz Martin et al., 1997) during a specific period of growth. An E. coli 

strain, deficient in glycogen branching enzyme (glgB ) and unable to form branched 

forms of glycogen, was used to express branching enzymes from maize where different 

branching enzymes were found to play an important part in the structure of the 

polysaccharide formed (Guan et al., 1995). The inactivation of glgC and glgB in this 

work would only be the second time the synthesis pathway ofglycogen metabolism in C. 

glutamicum would have been disrupted. During this work, glycogen synthase (glgA) in 

C. glutamicum was disrupted by Tzvetkov et al., (2003) and they were unable to measure 

glycogen on sucrose grown cells. 
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4.3 Materia Is and Methods 

4.3.1 Bacterial strains, plasm ids and culturing conditions 

The strains and plasmids used in this study are given in Table 4.1. 

Table 4.1 Bacterial strains and plasmids 

StrainlPlasmid Relevant characteristics Reference 

Strains 

E. coli DH5a supE44, hsdR17, recAl, thi-l. endAl, lacZa. Hanahan, 1985 

gyrA96. relAl 

83 

C. glutamicum 13032 

CgIMB 

Wild type Abe et al .. 1967 

CgIMC 

Plasmids 

pDrive 

pK 19mobsacB 

pDrIMB 

pKI9IMC 

C. glutamicum glgB integration mutant this work 

C. glutamicum glgC integration mutant this work 

KmR, non-replicating in C. glutamicum 

KmR, non-replicating in C. glutamicum 

pDrive derivative, 1.043 kb internal 

fragment of glgB, KmR, oriY 

pKI9mobsacB derivative, 371 bp internal 

region of glgC, KmR, oriT (mobilizable), 

oriY 

Qiagen 

Schafer et al .. 1994 

this work 

this work 

Cultures of C. glutamicum were routinely grown in fluted Ehrlenmeyer flasks for 

complex media and minimal media containing glucose (Appendix A). Cultures were 

grown on a rotary shaker at 120 rpm at 30°C. The E. coli strain, DH5a, was used for 

cloning, subcloning and propagation of plasmids and was grown in 2xTY broth or agar 

(Sambrook et al.. 2001). Two plasmids, pDrive and pK 19mobsacB. were used for 

cloning ofPCR generated fragments and transformed into E. coli via electroporation. For 

E. coli, kanamycin was added to the growth medium at 50 Jlg.mr1 to select for plasmids. 

While mutant strains ofC. glutamicum were selected on 25 Jlg.mr1 kanamycin in order to 

maintain the single copy ofthe plasmid borne KmR gene integrated into the chromosome. 
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4.3.2 General recombinant DNA procedures 

All standard DNA modifications and manipulations were performed according to 

Sambrook et ai., (2001). While plasmid DNA, from E. coli, was isolated using a modified 

method of alkali lysis according to Birnboim (1983) or with the GFX-kit for plasmid 

isolation (Amersham). 

4.3.3 Construction of the vectors, pDrIMB and pK19IMC for mutation by 

integration 

The primers used to generate PCR (Appendix B) fragments for cloning are found in 

Table 4.2. 

Table 4.2 Oligonucleotide primers 

Primer Sequence (5'-3') Restriction site 

IM-gIgB-for CCCAAGCTTATCCGATGCGTTCTATGG Hindi II 

IM-glgB-rev CGGGATCCTCAGAGAATGCGTACACC BamHI 

IM-gIgC-for ACGCGTCGACACCACGTGTATCGCATGG Sail 

IM-glgC-rev CGGGATCCTGTGGATTGGCCACTCAG BamHI 

A plasmid for integration into glgB was generated by amplification of a 1,043 kb internal 

fragment (Fig. 4.1) and cloned directly into the E. coli T -tailed cloning vector pDrive 

from Qiagen according to the manufacturers instructions. The primers for amplification 

were, IM-glgB-for and 1M-glgB-rev, and are listed in Table 4.2. The generated plasmid. 

pDrIMB, was propogated in E. coli and subsequently used to generate mutants in C. 

glutamicum. 

For construction of the plasmid, pK191MC, a 500 bp internal fragment of glgC was 

amplified by PCR (Fig. 4.2) with the primers IM-glgC-for and IM-glgC-rev, listed in 

Table 4.2. An internal 3' Sail restriction site and the PCR generated 5' BamHI 

restriction site was used to clone a 371 bp fragment into a pK19mobsacB vector, which 

had been modified with the same enzymes and des phosphorylated according to standard 

procedures. Both plasmids, pDriMB and pK 19IMC, were sequenced to verifY the 
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cloning of the correct fragments, before construction of the respective mutants. Below, 

the cloning strategies for generating the pJasmids for integration into the genes glgB and 

glgC of C. glutamicum are depicted. 

EcoRl 
H in dill Sail 

Bamlll , , 
I I 

I I 

2000 

-
NCgll175 NCglI176 

,Sail 
I EcoRl 

Sail 
, EcoRl 

I I I 

4000 

g/gB 

1.043 kb 

BamHI 
I 

6000 

g/gE 

BamHl 
I HindIlJ 

I I EcoRl 
'1 

8000 

NCgl1179 

Figure 4.1. The genetic arrangement of glgB and glgE'. The PCR amplified 1.043 kb internal 

region of g/gB was cloned into pDrive to generate pDrIMB, described in section 4.3.3. 

