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SUMMARY

Because of the great importance of C. glutamicum, and Brevibacterium in fermentation
Industry and its potential for application in foreign protein expression, research has been
focused mainly on strain improvement and development of technique to overcome the
barriers that effect successful introduction of foreign DNA into these corynebacteria.
Corynebacterial cell wall structures, which include corynemycolic acids, act as a physical
barrier for DNA transformation into the cell. While investigating the physical and
biochemical barrier for gene manipulation to these organism Britz and colleague isolated
a series of auxotrophic mutants of C. glutamicum strain 13059, which were later found to

be cell surface structure mutants.

The research reported in this thesis focuses mainly on understanding the nature of
physical barrier including: (i) determining the effect of growth medium containing glycine
and INH on the mycolic acids and fatty acids composition of cell wall and compare this
with the whole cell mycolates of wild-type and mutants of C. glutamicum. (ii)
investigating the genetics of mycolic acids biosynthesis this involve identification of
presumptive inkA gene involve in mycolic acid synthesis using various molecular biology
approaches in C. glutamicum and Brevibacterium species, sequencing the inhA gene in
several corynebacteria strains and to define any genetic changes, which may have
occurred in INH-hypersensitive mutants through sequence analysis of the InhA protein in
mutants in comparison the sequence, determined for the wild type C. glutamicum. (iii)
determining the function of presumptive inhA gene in corynebacteria by inactivation
using homologous recombination and analysis of the resulting mutants to deduce

correlation between genetic and physiological changes.

Corynebacterial strains used in this study included C. glutamicum ASO19 (rif mutant
ATCC 13059) and auxotrophic mutants MLB133 and MLB194, csp1 inactivated (cspl

gene responsible for S-layer formation) mutant strain of C. glutamicum, restriction



deficient mutant RM4 of ATCC 13032. Two Breibacterium species B. lactofermentum

and B. flavum were also included in this study.

To study the effect of some of the potential growth modifier like glycine, INH on lipids
profile of cell wall, MICs of INH and ETH its structural analog were determined. The
present work showed that corynebactereia is less sensitive to INH than Mycobacterium
However, distinct differences in INH MICs between the corynebacterial species used
were observed. AS019 and BF4 were more resistant whereas BL1 and RM4 were more
sensitive to INH. Similarly, cspl disrupted mutant of C. glutamicum behaved similar to
AS019. The two mutants MLB133 and MLB194 exhibited greater sensitivity towards
INH relative to the parent type strain AS019. MICs of ETH showed that C. glutamicum
was more susceptible to ETH thus confirming that ETH was more effective than INH in

corynebacteria.

Cell wall of all strains of corynebacteria tested contained five major types of mycolic
acids (Cs2.0, C34:0, C34:1, C36:2, C36:1). In the cell wall fraction the relative proportions of
unsaturated mycolic acid (Cs4.; and Cse, was higher and Csy,0 was lower). In the ASO19
family, the proportion of Cs;.0 was in decreasing order of ASO19, MLB194 and MLB133.
After the addition of 2% glycine in growth media the proportion of unsaturated MAMEs
in the cell wall fractions (Css.1, C362, C36:1) decreased significantly (from 60.0% in LBG
to 30.3% in LBG-G for AS019 and 63.3% to 30.5% for MLLB133) compared to growth in
LBG whereas Cs;.0 was proportionately increased. The mycolic acids profile of the
strains tested showed little quantitative variation in the mycolic acids for both cells and
cell wall fractions. For all strains tested palmitic acid (Cj6.0) and oleic acid (Cig.1) were
the major fatty acids in both cells and cell walls. There was a trend towards slight
decreases in FAMESs after growth in LBG-G and LBG-I suggesting that these chemicals

inhibited fatty acids synthesis.

Results described in this thesis further report the identification, cloning and sequencing of

the inhA gene homologue in several corynebacterial strains. This gene was first reported
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in mycobacterial species where it was believed to be involved in mycolic acids
biosynthesis and also one of the targets for INH. This data is the first documentary report
on the genetics of mycolic acids biosynthesis in corynebacteria. Southern hybridisation
profiles of AS019, MLB133, MLB194 indicates the presence of multiple copies of the
inhA gene on the chromosome compared with M. smegmatis. The translation product of
the inhA gene was found to 2-enoyl-acyl-carrier protein reductase, which showed
significant homology with enzyme involved in bacterial and plant fatty acids biosynthesis.
The highest identity score was 98% with M. smegmatis strongly suggesting its
involvement in lipid biosynthesis. Sequence comparison of AS019 and two mutants with
M. smegmatis indicates that two mutants were similar to M. smegmatis compared with
their parent strain ASO19. The inhA gene was successfully cloned and sequenced in two
Brevibacterium strains BL.1 and BF4 using PCR approaches. The InhA proteins of two
Brevibacterium species showed amino acids variations at several points. Amino acid
comparison of InhA proteins of C. glutamicum strain AS019 with two Brevibacterium

species showed that B. flavum is similar to ASO19.

Finally, the inhA gene was inactivated in B. lactofermentum using homologous
recombination. Results showed that the emerging mutants failed to grow ordinary rich
media implying they have altered cell wall. The mutant had similar MICs values as seen
for the parents indicating that the inhA inactivation had no effect on INH resistance and
hence InhA protein is not the target for INH in corynebacteria. Lipids profile analysis
showed the absence of mycolic acids in transconjugants, fatty acids however, were

detected in lower proportion as compare to parents.
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ABBREVIATIONS USED IN THIS THESIS

Asgoo Absorbance at 600 nm
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Amp Ampicillin
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Cis Oleic acid

Csys Lignoceric acid methyl ester
Ca20 Corynemycolic acid
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CsC1 Caesium chloride
EtBr Ethidium bromide
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D Dalton

dNTPs  Dinucleotide triphosphate
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FAMEs Fatty acid methyl esters
FID Flame ionisation detector
G+ Gram

GC Gas chromatography
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PEG Polyethylene glycol
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Rif Rifampicin
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RNase Ribonuclease
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SDS Sodium dodecyl sulphate

SSC 0.15 M Nacl, 0.15 M sodium citrate
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Chapter 1
Introduction
1.1 GENERAL INTRODUCTION

Coryneform bacteria are a taxonomically ill-define group of Gram-positive bacteria with
arod or club shape. The term coryneform, originally used to describe the club or wedge-
shape of Corynebacterium diphtheriae and related animal pathogens, is now widely used
to describe Gram-positive, non-mycelial, non-sporing bacteria. The group includes many
animal pathogens (Barksdale, 1981), plant pathogens (Carlson and Vidauer, 1982), and
saprophytic (non-pathogenic) soil organisms used for the industrial production of amino
acids such as arginine, glutamic acid, isoleucine, leucine, lysine, ornithine, proline,
threonine, tryptophane and valine (Hirose et al., 1985; Kinoshita, 1985). Other strains
synthesise emulsifying agents (Duvnjak and Kosarie, 1981; Zajic et al., 1977), degrade
hydrocarbons (Cardini and Justshuk, 1970; Cooper et al., 1979), produce anti-tumour
activity (Milas and Scott, 1978) or carry out steroid conversion (Constantinides, 1980;
Yamada et al., 1985). Among the explanations advanced for the numerical predominance
of some of these bacteria in soil are their extreme resistance to drying and to starvation
and the nutritional versatility of the commonly occurring species (Jones and Keddie,
1981). The group also contains various degraders of chlorophenol (McAllister and
Trevors, 1996), cyanide (Dubey and Holmes, 1995), or diphenyls (Higson, 1992) and is
therefore of environmental and biotechnological interest. The group comprising plant

pathogenic corynebacteria were renamed Clavibacteria (Davis et al., 1984).

Saprophytic species of corynebacteria used for the industrial production of amino acids
include Corynebacterium glutamicum, Brevibacterium and related genera Arthrobacter
and Microbacterium (Archer et al., 1989; Batt et al; 1985a, Eikmanns et al., 1993;
Kinoshita, 1985; Liebl 1991; Wohlleben er al., 1993). In the early 1990s, studies
including DNA-DNA hybridisation, chemotaxonomy and biochemical studies revealed
only minor differences between the Brevibacterium flavum, Brevibacterium

lactofermentum and C. glutamicum species (Eikmanns et al., 1991; Liebl er al., 1991),



and therefore Liebl er al. (1991) proposed that these species be considered as C.
glutamicum species. However, the controversy about the relationship between these two
corynebacteria groups used routinely as amino acid producing strains, B. lactofermentum
and C. glutamicum, remained unresolved (Liebl et al., 1991; Correia et al., 1994).
Although there was a relatively high degree of similarity (RFLP studies), there were
enough clear differences to allow separation of B. lactofermentum from C. glutamicum
(Correia et al., 1994). The cloning of the rRNA operons (rrn) provided a very useful
instrument to settle the polemic about the taxonomic relatedness of these two glutamic
acid producing corynebacteria. Characterisation of an operon from B. lactofermentum,
including the complete sequence of the 16S rRNA gene and upstream regulatory region
and transcriptional analysis, has been recently reported by Amador et al. (1999).
Phylogenetic studies using complete 16S rRNA sequence analysis showed that 'B.
lactofermentum’ is closely related to several species of the genus Corynebacterium but
only distantly related to the type species Brevibacterium linens and therefore the authors
suggested that it should be reclassified as Corynebacterium lactofermentum. Analysis of
the rrnD sequence has provided information not only on the phylogeny of ‘B.

lactofermentum’ but also on the molecular control of macromolecule gene expression.