·previously shown in results section of Chapter 3 as figure 3 .3 A. 

Sall Pstl 
EcoRI taCORV I ,KPnI ~coRlI ~nl 

PstI II I I .Sall Sail I P~tI :R~tI I 
I I 

I 

I \ 
I I 

I 
, 

1000 2000 3000 4000 5000 

... ---- .---.. ~ ..... ~ 
NCgll071 g/gA . g/gC NCgll074 NCgII075 

~ 371 bp 

San Bamlll 

Figure 4.2. The cbromosoma I arrangement of glge and gig A'. The internal region of glgC, 

(500 bp) amplified by PCR. The restricted San - BamHI (371 bp) region of glgC was cloned into 

the vector pKl9mobsacB to generate pKI9JMC, described in section 4.3.3. 

• previously depicted in Chapter 3 as figure 3.6 A. 
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4.3.4 Generation of the integration mutant strains in C. glutamicum 

The plasmids, pDrlMB and pK 191MC, were extracted from E. coli DH5a using a 

modified alkaline lysis method according to Birnhom (1983). The final DNA preparation 

was precipitated with 100% butanol in order to remove salts that could interfere with the 

electroporation of the plasmid into C. glutamicum. Electroporation followed the protocol 

of van der Rest et aI., (1999). Mutants were selected on LBHIS containing 25 ~g.mrJ 

kanamycin (Appendix A) and confirmed by Southern hybridisation with the appropriate 

probes. Both vectors do not possess an origin of replication for C. glutamicum and 

therefore cells that were able to grow on kanamycin must have integrated the vector into 

the chromosome through homologous recombination. A diagramatic representation of 

the construction of the mutants is depicted in figure 4.3. 

4.3.5 Extraction of chromosomal DNA from C. glutamicum 

Chromosomal DNA was isolated from a 5 ml overnight culture (2 x TV with 0.5% 

glucose) according to the method described by Eikmanns et al., (1994). The culture was 

centrifuged (5000 rpm; 5 min), washed twice with TE buffer and resuspended in 1 ml TE 

containing 15 mg.mr l lysozyme. After 3 hours incubation at 37°C, 3 mllysis buffer (10 

mM Tris-HCI, 400 mM NaCb, 2 mM EDT A, pH 8.2), 220 Jll SDS (l 0%), and 150 Jll 

Proteinase K (20 mg.mr l
) was added and the solution incubated at 37°C overnight. 

Proteins were precipitated by addition of 2 ml salt saturated NaCI and the solution 

centrifuged (5000 rpm, 15 min, RT) to recover the supernatant. The chromosomal DNA 

was precipitated with addition of ice cold 100% ethanol and spooling with a pasteur 

pipette, washed in 70% ethanol, dried and allowed to resuspend overnight in 100 - 200 ~I 

TE at 4°C (or 10 mM Tris pH 7.6). 
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vector 

chromosome 

x 

vector 

vector 

Inactivated gene 

87 

Amplification of internal 
region of gene and cloning 

Transfonnation of C. glutamicum 

Homologous recombination 

Integration of vector in the chromosome 

Figure 4.3. A diagramatic scheme of generating an integration mutant in C. giulamicum 

by using the vector pK19mobsacB. An internal region of the gene to be inactivated was cloned 

into the MCS of the vector and transformed into the WT by electroporation. The cloned region 

and the vector integrated into the chromosome by homologous recombination. Schafer et ai., 

(1994). 
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4.3.6 Southern blot analysis 

The integration of the vector pDrIMB into the chromosome of C. glutamicum was 

confirmed by Southern hybridisation. StuI restricted chromosomal DNA, extracted from 

C. glutamicum WT and a putative glgB integration mutant, CgIMB, were electrophoresed 

according to standard protocols (Sambrook et al., 2001) on a 0.8 % agarose gel, 

transferred to a nylon membrane with a vacuum pump and hybridised with a DIG­

labelled internal 1.042 kb glgB probe prepared from the plasmid pDrIMB. Hybridisation 

was perfonned according to the Roche Biochemicals Manufacturers' Manual for DrG­

oxygenin labelling and detection ofthe bands was with CSPD® (Roche). Confirmation of 

the integration of the plasmid pK19IMC, followed the same procedure as described above 

for pDrIMB, except the chromosomal DNA of the WT and corresponding mutant were 

restricted with the enzyme BamHI and hybridised with a 371 bp glgC specific DIG­

oxygenin labelled probe generated from pK 191MC. 

4.3.7 Preparation of cell free extracts for glycogen determination 

Cell free extracts of C. glutamicum WT and mutant strains, CgIMB and CgIMC, were 

prepared as previously described in Chapter 2, Section 2.3.3. 

4.3.8 Glycogen determination in CgIMB and CgIMC 

Levels of glycogen, during growth, was determined with cell free extracts from the C. 

glutamicum WT strain as well as the mutant strains, as previously described in Chapter 2, 

Section 2.3.5. 
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4.4 Results 

4.4.1 Construction and confirmation of a glgB integration mutant 

In order to disrupt the glgB gene in C. glutamicum, an internal region was amplified from 

the chromosome, and cloned directly using a T A-based cloning kit (pDrive, Qiagen), 

The construct was sequenced to confirm its origin and further propagated in E. coli 

DH5a in order to generate enough plasmid for transformation into C. glutamicum. The 

recombinant plasmid named, pDrIMB, was not able to replicate in C. glutamicum 

because it has an origin of replication for E. coli and not for C. glutamicum. The plasmid, 

pDrIMB, was transformed via electroporation into C. glutamicum according to the 

protocol of van der Rest et al., (1999) and mutant colonies were selected on LBHIS 

containing 25 Jlg.mr' kanamycin. The integrated vector was maintained in the 

chromosome by selective pressure of antibiotic resistance carried on the vector. To 

confirm integration of the vector, chromosomal DNA was extracted from the potential 

sequence specific integration mutant and from the WT, restricted with Stul, and probed 

with a sequence specific probe for glgB. Southern hybridisation confirmed the 

construction of the mutant as shown in figure 4.4. The restriction enzyme Stul did not 

digest the vector, pDrive, nor the cloned internal region of glgB, therefore a single band 

was expected for both strains, but the expected band of the mutant would be larger by 4.9 

kb, ie the size of the intergrated vector. The WT hybridised specifically with the internal 

probe and generated a band of 5,6 kb (Fig. 4.4, lanes 2 and 3), while the band generated 

in lane I, was larger by 4.9 kb and gave the expected size of 1 0.5 kb. The C. glutamicum 

integration mutant of glgB was designated CgIMB. 
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A 

2 3 

10.5 kb -----. 

5.6 kb -----. 

M 

11.50 kb 

Stu I 

5.08 kb 

2.84 kb 

1.70 kb 

1.09 kb 

B 

pDrive 

10.5 kb 

disrupted glgB 

90 

Stu I 

amplified internal fragment of glgB and labeled probe 

Figure 4.4. Southern hybridisation to confirm inactivation of the C. glutamicum glgB 

gene. A: Autoradiograph of fragments generated from Siul digested chromosomal DNA after 

probing with a sequence specific, glgB, probe. Lane 1: chromosomal DNA from putative glgB 

mutant; lanes 2 and 3: chromosomal DNA from C. g/ulamicum WT. B: Schematic 

representation of the expected autoradiograph signal from the C. glutamicum glgB insertion 

mutant (CgIMB). Lane M indicates the size markers for PstI digested A DNA. Univ
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4.4.2 Construction and confirmation of glgC integration mutants 

The sequence directed insertion mutant of glgC was constructed using the vector 

pK 19mobsacB. This vector was constructed with part of the transfer machinery ofRP4 

(the mob gene), and is a pBR322 derivative. The other determinants necessary for 

conjugation are carried on the chromosome of the E. coli strain S /7-1 and the vector is 

able to mobilise to both Gram-negative and Gram-positive bacteria. The vector also has 

the ability to replicate in E. coli and closely related species but is unable to replicate in C. 

glutamicum (Schafer et ai., 1994). An internal region of glgC was amplified by peR as 

described in the Materials and Methods (Section 4.3.3) and the product was digested with 

san and BamHl and cloned into pK 19mobsacB. The vector pK 19mobsacB wou Id 

preferably be used to generate deletions within a specific gene, since it was constructed 

with a modified Bacillus sacB gene (Schater el al., 1994), the expression of which 

confers sucrose sensitivity to C. glutamicum (Jager et aI., 1992). Subsequent growth of 

integrants, on sucrose would lead to excision of the p\a'imid from the chromosome 

resulting in either the WT phenotype or a specific deletion within the target gene. The 

technique requires two cross over events by homologous recombination, and for glgC the 

region cloned was likely too small (371 bp) to allow two such events. However, an 

integration mutant of glgC would be sufficient to describe the function of the gene, since 

downstream genes would not be affected by the insertion of the non-replicating plasmid 

(see figure 4.3). The recombinant plasmid, pKI9IMC, could be mobilised by 

conjugation between E. coli and C. giutamicum, however the DNA transfer was done by 

electrotransformation (van der Rest et al., 1999), since a higher DNA transfer efficiency 

(or higher integration frequency) was achieved via this method. 

Three potential mutants were selected on rich media containing sorbitol, which supported 

growth and protected the cells, after they had been electroporated (Materials and Methods 

4.3.4). To confirm the disruption of glgC, chromosomal DNA was extracted from the 

putative mutants and the WT, and digested with BamHI. The different samples were 

probed with a sequence specific glgC probe by Southern hybridisation. The multiple 

cloning site of pK J 9mobsacB could be digested with BamHI, but no internal BamHI site 

existed within the plasmid or within the cloned region of glgC. Therefore, 2 signals were 
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expected for the integrants and one for the WT. The corresponding fragments in the 

putative mutants generated were 9.2 kb and 7.1 kb while the WT gave a signal of 1 0.2 kb, 

shown in figure 4.5. The band visible above 10.2 kb in lanes 3 and 4 was undigested 

DNA, as this band was not found in lane 5 (where the chromosomal DNA had been 

digested to completion) and was the sum of the two expected fragments from the mutant 

strain. These integration mutants ofC. glutamicum where designated CgfMC. 