The largest market for amino acids is in food ingredients and nutritional supplements for
human and animal use. The world-wide production in 1992 of the flavour enhancer
mono-sodium glutamate (MSG) and the food supplement lysine by C. glutamicum was
estimated at approximately 800,000 and 400,000 metric tons respectively (Jetten and
Sinskey, 1995; Randell and Andreas, 1992). Australia imports over $40 million worth of
lysine, an essential amino acid, per annum for incorporation into products made from
grains (particularly bread) and into pig feed (growth stimulant, improves fertility). Strain
improvement for amino acid production has been based traditionally on mutation and
selection, which was particularly effective in this group of bacteria because of their
inherent ability to overproduce glutamate and the relatively simple metabolic regulatory
mechanisms present. Furthermore their physical traits made C. glutamicum and related
species particularly suitable for large-scale industrial fermentations: strains grow well on

simple defined media; secretion of amino acids is achieved by manipulating the cell



surface structures by growth in biotin-limited media and exposure to ethanol or penicillin
G, so that high intracellular concentrations of metabolic intermediates, which may
otherwise limit production, does not occur; and corynephages are relatively rare so that
fermentation failure due to bacteriophage infection is minimal (Britz and Demain, 1985).

Because of their industrial importance, the genetics and enzymology of amino acid
synthesis by C. glutamicum has been studied extensively (Abe and Takayama, 1972;
Fazal er al., 1980; Hagino et al., 1975). Extensive “classical” mutagenesis of some
coryneform bacteria (C. glutamicum, B. lactofermentum and B. flavum) was used to
obtain improved strains for the production of lysine, glutamic acid, threonine,
tryptophane and a variety of other amino acids (Shiio, 1983), and the flavour enhancing
nucleotides. A successful approach to obtaining high yielding mutants has been selection
of variants resistant to amino acid analogs such as 5-fluorotryptophane, S-
aminoethylcysteine, and o-amino-B-hydroxyvaleric acid. Resistance to amino acid
analogs frequently results in deregulation of the corresponding amino acid biosynthetic
pathway due to a change in the structural gene of an enzyme(s) that is the target of
inhibition, or mutation in regulatory sequences so that transcription and/or translation is
increased. Another successful strategy to increase amino acid production was to raise the
metabolic flow through a pathway by blocking branch pathways through auxotrophic or
regulatory mutagenesis (Martin er al., 1987). A further increase in production by such
traditional techniques is rather limited because the cumulative effect of the mutations
previously introduced can result in almost complete physiological deregulation.
However, further increase in yields were often necessary to make the fermentation route

to production of particular amino acids commercially feasible.

A new strategy to strain improvement was initiated in the early 1980s by developing
cloning systems, so that techniques such as the construction of high expression and
promoter-probe vectors and site-directed mutagenesis could be applied to corynebacteria.
The first reports on the metabolic engineering of C. glutamicum appeared in 1984 (Miwa
et al., 1984; Santamaria er al., 1985). Since that time, several research groups have
independently initiated research programs focusing on the development of metabolic

engineering tools for Corynebacterium species (for example see Jetten er al., 1993;



Martin et al., 1987; Yoshihama er al., 1985; Wohlleben ef al., 1992). The approach
normally taken has involved using natural plasmids (Davis er al., 1987; Katsumata ef al.,
1984) or constructing shuttle vectors which function in E. coli and the corynebacterial
host and which can be transferred using protoplast transformation (Katsumata er al.,
1984; Ozaki et al., 1984; Thierbach et al., 1988; Yoshihama et al., 1985), electroporation
(Haynes and Britz, 1990; Liebl er al.,, 1989; Vertes et al, 1994b., Wolf, 1989) or
conjugation (Schifer et al., 1990). The application of recombinant DNA techniques has
allowed expression of foreign genes and production of recombinant proteins. Foreign
genes successfully expressed by C.  glutamicum include o-amylase of Bacillus
amyloliquifaciens (Smith et al., 1986), Cellulomonas fimi nuclease (Paradis et al., 1987),
bacterial genes involved in amino-acid biosynthesis (Patek et al., 1989), Staphylococcus

aureus nuclease (Liebl ef al., 1992) and ovine gamma interferon (Billman-Jacobe, 1994).

It has been reported that C. glutamicum grown in rich medium secretes two main
proteins, PST and PS2 (Joliff ef al., 1992). However, a large fraction of PS2 remains
associated with the cell wall. The existence of two distinct major proteins which are
abundantly secreted into the C.  glutamicum culture supernatant shows that C.
glutamicum, well known for metabolite excretion, is also able to secrete significant
amounts of proteins. The deduced N-terminal region of PS1 of C. glutamicum encoded
by cspl gene is similar to the antigens 85 complex of Mycobacterium tuberculosis, act as
a mycoloyl tranferase catalysing the transfer of mycolic acids not only to arabinogalactan,
but also to trehalose monomycolate (Puech ez al., 2000). In addition to csp/ (renamed
cmytA), five new cmyt genes (cmytB-F) were identified in the two strains of C.
glutamicum and three cmyt genes in C. diphtheriae (De Sousa et al., 2003, Kacem ef al.,
2004). In silico analysis showed that each of the putative cMyts contains the esterase

domain, including the three key amino acids necessary for the catalysis.

Most recently Portevin er al. (2004) have identified a new protein pksl3, an enzyme
which catalyses the condensation of two fatty acids to form mycolic acids both in
Corynebacteria and Mycobacteria. They showed that a C. glutamicum strain with a

deletion in pksl3 gene was deficient in mycolic acid production but was able to produce



fatty acids precursors. This mutant strain had an altered cell envelope structure. In 1995,
Billman-Jacobe et al. reported that C. glutamicum can express and secrete foreign
exoproteins originating from Gram-positive and Gram-negative bacteria and that this
species has the potential to be developed as a host for foreign gene expression and
secretion. This conclusion was based on their study of cloning and expression of genes
encoding the basic protease of Dichelobacter nodosus (bprV) and the Bacillus subtilis
(aprE) in C. glutamicum. In each case, enzymatically active protein was detected in the
supernatants of liquid cultures. More recently Salim ez al. (1998) have reported the use
of C. glutamicum as an alternative host for the functional heterologous expression of the

Mycobacterium smegmatis 85A gene.

Barriers to successful introduction of foreign genes into corynebacteria include the
presence of restriction-modification systems (Jang e al., 1996; Katsumata ez al. 1984;
Schifer et al. 1994b; Tauch er al. 1994), which preclude survival of heterologously
derived plasmid DNA and cause low transformation efficiency (Haynes and Britz, 1990;
Serwold-Davis et al., 1987;), and the physical barrier of a complex cell wall structure

(Haynes and Britz, 1990).

The cell wall of Gram-positive bacteria of the genera Corynebacterium, Brevibacterium,
Rhodococcus and Nocardia have similar overall architecture, which includes a thick
peptidoglycan layer covalently bound to arabinogalactan, and they possess mycolic acids
linked to the polysaccharides (Barksdale and Kim, 1977; Collins et al., 1982a; Chevalier
et al., 1988; Tomiyasu, 1982). Indeed, mycolic acids are a major component of the cell
wall structure of this group of bacteria and mycobacteria where, for instance, up to 60%
by weight of the mycobacterial cell is composed of mycolic acids (Jarlier and Nikaido,
1994).  Mycolic acids are a-alkyl, B-hydroxy fatty acids with up to 90 carbons in
mycobacterial species and 28-50 carbons in corynebacteria. It is believed that mycolic
acids have a structural role which gives rise to the resistance of the cell to harsh
environments and causes the acid fastness of mycobacteria; they probably play an
important role in the restricted permeability of these microbes to water-soluble molecules

(Jarlier and Nikaido, 1990). Little is known about the assembly of the cell wall of C.



glutamicum, thus it is not clear whether it acts in the same way as the permeability barrier
in mycobacteria. Methods to improve the excretion of particular amino acids have
developed which may influence the integrity of the cell wall and/or membranes, such as
treatment with penicillin G or amide surfactants. Several workers have reported that
mycolic acid composition of corynebacteria was modified by changes in environmental
conditions such as growth temperature (Suzuki ef al., 1969, Tomiyama et al., 1980,
Tomiyasu et al., 1980) and additives such as Tween 80, (Chevalier, 1988), glycine, or
isonicotinic acid hydrazide (INH) (Best and Britz, 1986; Jang er al., 1997; Tomiyasu et
al., 1984). These changes in the mycolic acid composition reduce the physical barrier to
DNA transformation. Best and Britz (1986) also observed mutants of C. glutamicum,
which were auxotrophic for various branched-chain amino acids, protoplasted more
readily than their parent (Best and Britz, 1986), noting that these strains showed higher
sensitivity to growth inhibition by glycine. Furthermore preliminary studies also showed
that C. glutamicum is relatively insensitive to INH when compared to Mycobacterium
species but the mutants were more sensitive to INH than their parent, suggesting that
these mutants had altered cell-surface properties. To understand the nature of these
mutations and the mechanism of action of glycine and INH, Pierotti (1987) and Jang et
al. (1997) analysed the fatty acid and mycolic acid composition of strain ATCC 13059
and selected mutants which had been shown previously to protoplast more readily, with
specific reference to the lipid composition following growth in glycine and INH. Their
findings showed that glycine and INH enormously affected cell growth, cell wall
morphology and the mycolic acid composition of C. glutamicum. In addition to the
previously reported targeting of the peptidoglycan cross-linking, these results showed that

glycine affects mycolic acid attachment to the cell surface of C. glutamicum.

Biochemical evidence has suggested that both INH and ethionamide (ETH, o-
ethylthioisonicotinamide a structural analog of INH and a second line anti-tuberculosis
drug) block mycolic acid biosynthesis in M. tuberculosis and other mycobacteria
(Winder, 1982 and Winder ef al., 1982) at a concentration of the drug which produces
>99% reduction of bacterial counts. Banerjee et al. (1994) used a genetic approach to

identify the gene encoding at least one of the targets of INH and ETH and characterised



the mutation within the gene. The target site of INH in M. rtuberculosis and several other
mycobacterial species was identified as the InhA protein, which is a 2-trans-enoyl-acyl

carrier protein (ACP) involved in fatty acid synthesis (Dessen ez al., 1995).

The present study focused on investigating the genetics of mycolic acid synthesis in C.
glutamicum by analysing the genetic changes which had occurred in INH hyper-sensitive
mutants, specifically through characterisation and sequence analysis of the inhA gene
homolog. Insertional inactivation approaches were used to determine the role of a
presumptive inhA gene in mycolic acid biosynthesis. Further analysis on the changes in
the cell surface structures of the mutants was also performed. The remainder of the
Introduction section provides a literature review on various aspects of the above and

defines the subject of this thesis.

1.2 CELL SURFACE MUTANTS OF CORYNEBACTERIA

Attempts have been made to improve various strains of Corynebacterium for specific
applications. The approach taken has largely been along traditional lines of mutagenesis
and screening for mutants which overproduce particular metabolites (Tosaka er at.,
1983). As a result of mutation, some mutants gave higher transformation efficiencies
than seen for the parent strains. Some of these mutants are presumptive cell surface
mutants (Best and Britz, 1986) and others seem to be restriction-deficient strains (Liebl et
al., 1989; Ozaki et al., 1984; Schifer et al., 1990, 1994a). Although many mutant strains
of corynebacteria have been reported, only specific examples which are relevant to this

thesis will described here.

Best and Britz (1986) isolated several auxotrophic mutants of C. glutamicum ATCC
13059 by long-term exposure to ethylmethanesulphonate (EMS) (Fig 1). Many of these
protoplasted more easily than the parent type strain. Some mutants, including strains
MLB131-135 and MLB194, produced larger cells than other auxotrophs or the parent
strain when grown in Luria Broth (LB) and always displayed notably apparent

morphological changes during growth in LB-glycine. Using scanning electron



microscopic observation, Britz (1986) found that C. glutamicum strain ATCC 13059
grown in LB produced irregular rods, with coccobacilli 1-2 um in length.
Characteristically, this strain forms parallel ridges around its circumference. However,
growth in LB containing 2% (w/v) glycine caused cell elongation and the rare appearance
of X- and Y- shaped cells. Auxotrophic mutants derived from this strain produced
elongated cells with buds in LB. When grown in LB-glycine, X-and Y-shaped cells were
seen more frequently, as were branched rods, suggesting that cell division was occurring
through budding, branch formation, then septation (Jang et al., 1997). In addition, Britz
(1989) examined the effect of glycine and INH on cell growth of a number of
corynebacteria, including C. glutamicum strains AS019, MLB133 and MLB194, B.
lactofermentum BL1, B. flavum BF4 and C. ulcerans (wild type), by measuring the final
optical density as 600 nm after 16 h cell growth. The author found that mutant strain
MLB133 and MLB194 were more sensitive to inhibition by the presence of INH and
glycine during growth relative to the parent strain. In the case of B. lactofermentum,
which gave higher transformation efficiency than C. gluramicum AS019 (Haynes and

Britz, 1989), sensitivity to INH was higher than AS019.

In Pierott's work (1987) on strain ATCC 13059, AS019, and mutants MLB133 and
MLB194, fatty acid and mycolic acid profiles were quantitatively determined by gas
chromatography (GC) analysis following growth under different conditions. An alteration
in the cell surface structures of two mutant (MLB133 and MLB194) strains was further
supported by the observation that the quantitative fatty acid and mycolic acid
compositions were different from the parent-type strain AS019 (Pierotti, 1987). For these
experiments, Pierotti (1987) used two different media: LB supplemented with 0.5% (w/v)
glucose (LBG) and LBG containing 2% (w/v) glycine, where samples were prepared
from several cell growth phases. Pierotti (1987) observed two major spots following
TLC, corresponding to mycolic acid methyl esters (MAMEs) and fatty acid methyl esters
(FAME:s), and characterised these using GC and this combined with mas spectrometry

(GC-MS).
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Figure 1 Geneology of mutants derived from C. glutamicum strain ATCC 13059 by

EMS mutagensis or through selections of strains spontaneously resistant to

antimetabolites on selection media (from Best and Britz, 1986). Abbreviations: Rif',
rifampicin resistant; Strep', streptomycin resistant; 5-Fu’, 5-florouracil resistant; arg,
auxotrophic for arginine; his’, histidine; ileu, isoleucine; leu’, leucine; met’, methionine.

Percentages represent protoplasting efficiency.



Analysis of FAMESs showed that, with increasing cultivation time from exponential phase
to late stationary phase, the percentage of C;s.; in strain MLB133 increased from 1.5% to
6% while the percentage of Cig; in ASO19 was not changed. Analysis of MAMEs
showed five types of peaks (Csz.0, C3a:1, Caa:0, Cs62, Cse) in all of the strains of C.
glutamicum used, confirming the observation that these strains and the mutants had a
mycolic acid composition similar to those seen for C. glutamicum NCIB 10025 (Collins
et al., 1982a). No significant differences in the quantitative composition of mycolic acids

were detected at different cell growth phases for the parent strain of C. glutamicum.

Jang (1997) determined the effect of glycine and INH on mycolic acid profiles of whole
cells and in spent culture medium. The most important observations regarding his studies
were as follows: the mycolic acid profiles in terms of relative proportions of each type in
the cells and the culture fluid were quite similar for each sample tested; both mutant
strains MLB133 and MLB194 always contained a higher proportion of unsaturated
mycolic acids (Csyo lower than the parent, Css; and Cse higher); the main effect of
glycine (2% w/v) was to increase the proportion of mycolic acids found in extracellular
fluids (15.9% for AS019 and 19.3% in MLB133); growth in LBG with INH also
increased the proportion of extracellular mycolic acids and changed the proportion of
unsaturated mycolic acids; increased proportions of unsaturated mycolic acids
corresponded to decreases in Csp9 and increases in the proportion of Casy and Cag;
similarly, in the presence of glycine or INH the relative percentage of fatty acids to the
total lipids (fatty acids plus mycolic acids) of AS019 decreased from 76.9% (in LBG) to
72.9% (in LBG 2% glycine), and 66.4% in (LBG-8mg/ml INH), implying that glycine
and INH in the medium inhibited not only mycolic acid synthesis but also fatty acid
synthesis. However, Jang did not investigated the impact of glycine and INH addition in
the growth medium on the mycolic acid profiles of cell wall components, as he examined
only whole cellular lipids. The present work aimed to determine the profile of lipids
bound to the cell wall (both quantitative and qualitative analysis) after growth in the
presence of glycine and INH in comparison with the mycolic acid profile of whole cells,
to determine whether the observed changes were at the level of the cell surface lipid

composition or cellular lipid synthesis.
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1.3 INDUSTRIAL IMPORTANCE OF CORYNEFORM

Amino acids are produced via chemical synthesis, hydrolysis of natural proteins, and
bacterial fermentation (Kinoshita, 1985). Only a limited number of bacterial species are
used to obtain production strains for the industrial manufacture of amino acids (Aida et
al., 1986) and corynebacteria are the micro-organisms that have been traditionally used
for amino acid production. The main use of amino acids is in animal feed
supplementation to increase the efficiency of plant proteins that are usually deficient in
certain essential amino acids (e.g. lysine, threonine, tryptophane, and methionine)
(Flodin, 1993; Howe et al., 1965). In the food industry, amino acids are used as flavour
enhancing agents (e.g. glutamate and glycine) (Jetten and Sinskey, 1992). Amino acids
are used in the pharmaceutical industry as therapeutic agents in nutritional and metabolic
disorders, and in the chemical industries they find use in the manufacture of cosmetics,
toothpaste, shampoos and detergents. Amino acid derivatives are also increasingly used
in agriculture as plaguicides and plant growth regulators. Another important, although
less significant, use of amino acids is in the preparation of intravenous infusions (Yamada

etal., 1972).