10.2 kb -----. 
9.2kb ~ 

7.1kb~ 

A 

234 5 M 

14.0kb 

Bam HI 
1.50 kb 

7.1 kb 

B 

BamHI 

pK I 9MobSacB 

.... 
9.2 kb 

disrupted glgC 

BamHI 

amplified internal fragment of glgC and labeled probe 

Figure 4.5. Southern hybridisation to confirm the inactivation of the C. glutamicum glgC 

gene. A: Autoradiograph of C. glutamicum, WT and CgIMC chromosomal DNA digested with 

BamIll and probed with a sequence specific glgC probe. Lanes I and 2: Chromosomal DNA 

from C. g[ulamicum WT; lanes 3-5 : chromosomal DNA from C. glutamicum CgIMC, where in 

lanes 3 and 4 the chromosomal DNA was not completely digested by BamHI. B Diagramatic 

representation of the expected autoradiograph signals for the integration mutant C. glutamicum 

CgIMC. Lane M represents size markers according to PstI digested A DNA. 
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4.4.3 Glycogen production of the glgB and glgC mutants in comparison to the WT 

during growth on minimal medium containing glucose 

The constructed integration mutants were tested for variability in growth and for their 

ability to produce glycogen. Both integration mutants generated were within biosynthetic 

genes, the ADP-glucose pyrophosphorylase (g/gC) and the glycogen branching enzyme 

(glgB). The integrated plasmid was maintained in the chromosome by selective pressure, 

but for the following physiological experiments the main culture was always cultured 

without antibiotic in order to allow comparitive studies with the WT strain. Loss of the 

integrated plasmids was not found when cultured for 24 hours without antibiotic selection 

(results not shown). The two mutants, CgIMB and CgIMC, and the WT were cultured on 

minimal media containing 1 % glucose and the glycogen levels were measured during 

growth. Both integrants grew at similar rates (11 = 0.36 h-I), yet the WT grew at a slightly 

faster rate of 0.45 h-1 (Fig. 4.6 A). The maximum 00600 reached in all three cultures was 

approximately the same, with the mutants showing only a minor difference of 1.5 00600 

units less (WT had a maximum 00600 20.6). The final optical density of the three 

cultures were: WT = 00600 15.6; CglMB = 00600 13.4; and CgIMC = 00600 14.6. 

Glycogen levels were analysed during the growth phases of the different strains, the 

profile of which is shown in figure 4.6 B. The glycogen branching enzyme was no 

longer active in CgIMB, since no intracellular glycogen was measured, except after 4 

hours of growth where low levels of 4.5 mg glucose/g OW were measured. This low 

level of glycogen in a mutant lacking GlgB, a branching enzyme, could be due to 

unbranched 'glycogen' being present in the cells during the early logarithmic phase. For 

CgIMC, inactivation of the glucose priming enzyme completely inhibited glycogen 

accumulation during the entire growth profile. In contrast, glycogen levels were 

measured in the WT strain in logarithmic and stationary phase, reaching a maximum of 

51.4 mg glucose/g OW after 6 hours. After 24 hours the levels of glycogen in the WT 

was below 20 mg glucose/g OW. From the above information, it is evident that the 

genes, glgB and glgC, from C. glutamicum are involved in glycogen metabolism to the 

extent that they are essential for glycogen production. No clear phenotypic growth effect 

was found under the conditions of growth of the mutants on minimal media containing 
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glucose . Whether complex media containing an excess of glucose has an effect on the 

growth ofthe mutants in comparison to the WT, was subsequently tested . 
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Figure 4.6. Glycogen content of the C. glutamicum mutants CgIMB and CgIMC in 

comparison to the WT. A: Growth of C. glutamicum WT (WT), CgIMB (IMB), and CgIMC 

(IMC) on CgC-MM with 1 % glucose as the carbon source. B: Glycogen accumulation of the 

three strains during growth. 

*standard deviations were less than 20% 

4.4.4 Characterisation of the integration mutants on complex media containing 

glucose 

The effect on the growth of the integration mutants, CgIMB and CgIMC, was examined 

in complex media containing 2% and 4% glucose. The growth rate of the WT and the 

mutant strains in this case was similar. On complex media containing 2% glucose, the 

rate was - 0.35 h-I (Fig. 4.7 At), while growth of the three strains on media containing 

4% glucose had a higher rate of 0.55 h-I (Fig. 4.7 Bt). This was different relative to 

growth on minimal media where the growth rate was slightly less in the mutant strains 

compared to the WT strain. However, with growth on complex media supplemented with 
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2% and 4% glucose, the maximum 00600 reached for the different strains was 

significantly different. Both glucose concentrations supported a higher cell density in the 

WT than the integration mutants. The maximum OD600 reached in the WT culture on 2% 

glucose was 00600 35.4 and on 4% glucose was 00600 47, while both mutants only 

reached a maximum of 00600 ~ 25 and 00600 - 28 in the 2% and 4% glucose cultures, 

respectively. Growth of C. glutamicum in 4% glucose medium sustained slower growth 

but for longer periods than the 2% glucose medium. 