Lysine, used mainly as a forage additive, is one of the economically most important
amino acids produced by C. glutamicum (Tosaka and Hirose, 1983). Isoleucine is of
commercial interest as a food and feed additive, since mammalian cells are not able to
synthesise it. This branched-chain amino acid has been produced on a large scale of
about 400 tons per year by extraction of protein hydrolysates (Kleemann et al., 1985) or
by fermentation with classically-derived mutants of Serratia marcescens (lkeda and
Yoshinaga, 1976; Kisumi and Chibata, 1977) or mutants of C. glutamicum (Eggeling et
al., 1987; Morbach et al., 1995; Patek er al., 1994). Many natural isolates of glutamic
acid producing corynebacteria have been mutated to further increase amino acid
production, including Corynebacterium species C. callunae, C. glutamicum, C.
herculis and C. lilium; Brevibacterium species B. flavum, B. lactofermentum, B.

diverticum and Mycobacterium species M. ammoniaphilum (Kinoshta, 1987).
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Some corynebacteria have relevance in the cheese production industry while several
others are used in bioconversions. For example it is well known that "orange cheese"
coryneform bacteria play an important role in the ripening of red smear cheeses, in
particular by producing methanethiol (Greez and Hedrick, 1962; Lewis, 1982), a sulfur
compound which imparts a typical flavour to this kind of cheese (Law and Sharpe, 1978).
Some orange cheese corynebacteria produce antibacterial substances such as bacteriocin,
including linencin A and linocin M18, which have been purified and characterised (Kato
et al., 1984 and 1991; Valdes and Scherer, 1994). An orange cheese coryneform bacteria
isolated from the surface of Gruyere of Comte was identified as B. linens and this
produces an antimicrobial substance designated linenscin OC2. This compound inhibits
Gram-positive food-borne pathogens including S. aureus and Listeria monocytogens but
is not active against Gram-negative bacteria. Linenscin OC2 caused viability loss and
lysis of the test organism, L. innocua (Sophie et al., 1995). The spectrum of activity of
linenscin OC2 is interesting, if not used in food, another application of linenscin OC2
could be as an antibiotic in human therapy, if activity is retained in vivo. Other industrial
applications of corynebacteria include the conversion of 2,5-diketo-D-gluconic acid into
2-keto-L-gulonate (an intermediate in L-ascorbate synthesis), steroid conversion
(hydrocortisone to L-ascorbate) and other oxidations (Anderson et al., 1985; Martin et
al., 1987; Yamada et al., 1985).

C. glutamicum is used widely for its ability to produce large amounts of glutamate under
particular growth conditions, e.g., biotin limitation. Different research groups have
studied glutamate excretion (Bunch er al., 1986; Clement et al., 1986; Gutmann et al.,
1992; Hoischen and Kramer, 1989 and 1990), and different hypotheses have been put
forward to explain this capacity (Clement er al., 1984). In 1995, Lambert er al. attributed
glutamate efflux under biotin limitation to the activity of a specific excretion carrier
system. Their study showed that C. glutamicum can be triggered to excrete glutamate by
the addition of local anaesthetics, particularly tetracaine. Glutamate efflux is a carrier-
mediated process and not due to unspecific membrane permeabilization.  The
concentration of local anaesthetic triggering optimal excretion depended on the type and

concentration of anaesthetic, ranging from 0.ImM for chlorpromazine, 1.3mM for
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tetracaine and 2.6 mM for butacaine to 15 mM for benzocaine, which closely followed
the order of anaesthetic efficiencies. The onset of glutamate excretion was not correlated
to changes in the viscosity or fluidity of the membrane, nor was it related to an action of
the anaesthetic as an uncoupler. Tetracaine-triggered glutamate excretion was not
correlated to changes in the transmembrane osmotic gradient. These authors reported that
the most possible explanation for the triggering effect is that the action of local
anesthetics 1s not a direct interaction with certain proteins but a general action on the
membrane, which triggers the carrier activity. C. glutamicum cells, which excrete
glutamate without manipulation of the membrane, e.g., biotin-limited cells or glutamate

production mutants, were not stimulated by the addition of tetracaine.

Biosynthesis of the aromatic amino acids in micro-organisms proceeds via a common
pathway to chorismate, from which the pathways to phenylalanine, tyrosine, and
tryptophane branch (Umbarger, 1978). Some attempts to genetically engineer existing
mutants of C. glutamicum which produce the aromatic amino acid resulted in significant
improvement in yields. In such studies, the strategy used aimed at amplifying the gene
coding for the rate-controlling enzyme, thereby eliminating the bottleneck in the
biosynthetic pathway (Ito ef al., 1990; Ozaki ef al., 1985). Katsumata and Ikeda (1992)
reported a tryptophane-producing mutant of C. glutamicum which was genetically
engineered to produce tyrosine or phenylalanine in abundance. To achieve this, three
genes encoding the first enzyme in the common pathway, 3-deoxy-D-arabino-
heptulosonate 7-phosphate synthase (DS), and the branch-point enzymes chorismate
mutase and prephenate dehydratase, were individually cloned from regulatory mutants of
C. glutamicum, which had either of the corresponding enzymes desensitised to end-
product inhibition. These cloned genes were assembled one after another onto a
multicopy vector of C. glutamicum to yield two recombinant plasmids. One plasmid,
designated pKY1, contained the DS and chorismate mutase genes, and the other,
designated pKF1, contained all three biosynthetic genes. The enzymes specified by both
plasmids were simultaneously over expressed approximately seven-fold relative to the
chromosomally encoded enzymes in the parent C. glutamicum strain. When transformed

with pKY'1 or pKF1, tryptophane-producing C. glutamicum KY 10865, with the ability to
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produce 18 g of tryptophane per litre, was altered to produce a large amount of tyrosine
(26 g/liter) or phenylalanine (28 g/liter), respectively, because the accelerated carbon

flow through the common pathways was redirected to tyrosine or phenylalanine.

1.4 TAXONOMY OF CORYNEFORM BACTERIA

Lehman and Newman (1907) were the first to create the genus Corynebacterium to
accommodate the diptheria bacillus and a few similar animal parasitic species. The genus
was defined mainly on the basis of morphological characteristics (wedge or club shape of
the organism) and staining reaction (Gram positive with irregular bar or band formation).
Morphological similarity was then generally believed to indicate relatedness and thus
organisms from habitats other than human or animal sources were included in this genus.
Coryneform bacteria were subsequently recognised as saprophytes in soil, water, milk,
dairy products and fish, and as plant pathogens (Keddie, 1978). Keddie concluded that it
is convenient to use the term corynebacteria to define “a broad morphological group,

sometimes imperfectly, but it does not imply relatedness within it".

The definition of the genera commonly referred to as coryneform (Corynebacterium,
Microbacterium, Cellulomonas and Arthrobacter [Jensen, 1952]) are equivocal because
they are based almost entirely on microscopic appearance and staining characteristics and
these are affected by morphological changes during the growth cycle and also by culture
conditions (Cure & Keddie, 1972; Jensen, 1993). Furthermore, some Corynebacterium
species are morphologically similar to Propionibacterium and Brevibacterium while
others in the genus, together with the genera Arthrobacter and Cellumonas, show a close
morphological resemblance to representative of the genera Mycobacterium and Nocardia

(Bowie er al., 1972; Jensen, 1952; Skerman, 1967).

Keddie and Cure (1977) defined legitimate members of Corynebacterium sensu stricto as
those facultative anaerobes which contain meso-diaminopimelic acid (meso-DAP),
arabinose, galactose and corynemycolic acids in their cell wall. This definition covered
organisms with a fairly narrow range of DNA base ratios and included C. diphtheriae,

most animal pathogens and parasitic species, some saprophytes and Microbacterium
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flavum, but excluded most saprophytes and all species pathogenic to plants. Saprophytic
species included in this group were C. glutamicum and several other glutamic acid
producing species: B. divarticum, B. lilium, C. callunae and C. herculis. Abe et al.
(1967), however, considered that these should be reduced from species level to synonomy

with C. glutamicum.