The intracellular glycogen levels were also measured in these cultures, where high levels 

of glycogen was found in WT cells harvested in late logarithmic phase from the 2% 

glucose culture (67.3 mg glucose/g OW). However, the highest glycogen levels were 

obtained in stationary phase cells from the 4% glucose culture (91 mg glucose/g OW) 

(Fig. 4.7 A2 and B2). In these cultures, a steady state increase in growth could be 

observed which is not evident in the 2% glucose medium. This suggests that the higher 

glycogen concentrations observed in 4% glucose medium is being utilised to sustain slow 

growth. Some glycogen was found in the cell extracts from the mutants grown on this 

media, but it was between 6 and 9 times less than the levels of glycogen in the WT (- 10 

mg gJucose/g OW) through the entire growth phase. The difference in glycogen 

concentration between the mutants was not significant with the standard deviation of the 

glycogen assay at 3 mg glucose/g OW. Although on minimal media (1 % glucose) no 

glycogen was measured for CgIMC, on complex media (4% glucose) a maximum 

glycogen content of - 15 mg glucose/g OW was measured in cells harvested after 6 and 

10 hours of growth. Glycogen content in the mutants was nevertheless significantly 

reduced when grown on complex media with 2% or 4% glucose. 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Chapter 4 

..... 
0 
0 
ID 
Q 
0 ..., 
.c 
i 
0 ... 
~ 

..... 

At 
100 

~ 

10 
,--

1 

0.1 

0.01 +---~---r----I 
o 10 

Time (h) 

A2 

20 30 

100~----------, 

90+--------------------1 

80+--------------------; 

~ 70+-----------------~ Q 

~ 60 +--------------i t------I 
01 
E SO +--------H ----1 ...... 
3: 40 +--------1 
o 
~ 30 +---1 1----1"1-----1 

ij 
20 +----f"I---I 

10 +---I.i~-

0+--.,.. 
o 4 6 

Time (h) 
• CgWT • Cg1MB 
. Cg1MC 

9 24 

Bt 
100 

-....... ~ 
,..... 
0 
0 10 ~ 
ID 
0 
0 ..... 
.c 

Ir 
(// 

~ 
0 ... 

j 
1 

~ 

0.1 
o 10 20 30 

Time (h) 

B2 
100 ~------------------_, 

90+-----------------nr~ 

80+---------------~ ..... 
~ 70+---------------~ o 
~ 60 +----------i 
01 
E SO +--------1 ...... 
3: 40 +--------1 
o 
~ 30 +---1 
ij 

20 +---1 

10 +---1 

o +---rI' ...... y - Lro 

o 4 6 

Time (h) 
. CgWT . Cg1MB 
. Cg1MC 

10 24 

96 

Figure 4.7. Characterisation of CgIMB and CgIMC on complex media with 2% (A) and 

4% (B) glucose. AI: Growth curve of C. glutamicum WT, C. giulamicum CgIMB and C. 

giutamicum CglMC on complex media + 2% glucose. A2: Glycogen accumulation profile of the 

three strains on complex media + 2% glucose. BI: C. giulamicum growth curve of WT, CgIMB 

and CglMC on complex media + 4% glucose. B2: Accumulation of glycogen during growth of 

the WT and mutants on complex media + 4% glucose. 

In all cases standard deviations were less than 20% 
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4.S Discussion 

Two genes essential for the synthesis of glycogen in C. glutamicum were inactivated by 

homologous integration. The glucose priming enzyme, ADPGIc PPase, is considered the 

critical step in glycogen production, and inactivation of this gene prevented accumulation 

of glycogen on I % glucose minimal media. Another important enzyme for synthesising 

glycogen is the branching enzyme which breaks a(1 ~4) glucose bonds and reforms 

a(l ~6) glycosidic bonds generating the branch points in glycogen molecules. In early 

logarithmic growth, CgIMB (gigB mutants) some glucose was measured, but this could 

be due to the breakdown of unbranched 'glycogen' formed during the early growth phase 

by an active glgC (Fig. 4.6 B). Glycogen accumulation of the mutants on complex media 

with an excess of glucose of2 and 4% was reduced approximately lO~fold (Fig. 4.7 A2; 

B2). Residual but significant levels of glycogen were found in both mutant strains when 

grown on minimal medium or complex medium containing glucose as seen in figure 4.7, 

A2 and B2. The glycogen test was designed to exclude the measurement offree glucose 

in the medium as described under the Materials Methods section 2.3.2 and 2.3.4. The 

residual glucose measured therefore did not likely stem from glycogen but rather from 

other oligosaccharides such as maltooJigosaccharides which also have a(l ~) glycosidic 

bonds. The pathways synthesising maltooligosaccharides were not deleted in the mutants 

strains presented in this work, leading to the possibility that these complex carbohydrates 

were degraded by the enzyme, amyloglucosidase, used to degrade glycogen in vitro. 

However, despite the non~specific nature of the glycogen test, which results in the 

residual levels detected in the mutant, glycogen levels were significantly reduced by the 

deletion of glgC and glgB, confirming the role of these genes in glycogen synthesis. 

The growth of the mutant strains on complex media with an excess of glucose supported 

similar growth rates to the WT strains, but interestingly were unable to grow to the same 

or similar cell density as the WT (Fig. 4.7 AI; BI). Cells entered stationary phase under 

these media conditions not because of a lack of carbon but rather because other factors 

such as oxygen or nitrogen had become limiting. The limitation of oxygen leads to the 

accumulation of NADH through a remaining active TCA cycle. The accumulation of 
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NADH has the effect of inhibiting enzymes such as pyruvate dehydrogenase and 

glyceraldehydephosphate dehydrogenase (Dominguez et al., 1998; Garrigues et al., 

1997). Pyruvate dehydrogenase would normally produce acetyl CoA from pyruvate. The 

inhibition of glyceraldehydephosphate dehydrogenase causes an accumulation of 

dihydroxyacetone phosphate which eventually would lead to the breakdown of 

glycolysis. Essentially, a breakdown in glycolysis and the TCA cycle occurs with entry 