In addition to using traditional, taxonomic morphological characteristics to classify
coryneform, numerical taxonomy and chemotaxonomic classification have played
important roles in determining taxonomic relationships. Chemotaxonomy is defined as
the application of chemical techniques which gives information on the presence or
absence of specific compounds, such as lipids, amino acids and sugars in the cell surface
(Barreau et al., 1993; Cummins, 1962) and is a useful tool for the classification and
differentiation of Gram-positive bacteria. In Gram-positive bacteria, since the cell wall
structure constitutes up to 40% of the dry cell weight of these bacteria (Dolye, 1992)
therefore it is considered as an important indicator in classification of these bacteria.
Peptidoglycan is the characteristic cell wall polymer in bacteria. The chemical
composition of the cell walls of human and animal pathogenic Corynebacterium species
was found to be similar to that of Mycobacterium and Nocardia species (Cumins and
Harris, 1956; Cummins 1962). These genera contain meso-DAP, arabinose and galactose
in the cell wall and could be distinguished from Strepromyces species which contain
glycine and meso-DAP, and Actinomyces species, which contain lysine and galactose
(Cummins, 1962; Lechevalier, 1970; Mordarska et al., 1972). The peptidoglycan of
corynebacteria is composed of 1,4-linked glucosamine and muramic acid unijts. Chemical
and immunological studies suggested that arabinogalactan is a seriological antigen
common to mycobacteria, nocardia and corynebacteria (Azuma et al., 1973; Misaki, Seto
and Azuma, 1974). The enzymatic degradation of mucopeptides and chemical analysis
of their subunits indicated that the tetrapeptide, Ala-Gln-Dpm-Ala, is the principal
subunit of the peptide moiety of the mucopeptide portion of cell wall of mycobacteria,
nocardia and corynebacteria (Azuma ef al., 1973). It was concluded that corynebacteria,
mycobacteria, and nocardia were closely related and that strains of these three groups

should therefore be taxonomically grouped together. This was supported by Harringston
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(1966) and Goodfellow (1967), who made a numerical taxonomic study of coryneform
and members of the genera Mycobacterium and Nocardia and who, as a result of
available evidence, proposed that the genera Corynebacterium, Mycobacterium, and

Nocordia be merged to form one genus.

In the last 20 years the taxonomy of this important group of bacteria has much improved.
In particular, the careful application of phenotyping methods, used in conjunction with
molecular genetic methods (e.g. DNA-DNA hybridisation [Carlotti et al., 1993; Liebel et
al., 1991] and 16S rRNA gene sequencing [Pascual et al., 1995; Stackebrandt and
Schleifer, 1984]) have resulted in more robust and reliable species identification. In
1989, Ochi and coworkers developed a method for identifying and classifying
actinomycetes. This approach is based on the analysis of ribosomal AT-L30 proteins
(homologous to E. coli L30 protein) which involves determining the electrophoretic
mobilities of the AT-L30 proteins and their N-terminal amino acid sequences. In 1995
these authors further extended this study with the objectives (i) to clarify the phylogenetic
relationships among the genera Rhodococcus, Nocardia, Mycobacterium,
Corynebacterium and Tsukamurella and (ii) to clarify the taxonomic status of the
members of the family Actinomplanaceae and actinobacteria as represented by the genera
Actinomyces and Micrococcus within the Gram-positive bacteria. The phylogenetic
relationships among 30 mycolic acid-containing, wall chemotype IV, actinomycetes and
12 strains belonging to allied taxa were examined by determining the amino acid
sequences of the ribosomal AT-L30 proteins of those organisms. Sequencing 20 N-
terminal amino acids of AT-L30 preparations revealed that the members of the mycolic
acid-containing actinomycetes formed two clusters: the first cluster contained the genera
Nocardia, Rhodococcus, Gordona, and Tsukamurella, and second cluster contained the
genera Corynebacterium and Mycobacterium. The phylogenetic clusters identified were
entirely consistent with the proposal of Goodfellow that the family Nocardiaceae should
encompass the mycolate-containing, cell wall type IV actinomycete genera Nocardia,
Rhodococcus, Gordona, and Tsukamurella. The genera Actinomycetes and Micrococcus
exhibited AT-L30 amino acids sequence characteristics intermediate between those of

actinomycetes and those of typical eubacteria.  The genera Rhodococcus and

16



Corynebacterium were considered to be taxa that consist of phylogenetically distantly
related species. Ochi's results agreed with this classification (Fig 1.1). However, less
significant difference between 16S rRNA analysis and Ochi’s AT-L30 is that in the 16S
rRNA the genera Nocardia and Rhodococcus occupied separate phylogenetic positions
(Klatte et al., 1994; Stackebrandt et al., 1980) whereas Ochi's results imply that among
mycolic acids-containing taxa, the genera Nocardia and Rhodococcus are very closely

related.

The taxonomy of mycolate-containing, wall chemotype IV actinomycetes has undergone
extensive revision. Ochi's results also agree with this classification as well. Rhodococcus
equi is an important eqine pathogen and was previously classified in the genus
Corynebacterium. Although the members of the genus Rhodococcus generally contain
longer mycolic acids than the members of the genus Corynebacterium, several
rhodococci, including R. equi, have mycolic acids whose lengths overlap the lengths of
mycolic acids of corynebacteria. The AT-L30 data support the current taxonomic status
of R. equi (Fig 1.1). Actinomyces pyogens, which was previously classified in the genus
Corynebacterium (Reddy et al., 1982), is also an important veterinary pathogen. C.
glutamicum, which was previously classified in the genus Micrococcus, 1s an important
organism in the glutamic acid fermentation industry. According to these authors, AT-
L30 data provides strong support for the current taxonomic status of Actinomyces
pyogens and C. glutamicum (Fig 1.2). It is especially interesting that C. amycolatum, a
relatively new species proposed by Collins et al., (1988), differs from other
corynebacteria by lacking mycolic acids. Despite such a significant difference, inclusion
of this organism in the genus Corynebacterium is strongly supported not only by the high
level of amino acid sequence similarity to other Corynebacterium species, but also by a
distinctive characteristic of this genus, a deletion of the amino acid at position two in the
AT-L30 protein (Fig 1.1). Finally these authors suggested that the AT-L30 sequence
method appears to be useful for bacterial taxonomy not only at the generic level but also

at species level.
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Figure 1.1 Primary structure of the N-terminal of AT-L30 proteins from various species of the
genera belonging to mycolic acid-containing, cell wall type IV actinomycetes. The question mark
indicates amino acids that were not determined. The dotted lines indicate deletions The amino
acids which characterise each genus are enclosed in boxes. Abbreviations: N, Nocardia; R;

Rhodococcus; M, Mycobacterium; C, Corynebacterium; G, Gordona; T, Tsukamurella . (Ochi,
1995).



However, identification at the species level has to be confirmed by testing more species
and more than one strain per species. Also, this technique is limited for species

identification, as Gordona species could not be differentiated (Fig 1.1 and 1.2).

Studies of glutamic acid producing bacteria, including C. glutamicum, B.
lactofermentum and B. flavum, indicated that these species share many common
characteristics, such as cellular fatty acids composition, the presence of mycolic acids and
peptidoglycans containing meso-DAP in the cell wall (Suzuki & Komagata, 1983),
similar nucleotide sequence of genes encoding the same enzymes in both species, G+C
content in the range 54-56% (typical of true members of the genus Corynebacterium) and
high degree of similarity in DNA-DNA hybridisation studies (Liebel er al., 1991). Based
on these data, the transfer of B. lactofermentum to the genus Corynebacterium has been
proposed (Liebl et al., 1991). Differentiation of strains classified as C. glutamicum and
B. lactofermentum has been made by analysis of IDNA restriction patterns (Liebl er al.,
1991) and by restriction fragment polymorphisms around hom genes (Eikmanns ef al.,
1991). B. linens, the type species of genus Brevibacterium (usually isolated from cheese
sources), has a higher G+C content than B. lactofermentum and C. glutamicum. One
strain, B. linens ATCC 19391, is a patented L-lysine producer. This strain belongs to
the DNA homology groups of the type species, B. linens ATCC 9172 (Fiedler et al.,
1981).

Similarly, studies on the genome of these two corynebacteria groups using pulsed-field
gel electrophoresis (PFGE) revealed difference in patterns of chromosomal DNA
(Correia et al., 1994). Using Pacl and Swal endonucleases, the genome of B.
lactofermentum ATCC 13869 (genome size 3,052kb) was consistently cut into 26 and 20
bands, respectively, and the genome of C. glutamicum ATCC 13032 (2,987kb) yielded
27 and 26 fragments respectively (Correia et al., 1994). Bathe er al. (1996) constructed a
physical and genetic map of the C. glutamicum ATCC13032 chromosome using PFGE

and hybridisation with cloned genes.
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Figure 1.2 Clustering based on AT-L30 protein SAS values (quantitative expression of

the levels of similarity of the amino acids sequences, Ochi, 1995).
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Furthermore, the pattern of PCR (polymerase chain reaction) amplification of
chromosomal DNA using random primers showed that PCR patterns of two strains of C.
glutamicum, ATCC13032 and AS019, were almost identical but that these were clearly
different from that of B. flavum BF4 (Webster, 1995).

More recently, rrn operons of amino acid producing corynebacteria were studied as a
way to understand growth regulation and the mechanism that triggers amino acid
accumulation under nutritional starvation (Amador et al., 1999). These authors by
hybridisation studies found five rRNA operons (rrn) in the genome of B. lactofermentum
ATCC 13869 and C. glutamicum ATCC 13032. ‘B. lactofermentum’ DMS 20412
differed from the other corynebacteria tested showing six hybridisation bands. Two of
the rrn operons (rrnD and rrnE) were located in a single cosmid. Sequencing of the rrmD
operon showed that it contains a complete 16S rRNA-23S RNA-5S rRNA gene cluster.
Analysis of rrmD sequence has provided information on the phylogeny of °B.
lactofermentum’ and on the molecular control of macromolecule gene expression. Based
on their 16S RNA analysis, these authors proposed that B. lactofermentum ATCC 13869
should no longer be considered as a member of the genus Brevibacterium and that it
should be transferred to the genus Corynebacterium in agreement with the proposal of
Liebl er al. (1991). However, their studies showed that the divergence between B.
lactofermentum and C. glutamicum was higher than that between different species of
Corynebacterium, e.g., C. fastidiosum, C. segmentosum, C. accolens and C.
pseudotuberculosis, which indicated that ‘B. lactofermentum’ was a different species of
the genus Corynebacterium. These researchers therefore suggested that ‘B.
lactofermentum’ should be changed to C. lactofermentum, thus maintaining the name of
the species. ‘B. lactofermentum’ was clearly different from the glutamic acid producer
C. ammoniagenes (previously B. ammoniagenes). It would be interesting to speculate
whether if similar conclusions apply to other glutamic acid producing corynebacteria

such as B. flavum, but no data are available on their rrn genes.

The genome mass of C. glutamicum is approximately 1.7 X10°. Similar values have

been established in B. ammoniagenes (1.9 X 109) and other corynebacteria (Bak et al.,

21



1970; Crombach, 1978). This size is smaller than the genome size of E. coli (4,000 kb)
and of streptomyces (10, 000 kb) as estimated by Benigni ez al. ( 1975).

The genus Corynebacterium contains many species of clinical importance (Collins &
Cummins, 1986). According to previous studies, mycolic acids are of particular
importance in the definition of authentic members of the genus Corynebacterium
(Athalye et al., 1984; Corina and Sesardic, 1980; Carlotti ef al., 1993; Keddie and Cure,
1977). Therefore it can be argued that any bacterium devoid of mycolic acids cannot be
classified in this genus. However, Barreau er al., (1993) collected clinical isolates that
possess all of the phenotypic characteristics of coryneform bacteria but did not contain
mycolic acids. All of these strains were identified as Corynebacterium spp. by standard
culture and biochemical tests. Many of these strains were then identified by a new
commercial kit (Frenny et al., 1991; Gavin et al., 1992) as C. minutissimum, C.

striatum, or related organisms of CDC group 1.

As a result of polyphasic approaches, and growing awareness of corynebacteria as
opportunistic pathogens, a plethora of new species from humans have been described in
the past few years (Funke et al., 1977, 1995, 1997; Reigel et al., 1993, 1995). In contrast,
the potentially pathogenic corynebacteria in veterenary clinical microbiology have
received much less attention, although these organism are the probable cause of, or are
associated with, diseases in animals. This situation is evident in the case of subclinical
mastitis. Staphylococci are traditionally identified to be the most important aetiological
agents of sub-clinical mastitis (Honkanen-Buzalski ez al., 1996; Marco, 1994, Serrano et
al., 1994), although corynebacteria are emerging as pathogens of clinical significance in
this pathology (Fernandez et al., 1997; Honkanen er al., 1996). Recently Fernandez et al.
(1998) reported the isolation of a non-lipophilic coryneform bacterium biochemically
similar to C. jeikeium and C. coyleae from sheep suffering from sub-clinical mastitis.
Based on polyphasic taxonomic analysis, the authors proposed a new Corynebacterium

species, C. camporealensis, for this coryneform from sheep.
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1.5 OVERVIEW OF THE LIPIDS FOUND IN CORYNEBACTERTIA AND
RELATED SPECIES

1.5.1 The nature of the lipids found in mycolic acid containing bacteria

Lipids are natural products which can be isolated from biological materials by extraction
with organic solvents and which are usually poorly soluble in water. Lipids are divided
into two subgroups: polar and non-polar, the most common type of polar lipids found in
corynebacteria are phospholipids, glycolipids and ornithine or lysine-amides.
Amphipathic polar lipids consist of hydrophilic head groups usually linked to two
hydrophobic aliphatic chains. Non-polar lipids are fatty acids, mycolic acids, isoprenoid
quinones and carotenoid pigments. Long-chain fatty acids are released when bound
lipids are subjected to chemical degradation. Lipid markers have been traditionally used
in the classification and identification of coryneform and related taxa (Minnikin et al.,

1978).

Isoprenoid quinone analysis has also been proposed as a means of classification of
coryneform and related taxa (Collins et al., 1979; Yamada et al., 1976). Isoprenoid
quinones are a class of terpenoid lipids widely distributed in bacteria and two structural
groups can be recognised, menaquinones (vitamin K) and ubiquinones (coenzyme Q).
They are located in the plasma membranes and are principally involved in electron
transport and respiration (Redfearn, 1966). Menaquinones and 2-methyl-3-polyprenyl-1-
4-napthoquinones display structural variations which include the length and degree of
hydrogenation of the polyprenyl side-chain, hydroxylation (Allen et al., 1967) and
possibly epoxidation (Friis er al., 1967). Coryneform and related bacteria can be divided
into several groups on the basis of menaquinone composition (Collins et al., 1977;
Yamada er al., 1976). Thus human and animal parasitic corynebacteria contain

predominantly dihydromenaquinone with eight isoprene units, MK-8(H;), whereas C.
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bovis, C. glutamicum and Mycobacterium strains have dihydromenaquinones with nine-

isoprene units MK-9(H3) as major components.

Fatty acids commonly occur as the hydrophobic chains of the membrane phospholipids
although they can also be present as free fatty acids. They may be straight chain,
unsaturated, branched chain or contain cyclopropane.  The fatty acids from
corynebacteria have been extensively studied (Collins et al., 1982b; Minnikin et al.,
1978) they have chain lengths between ten and twenty carbon atoms and include mainly
saturated and unsaturated forms (Collins et al., 1982b; Pierotti, 1987). The cellular fatty
acid composition made up from the four types of fatty acids appear to be distinct and do
not overlap for distinct groups of corynebacteria, even when the culture conditions are
changed. Type I (normal unsaturated) fatty acid composition is found in all coryneform
bacteria that have meso-DAP and arabinoglactan in their cell wall. Collins et al. (1982b)
showed that C. glutamicum and related saprophytic strains, such as B. lactofermentum,
and B. flavum, and animal-associated strains predominantly contain palmitic acid (Cj¢:0)
and oleic acid (Cs;;). In C. glutamicum, myristic acid (Cj4.0) petadecanoic acid (C)sy),
palmitoleic acid (Cjs:1), heptadecanoic acid (C;7,9) and stearic acid (Cigo) were also
detected as minor components. According to Pierotti (1987), about 50% of the fatty acids
in the cells are unsaturated and that with increasing cultivation time, from exponential
phase to late stationary phase, the percentage of Cis.; in AS019 was less than seen for
cell-surface mutant strains of C. glutamicum. Duferene et al. (1997) reported that the
surface of corynebacteria (Corynebacterium strains DMS 44016 and DMS 6688) was rich
in hydrocarbon-like compounds including mycolic acids. Jang (1997) showed that C.
glutamicum also contains a Cyg3 fatty acid which was particularly noticeable in

extracellular culture fluids.

'The name mycolic acid was given to a high molecular weight hydroxy, methoxy fatty
acid from M. tuberculosis which released hexacosanoic acid on pyrolysis (Anderson,
1941; Stodola er al., 1938). The pyrolytic cleavage of mycolic acids was shown to be due
to the characteristic 3-hydroxy-2-branched structure (Asselineau, 1950; Asselineau and

Lederer, 1950). The pyrolysis of mycolic acid was as follows:
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OH OH

| |
R —CH—CH—COOH—R—CHO + HCH—COOH

(CH ,),5—CH; (CH2),>—CH3

Asselineau and Lederer (1950) were thus able to define mycolic acids as “high molecular
weight B-hydroxy fatty acids with a long a-side chain”. The chain from the B-carbon can
be up 60 carbons long in mycobacteria and may consist of a wide variety of chemical
structures, such as cyclopropane rings, methyl branches, combinations of cis and trans
double bonds (unsaturated chains) and hydroxyl, methoxy and other functional groups
(Brennan and Nikaido, 1995; Minnikin er al., 1982). Mycolic acids vary considerably in
structure, ranging from the relatively simple mixture of saturated and unsaturated acids in
corynebacteria to the very complicated mixtures characteristic of mycobacteria (Figure
1.3) (Minnikin et al., 1975, 1984a, b, 1985). Mycolic acids of Corynebacterium and
Nocardia contain up to about 40 and 60 carbon atoms, respectively, but those from
Mycobacterium usually contain 70-90 carbon atoms (Chevalier et al., 1988; Collin ef al.,
1982a; Jarlier and Nikaido, 1994; Stodola er al., 1938; Stakebrandt, 1988). The
corynemycolic acids are attached by an ester linkage to the 5-hydroxy group of the D-
arabinofuranoside residue of arabinogalactan (AG) (Azuma, Yamamura and Fukushi,
1968). In addition, several others lipid species, many of them with unusual structures, are
known to exist in the mycobacterial cell wall as “free” lipids, which are solvent-
extractable lipids that are not covalently linked to the AG-peptidoglycan complex
(Brennan, 1988,1989; Minnikin and Goodfellow, 1980; Minnikin, 1982). The list of such
extractable lipids is becoming longer with the addition of trehalose-based

lipopolysaccharides (LOSs) (Hunter ef al., 1985).