into stationary phase. In cells that are able to produce glycogen, some of the excess 

glucose can be converted into glycogen, and thus delay the breakdown of glycolysis and 

the TCA cycle by the accumulation ofNADH. At least the storage ofglucose in the form 

of glycogen may help control the flux of glucose into glycolysis. Support for this 

hypothesis is provided by the results obtained with growth of C. glutamicum in 4% 

glucose medium. Under these conditions, higher levels of glycogen was demonstrated 

and slow growth was maintained between 10 - 24 hours, presumably due to the utilisation 

of glycogen stores. Competition studies, involving the inoculation of one of the mutants 

and the WT into the same flask at equal concentrations and allowing growth, could 

indicate if glycogen would be beneficial in the WT under normal culturing conditions. 

The implication is that glycogen, although not essential for growth, might provide C. 

glutamicum WT with the advantage of growing to a higher 00600 when the cells enter 

stationary phase growth. 
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CHAPTERS 

GENERAL CONCLUSIONS 

The physiology, genetics and regulation of glycogen metabolism in C. glutamicum has 

not been investigated to any real extent. To date, the exact function ofthe polysaccharide 

is not known in bacteria although it can serve as an energy reserve compound (Preiss and 

Romeo 1994). Glycogen is linked to the central metabolic pathway of bacteria by the 

incorporation of glucose into either glycolysis or into glycogen (Gottschalk, 1985). The 

distribution of glucose toward glycogen could be considered industrially inefficient for 

actively growing cells during amino acid production in C. glutamicum. We established 

the intracellular degradation of glycogen by C. glutamicum which was also found to 

synthesise the complex polysaccharide. In the present study four enzymes directly 

involved in the synthesis and degradation of glycogen were identified. These are: 

glucose-I-phosphate adenyltransferase (glgC), glycogen synthase (glgA), glycogen 

branching enzyme (glgB) and glycogen debranching enzyme (glgE). 

The dependence of glycogen accumulation on glycolytic intermediates in C. glutamicum 

was found when the organism was grown on ditTerent carbohydrates and organic acids. 

Compounds which would normally stimulate gluconeogenesis, such as acetate and 

lactate, accumulated low levels of glycogen under normal culturing conditions. Even 

carbohydrates such as fructose and sucrose, the components of which enter the committed 

pathway to glycolysis at fructose-I,6-bisphosphate, did not stimulate glycogen 

accumulation. In contrast, growth of C. glutamicum in glucose and maltose media 

stimulated higher levels of glycogen accumulation. Fructose would normally be directed 

into glycolysis through the phosphorylation offiuctose to fiuctose-l ,6-bisphosphate, and 

from this point the sugar is committed to glycolysis. Even though in E. coli fructose-! ,6-

bisphosphate is a positive regulator of ADPG1c PPase (Preiss, 1992), at least one of the 

substrates for ADPG1c PPase, ie glucose-I-phosphate would not be available in order to 

synthesise glycogen. Glucose-I-phosphate would have to be generated from pyruvate via 

gluconeogenesis. The requirement for gluconeogenesis to generate glucose-I-phosphate 
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might have inhibited glycogen production and therefore low levels of glycogen were 

measured when C. glutamicum was grown on fructose. In E. coli the phosphorylated 

form of sucrose can be hydrolysed to generate the monosaccharides a-D-glucose-6-

phosphate and j3-D-fructose. Fructose is then phosphorylated to fructose-6-phosphate by 

scrK (sucrose kinase) and glucose is converted to fructose-6-phosphate via glucose-6-

phosphate isomerase (Sauter and Gilles, 2004). With the further phosphorylation of 

fructose-6-phosphate to fructose-! ,6-bisphosphate, the sugar is unable to take any other 

path besides that of glycolysis. However, glucose-6-phosphate can also be converted to 

glucose-I-phosphate by the reversible reaction of phosphoglucomutase. Ifapproximately 

half the number of molecules of glucose were available for glycogen synthesis in C. 

giulamicum when cells were grown on sucrose, it would explain the higher glycogen 

accumulation in sucrose grown cells in comparison to fructose grown cells. 

The low levels of glycogen measured under conditions requiring gluconeogenesis 

suggests that C. glutamicum ADPGlc PPase may be subject to negative allosteric 

regulation. Tn addition, the accumulation of glycolytic intermediates with growth on 

glucose and maltose could possibly stimulate the ADPGlc PPase of C. glutamicum. In 

this study the gene, glgC, encoding the enzyme ADPGIc PPase, was inactivated and its 

function in glycogen synthesis confirmed in C. glutamicum. The probability of allosteric 

regulation ofthe C. glutamicum ADPGlc PPase was strengthened by the presence of the 

three signatures of the ADPGIc PPase of E. coli which were also found in this 

polypeptide (Fig 3.1). The two signatures nearest the N-terminal, are regions suggested 

to be involved in allosteric regulation in E. coli (preiss e/ al., 1991). Even the critical 

conserved amino acids in E. coli involved with substrate binding and allosteric regulation 

are present in the amino acid sequence ofthe C. glutamicum polypeptide. We predict the 

GlgC of C. glutamicum forms a homotetramer (Mrof 175,44 kDa) as is the case for most 

bacterial ADPGlc PPases as reviewed by Ballicora et al., (2003). Glycolytic 

intermediates play an important role in the regulation of ADPGlc pyrophosphorylase 

(Ballicora et al., 2003) and both glycolytic and pentose phosphate pathways are active in Univ
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C. glutamicum, therefore activators and inhibitors of this enzyme could be metabolites 

from both these pathways. 