Walker e al. (1973) reported that in C. diphtheriae the mycolic acids were present in the
form of 6% acid-extractable lipids. The bound lipid fraction includes corynemycolic
acids in salt form, trehalose esters (trehalose-6, 6’-dimycolate: cord factor) and glucose

esters when these bacteria are grown on a glucose-containing medium.
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Figure 1.3 Structure of a representative o-mycolic acid from M. tuberculosis and

corynemycolic acid from C. matruchotti (Minnikin, 1982).
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The cell walls of both pathogenic and non-pathogenic strains is coated with salts of
corynemycolic acid and “cord factor” which are extractable from cells by treatment with
light petroleum (Walker er al., 1973). In 1987 Pierotti studied covalently bound mycolic
acids of C. glutamicum and showed that approximately 50% of the mycolic acids existed
as the bound form and there was little difference in the relative proportion of mycolic
acids found in the covalently bound or the extractable lipids. Mycolic acids are a major
component of the cell walls of these organisms and the synthesis of these is the subject of
this thesis and the biochemistry and genetics of mycolic acid synthesis is described in

more detail in section 1.6.

1.5.2 Physical organisation of cell wall lipids

Minnikin (1982) proposed a chemical model for the arrangement of the mycobacterial
cell wall and some of the wall-associated lipids, in which the mycolic acids formed a
monolayer near the outer surface of the wall, with fatty acyl chains of various wall-
associated lipids intercalated with the mycolate chains. It was also proposed that this
mycolic acid inner leaflet was composed of extractable lipids, the whole structure thus
producing an asymmetric lipid bilayer. There is some experimental evidence to support
this model. Nikaido er al. (1993) calculated that the amount of mycolic acid in the cell
wall of the M. bovis BCG was sufficient to form a monolayer with an area similar to that
of a mycobacterial cell. In the same paper these authors produced the X-ray diffraction
pattern of an aqueous suspension of purified walls of M. chelonae. The X-ray diffraction
studies showed very clearly that much of the hydrocarbon chains in the cell wall exist in a
tightly packed, parallel, quasi-crystalline array, and that they occur directed mainly in a

direction perpendicular to the plane of the cell wall.

Based on these results, Nikaido proposed a tentative model similar to that described by
Minnikin (1982). Since a monolayer arrangement of mycolic acid molecules will
produce a large hydrophobic surface, the model assumes the presence of an outer leaflet,
composed of other lipids. However, with the bilayer arrangement proposed, presumably
the unusual structure of the mycolic acids can produce a barrier of extraordinarily low

fluidity and very high stability. In the apparent variations in the ratio of mycolate to AG
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in various mycobacterial species there seems a need for further quantitative investigation
of mycolates in the walls of actively growing mycobacteria. To indicate the proposed
arrangement of lipids in the mycobacterial model, a recent variant of these models by Liu
et al. (1995) is shown in Fig 1.4. These authors pointed out that a dominant wall-
associated lipid in mycobacteria is triglyceride with C4-Cyg fatty acids. They suggested
that there is more than enough of this to intercalate with the mycolic acids in the cell
wall. This explains their findings about the fluidity of the lipids in the wall of M.
chelonae, which is low in general but higher in outer parts which are accessible to spin-
labelled probes. Their proposed model consists of a layer of close-packed mycolic acids
with a thermal transition temperature to fluidity well above the growth temperature of the
organisms, intercalated with triglyceride. It follows that the distribution of lipids such as
phenolic glycolipids (PGL) and o, a- trehalose dimycolate (TDM) is not crucial to prove
the Minnikin model: if these lipids are part of the wall, then they could be accommodated
in the bilayer, but if they are mainly the capsular components, then their low
concentration in the wall compartment does not negate the Minnikin model. The model
of Liu et al. (1995) includes an outer membrane leaflet composed of wall-associated
glycolipids, similar to that proposed by Rastogi (1991), and they point out that there is
sufficient glycopeptidolipids (GPL) in the wall of M. chelonae to form such a membrane
leaflet, and that the presence of a leaflet explains the measured high mobility of the lipids
in the outermost part of the wall. However, this still leaves unexplained the nature of the
outer leaflet in mycobacterial species that do not produce GPL, and this model is open to
the same criticism as the Rostogi model that there is no clear sign of a lipid bilayer in
electron microscope sections. Barry and Mdluli (1996) also favour a bilayer model, but
locate the region of relative disorder in the outer part of the mycolate model. Although
great progress has been made in understanding the arrangement of the lipids of the cell
wall and the wall-associated lipids, there are still some important unsettled issues

regarding the physical arrangement of this structure.
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Figure 1. 4 Model of the cell wall 6f M. chelonae (Liu et cﬁ., 1995). The proposed
arrangement of mycolic acids and associated lipids forming the outer permeability barrier
of the mycobacterial envelope is shown, indicating the assumed position of the
mycobacterial porin-like protein. A similar arrangement presumably occurs in all
mycobacterial walls, though the mycobacterial acid types and the range of other lipids
involved would differ. GPL, glycopeptidolipid; PL, glycophospholipid; UL, lipids of
unknown structure; TG, triglyceride; PG, peptidoglycan. The solid triangles and squares

ndicate double bonds in the mycolic acids.
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Mycobacterium tuberculosis secreted a series of major exported proteins and protective
antigens which are a triad of related gene products called antigen 85 (Ag85) complex.
These proteins have been implicated in disease pathogenesis through its fibronectin-
binding properties. Belisle et al. (1997) discovered a carboxylesterase domain within the
amino acid sequences of Ag85A, B, and C, by direct enzyme assay and site-directed
mutagenesis he further shown that each protein acted as a mycolyltranferase involved in
the final stages of mycobacterial cell wall assembly. It has been demonstrated by Puech
et al., 2000 that PS1 which is homologous to mycobacterial antigen 85 act as
mycoloyltrasferase. Over expression of PS1 in the wild type strain of C. glutamicum
suggested the involvement of this protein in the transfer of corynomycolates, evidenced
by an increase esterification of the cell wall arabinogalactan with corynomycolic acid
residues and an accumulation of trehalose dicorynomycolates. PS1 was present in most
strains tested (Puech et al., 2001) and its deletion leads to a considerable decrease in the

amount of covalently linked mycolic acids in the cell wall (Puech et al., 2000).

Corynebacterium has a cell wall structure similar to that of Mycobacterium, which
consists of mycolic acids arabinoglactan, and peptidoglycan (Barksdale and Kim, 1977,
Lederer, 1971; Bordet, 1976). X-ray photoelectron spectroscopy studies of Duferene er
al. (1997) have indicated that for coryneform bacteria peptidoglycan is an important cell
wall component and contributes about 23 to 31% to the cell dry weight: the protein
content is in the range of 7 to 14%. It was further reported that the surface of
corynebacteria (Corynebacterium species strain 44016 and DMS 6688) contain about
40% hydrocarbon (Dufrene et al., 1997).

Chami ef al. (1995) indicated that the surface of C. glutamicum grown on solid medium
was totally covered with highly ordered (hexagonal) surface layer and reported that C.
glutamicum is one of the few known examples (Adachi et al., 1991) where the S-layer
protein is continuously released from the cell wall, implying a continuous synthesis of the
protein. Like mycobacteria, the presence of ion permeable channels has also been
reported by Niederweis e al. (1995) in the cell wall of C. glutamicum. Furthermore it
was found that C. glutamicum has aqueous channels with little or no interaction between

the channel wall and ions. C. glutamicum has also been shown to contain both free
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mycolic acids (Goodfellow et al., 1976; Keddie and Cure, 1977) and "Cord factor” type
lipids (Pierotti, 1987). However, the physical organisation of these lipids in the cell wall

has yet to be elucidated.

A unique model has been proposed by Puech er al. (2001) for corynebacteria using a
combination of molecular compositional analysis, ultrastructural appearance and freeze-
etch electron microscopy studies. This study showed that the ultrastructural appearance
of the cell walls of both corynebacteria and mycobacteria are similar. The similar
features included the plasma membrane bilayer, a thick electron dense layer (EDL), an
electron-transparent layer (ETL) and an outer layer (OL). The EDL contains cell wall
peptidoglycan which bound to the metallic stains during electron microscopy. The EDL is
surrounded by a thin ETL which is traditionally considered to consist of mycolic acids
residues because of their transparent structure under electron microscopy. However, this
layer was also seen in C. amycolatum, which is devoid of corynomycolates (Fig 1.5).
Furthermore the analysis of the purified cell wall also revealed the absence of fatty acyl
substituents indicating that ETL was not synonymous with the lipid layer. The OL
stained heavily with ruthenium red like mycobacteria (Rastogi et al., 1986). This layer
consists primarily of polysaccharides and contains protein. It is evident from this study
that outermost carbohydrates of corynebacteria like mycobacteria (Ortalo-Magne et al.,

1995; Lemassu et al., 1996) were found to be exclusively neutral substances.