In association with glgC, another gene, glgA was found transcribed in the opposite 

direction (Fig. 3.3 A). The genes identified immediately upstream and downstream of 

glgA and glgC were not involved in glycogen or carbohydrate metabolism, except for a 

putative sucrose hydrolase directly downstream of g/gC. The GlgA polypeptide had a 

very low similarity to that of E. coli, but its function was confirmed by Tzvetkov et al., 

(2003) when they inactivated this gene by integration and showed that very little 

glycogen was subsequently synthesised. The genetic arrangement glgC and glgA in C. 

glutamicum was unique to that of other bacteria where each gene was transcribed 

monocistronically and not within a polycistronic operon. The intergenic region between 

the two genes was found to include two overlapping promoters. The promoter regions 

were however not significantly regulated in the presence or absence of glucose, but 

showed regulation on acetate and lactate as well as maltose. It was not clear in this work 

what regulatory mechanisms are involved under these conditions. 

A second cluster of glycogen associated genes were identified in C. glutamicum but it 

was not found in the near vicinity of the glgA and glgC diverging operons. The 

transcription of glgE and glgB as a single mRNA transcript was proven by Northern 

analysis and RT-PCR (Fig. 3.6). GlgB has the predicted function of breaking o.(1~4) 

glucose bonds and introducing 0.(1 ~6) glycosidic bonds generating the branch points in 

glycogen molecules. The gene associated with this enzyme was inactivated in the 

chromosome of C. glutamicum resulting in the inability of the organism to accumulate 

glycogen under the conditions tested. Although the GlgE polypeptide from C. 

glutamicum had very little identity to the debranching enzyme in E. coli, its involvement 

in glycogen breakdown was compared to the GlgE polypeptide from M smegmatis and 

the PepI polypeptides in S. coelicolor (Belanger and Hatfull, 1999; Schneider et al., 

2000). In these organisms, the polypeptides mentioned have a function in degrading 

glycogen (Benlanger and Hatfull, 1999; Schneider et al., 2000). In E. coli, A. 

tumefaciens, B. subtilis, B. stearothermophilus and S. coelicolor, the genes associated 
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with synthesis and degradation have been shown to be transcribed together (Preiss and 

Romeo, 1994; Ugalde et al., 1998; Takata et al., 1997; Schneider et al., 2000). The 

significance of two genes of opposite function forming an operon suggests their 

regulation is most likely not at the transcriptional level but rather at the post­

transcriptional or translational level. Post-transcriptional regulation has been previously 

proved for the glycogen operons in E. coli, and is mediated by the global regulatory 

system CsrAlCsrB (Liu et al., 1995). 

Transcriptional regulation is quite intricate in E. coli involving induction by stationary 

phase sigma factors, cAMP/CRP and gigS (Hengge-Aronis and Fischer, 1992) and 

negative post-transcriptional regulation by the CsrAlCsrB system (Preiss, 1994). 

However, it was the allosteric regulation of ADPGIc by metabolic intermediates which 

had the strongest effect on the accumulation of glycogen in E. coli (Hengge-Aronis and 

Fischer, 1992). From the work presented here, the expression levels of glycogen genes in 

C. glutamicum showed no significant regulation when grown on complex media or 

complex media containing glucose, neither did expression levels change significantly 

during growth. However, C. glutamicum accumulated high levels of glycogen during 

stationary phase growth on complex media with excess glucose, indicating that an excess 

of fructose-l ,6-bisphosphate may regulate glycogen synthesis by activating ADPGIc 

PPase. Indications are that glycogen synthesis in C. glutamicum may be strongly 

metabolically regulated. However, not much is known concerning carbohydrate or 

carbon regulation in C. glutamicum. The further identification of mechanisms involved 

in regulation of glycogen synthesis and degradation would provide a better understanding 

of the roles of the enzymes associated with glycogen metabolism in C. glutamicum. 

The "carbon capacitor" concept of glycogen might be supported in C. glutamicum in part 

by an active promoter of gigEB during the exponential phase. Also the concerted 

transcription of the branching and debranching enzymes indicates either post­

transcriptional regulation of the enzymes, or that glycogen might be synthesised and 

degraded during growth. However, deletions in glgE might confirm whether glycogen is 

necessary for growth as is the case in M smegmatis where the glucose incorporated into 
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glycolysis also originated from glycogen stores (Belanger and Hatfull, 1999). Similar 

cycling of glucose through glycogen was found in other bacteria such as F. succinogenes 

(Gaudet et at., 1992) and C. cellulolyticum (Guedon et al., 2000). Growth experiments of 

the mutants did give some hint to a possible function of glycogen in C. glutamicum, since 

wild type strains were able to grow to higher optical densities than the mutants which did 

not accumulate glycogen on complex media plus glucose. Glycogen was therefore not 

essential for growth of the organism but on entry into stationary phase was able to 

support growth to a higher cell density, promoting some advantage for having 

accumulated the polysaccharide. 

The work presented in this thesis provides an introduction to the synthesis and 

breakdown of glycogen in C. glutamicum and an insight into its regulation and possible 

function, which may serve as the basis for future studies. The mechanisms controlling 

the flow of carbon is important in C. glutamicum as efficient amino acid and vitamin 

production is based on the central metabolism of this organism. Four enzymes central to 

glycogen synthesis and degradation were identified and the functions of two of these 

genes were confirmed in this study by mutational analysis. The arrangement of these 

genes on the chromosome of C. glutamicum was different from other glycogen encoding 

genes in bacteria known thus far. However, additional studies involving the construction 

and analysis of a C. glutamicum mutant impaired in GlgE activity is required. The 

characterisation of a mutant in GlgE activity might help clarity its function in C. 

glutamicum and would also perhaps clarity the function in Mycobacteria and 

Streptomyces strains which encode similar enzymes. The four genes represented in this 

thesis do not constitute a complete picture of glycogen metabolism in C. glutamicum, as 

there are other enzymes such as glycogen phosphorylase, phosphoglucomutase and 

adenosine diphosphate sugar pyrophosphatase (see Chapter 1, figure 1.3) which would be 

involved in glycogen accumulation. Analysis of these other components would result in 

a more complete model for glycogen metabolism and would form the basis for future 

work on the mechanisms involved in regulation of glycogen metabolism. Univ
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APPENDIX A 

Culture Media 

Complex media 2xTY (Sambrook et at., 2001) 

Tryptone 

Yeast Extract 

NaCI 

16 

10 

5 

gil 

gil 

gil 

Complex media LB (modified from Sambrook et ai., 2001) 

Tryptone 

Yeast Extract 

NaCI 

10 

5 

5 

gil 

gil 

gil 

Minimal media CgC (CgC-MM) (modified from Kase et at., 1972) 

(NH4)2 S04 5 gil 

Urea 5 gil 

MOPS 21 gil 

K2HP04 0.5 gil 

KH2P04 0.5 gil 

MgS04 0.25 gil 

CaCh 0.01 gil 

Trace elements solution mill 

Biotin (200 mg/l) mill 

104 

The pH was adjusted with 1 N NaOH to 6.8 or 6.3, depending on the carbon source, 

glucose or acetate respectively, and demin. H20 added to 90% of the final volume. 

The carbon source, biotin and trace elements, were added after autoclaving. 

Trace Elements Solution 

FeS02 x 7 H2O 10 gil 

MnS04x H2O 10 gil 

CUS04 0.2 gil 

ZnS04 x 7 H2O gil 

NiCb 0.02 gil 
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The 100 X trace elements solution was filter sterilized, stored at 4 °c and added 

aseptically to the sterilized medium. 

Carbon Source 

Glucose 20 gil 

Maltose 10 gil 

Fructose 10 gil 

Sucrose 10 gil 

Acetate 10 gil 

Lactate 10 gil 

A lOX carbon stock solution was filter sterilized and in the case of acetate and lactate 

neutralized before filter sterilising, and added to the autoclaved medium at the 

required concentration. To prepare solid media 15 gil agar was added to the liquid 

medium before autoclaving 

BHIS (Brain-Heart-Infusion-Sorbitol) (Liebl, et al., 1989) 

Brain-Heart-Infusion 18.5 gil 

Sorbitol 91.0 gil 

The brain-heart-infusion and sorbitol were autoclaved separately, and mixed before 

inoculation. 

For LBHIS plates the following substances were added: 

Tryptone 

Yeast Extract 

NaCI 

Agar 

5.0 

2.5 

5.0 

18.0 

gil 

gil 

gil 

gil 

To prepare the solid media BHI, tryptone, yeast extract and NaCI were autoclaved 

separately from the sorbitol, and combined before pouring the plates. Antibiotics 

were added as required when the media had cooled to 60°C. 
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All media required in this work was constituted with demin. H20 

Antibiotics 

Stock solutions were made of required antibiotics; filter sterilised and added to the 

medium at a temperature of approximately 60°C. 

Kanamycin: 

Ampicillin: 

Chloramphenico I 

Nalidixic acid 

APPENDIXB 

Stock solution: 50 mg/ml Concentration in media: 50 ug/ml 

Stock Solution: 100 mg/ml Concentration in media: 100 ug/ml 

Stock solution: 50 mglml m Concentration in media: 50 uglml 

70% ethanol 

Stock solution: 30 mg/ml on Concentration in media: 30 uglml 

IN NaOH 

Polymerase chain reaction 

PCR was routinely performed to isolate various regions or genes for cloning, to 

generate probes for Northern and Southern blots as well as for general quantification. 

The general reaction: 

Template 

Primer I 

Primer 2 

dNTPs 

MgCh 

DMSO 

DNA polymerase 

10 ng 

0.2 pmol 

0.2 pmol 

4mM 

2.5 mM* 
'* this c;an vary 

Not more than 10% of the reaction 

max 5 ~l in 50 ~l total volume 
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The general PCR was performed with an initial denaturation of95 DC for 2 min. Then 

30 cycles of denaturation at 95°C for 30 sec, annealing at the desired temperature for 

30 sec and an elongation at 72 DC with the required length of time according to the 

product being amplified. Then a final elongation step of 72 DC for 10 min to ensure 

the products were synthesized to completion and a fmal cooling to 8°C. All PCR's 

were performed with the Biometra. PCR reactions were purified with the Microcon 

YM I 00 column. 
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