In corynebacteria the cell-wall-linked mycolates and corynomycolates certainly
contribute to this barrier, since the disruption of genes that code for mycoloyl-transferases
causes a decrease in the amount of the cell wall-bound mycolates and corynomycolates,
and affects the permeability of the envelope of the mutants (Puech et al.,, 2000). This
outer permeability barrier also includes non-covalently linked lipids which are probably
arranged to form a bilayer with the corynomycolol residues as proposed for mycobacteria
(Rastogi, 1991; Liu et al., 1995). Freeze-etch electron microscopy showed that
corynomycolate-containing strains exhibited a main fracture plane in their cell wall and
contained low-molecular-mass porins, while the fracture occurred within the plasma

membrane of strains devoid of both corynomycoate and pore-forming proteins.
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Figure 1.5 A tentative model for the cell envelope of corynomycolate-containing corynebacteria, e.g. C.
glutamicum. From the cytoplasmic to the external side of the bacteria the cell envelope is composed of
plasma membrane (PM), a complex wall that is composed of a plasma membrane (PM), a complex wall
that is seen in thin section as an electron-dense layer (EDL) and an electron-transparent layer (ETL), and an
outer layer (OL). The plasma membrane is typical bilayer of proteins (dark rectangles and oval spots) and
phospholipids (PL, empty oval symbols). The EDL consists of thick peptidoglycan (PG) covalently linked
to the heteropolysaccharide arabinogalactan (AG); some of the arabinosyl termini of this polysaccharide are
esterified by Cs,.36 corynomycolic acids (thin parallel bars). Because the amount of these fatty acids in
most corynebacteria is not sufficient to cover the bacterial surface (see text) covalently bound
corynomycoloy! residues are probably arranged to form with other non-covalently linked lipids, e.g.
trehalose dicorynomycolate (TDCM, a pair of empty squares with two pairs of thin parallel bars), and
trehalose monocorynomycolates (TMCM, a pair of empty square with one pair of thin parallel bar), the
inner leaflet of symmetric bilayer that represents a virtually outer barrier obstructing ace of hydrophilic
substance; the outer leaflet I composed of non-covalently linked lipid which assemble themselves into a
monolayer. In addition, like that of Gram-negative bacteria, the cell envelope of corynebacteria contains
proteins, including one with pore forming ability (P, grey squares) which are present in all the cell envelope
compartment, except the PM. In freeze-fractured and deep-etched preparations of most corynomycolate-
containing strain the major fracture plane (FP) is seen within the cell wall, presumably located between the
two leaflet of the outer membrane (arrow); in strains devoid of corynomycolates and porins, e.g. C.
amycolatum, the FP occurs within the PM (arrow). The different non-covalently linked lipid is also present

in OL, which consists primarily of polysaccharides and contains proteins.
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1.6 MYCOLIC ACIDS: OCCURRENCE, BIOSYNTHESIS AND GENETICS

1.6.1 Analytical methods

Physiochemical analysis of mycolic acid composition and molecular weight distributions
have been used extensively in taxonomic studies of bacteria that contain these acids.
Structural studies indicate that mycolic acids of mycobacteria are a complex mixture of
high molecular weight (Cgp to Cop), whereas those from nocardiae and rhodococci are
smaller (Cs6-Cg) (Alshamony et al., 1976 a, b; Minnikin and Goodfellow, 1980). The
mycolic acids from corynebacteria contain homologous mixtures of saturated and
unsaturated components containing between 20 to 36 carbon atoms (Collin et al., 1982a;

Herrera-Alcaraz et al., 1993; Pierotti, 1987).

A number of methods have also been used in studying mycolic acids including the
production of multispot mycolic acid patterns by two-dimensional thin layer
chromatography (TLC) (Barreau et al., 1993; Goodfellow et al., 1976; Hamid et al.,
1993; Minnikin et al., 1975). Cleavage products of mycolic acids detected by gas
chromatography (GC) and GC combined with mass spectrometry (GC-MS) provide
characteristic profiles of mycolic acid composition useful in chemotaxonomic
identification schemes (Collins et al., 1982a; Chevalier et al., 1988; Pierotti, 1987). High
performance liquid chromatography (HPLC) has also been used to fractionate mycolic

acids (Butler er al., 1991; Thibert et al., 1993).

Mycolic acids have been studied using many extraction and derivatisation methods. In
these methods alkaline hydrolysis is followed by conversion to methyl esters with
diazomethane (Asselineau, 1966; Etemadi, 1967). Apart from the toxicity and explosive
nature of diazomethane this method has a number of disadvantages. A more convenient
method involves acid methanolysis, which directly produces methyl esters (MAMEs)
(Jang et al., 1997; Minnikin et al., 1975; Minnikin et al., 1980; Pierotti et al., 1987). In
this method, covalently bound mycolic acids and fatty acids are extracted from the cell
wall by treating the cells with a mixture of toluene, methanol and sulphuric acid (30:15:1)

followed by incubation at 80°C overnight. The released MAMEs and fatty acid methyl
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esters (FAMEs) are separated from other cellular components using petroleum extraction,
MAMEs and FAMEs move into the petroleum layer leaving other components in the
aqueous layer. The presence or absence of MAMEs can be demonstrated by TLC of
methanolysates, in which MAMESs are separated from FAMEs due to their slower
chromatographic mobility, using petroleum ether and acetone (95:5, v/v) as solvent. Rf
values <0.5 correspond to MAMESs where as Rf values of >0.7 correspond to FAMEs
(Jang, 1997; Pierotti, 1987). Resulting MAMEs can be analysed by GC (Asselineau,
1966). Since mycolic acids are high molecular weight compounds therefore GC analysis
is performed at very high temperatures which causes thermal cleavage to yield FAMEs
and aldehydes (Asselineau, 1966). To avoid this problem pyrolysis GC has been used to
study mycolic acids from various bacteria. Mycobacterial mycolic acids release Cy; to
Cys FAMEs, whereas Nocardia yield Cy; to C;g3 FAMEs (Collins et al., 1982a;
Lechevalier, 1976; Minnikin et al., 1978). Alternatively, hydroxyl group of mycolic
acids can be derivatized to trimethylsilyl (TMS) ethers and these can be analysed as intact
molecules by GC, this can avoid pyrolytic cleavage. GC followed by mass spectrometry
(MS) have been used to fractionate intact molecules of silylated mycolic acids from
corynebacteria (Corina and Sesardic, 1980; Gaily et al., 1982; Pierotti, 1987; Welby-
Giesse et al., 1970), and other mycolic acid containing bacteria (Yano et al., 1972).
Mycolic acids have also been studied using reversed-phase HPLC (Buttler et al., 1991,
Thiebert and Lapierre, 1993). Experimentally, mycolic acids were modified using
saponification techniques and derivatising acids to their p-bromophenylacyl esters. The
resulting products formed distinct pattern types depending on the species examined and

these patterns were also used as a means of species differentiation (Butler ez al., 1991).

1.6.2 Types of mycolic acids found in corynebacteria.

The mycolic acid composition of the glutamic acid producing coryneform bacteria has
been studied previously (Bousfield & Goodfellow, 1976; Collin et al., 1979a; Pierotti,
1987), and they were found to contain mycolic acids with carbon chain length of Cyg to

Cse with saturated mono- and di-unsaturated components. Differences in mycolic acid
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composition for three corynebacteria have been reported, where the three species
contained: C. glutamicum NCIB 10025, C39-C3¢, B. flavum NCIB 9565, Cy3-Cs6 and B.
lactofermentum NCIB 9567, C3;-Cs6. The main mycolic acid lipids were Cay, and Csa;y
in all the three species tested. Furthermore, in our laboratories (Jang et al., 1997), studies
were performed on the quantitative determination of mycolic acid profiles of C.
glutamicum strain ATCC 13059, AS019 and mutants MLB133 and MLB 194 under
different growth conditions. Results showed that all strains had five major types of
mycolic acid (Csz20, C34.0, C3a:1, Cie:1, Cze2) with Cspp and Csg the dominant types

present.

It was observed that pathogenic corynebacteria such as C. diphtheriae, C. ulcerans and
C. wurealyticum have different mycolic acid composition (Corina and Sesardic, 1980;
Herrera-Alcarzar et al., 1993; Yano and Saito, 1972). C. ulcerans (Yano & Saito, 1972)
possesses shorter chain length mycolic acids, Cy to Csy, while C. diphtheriae possess
mycolic acids ranging from Cjo to Css. C. urealyticum exhibited mycolic acids with
lipids ranging from Cy to C3p. A summary of mycolic acids found in different

corynebacterial species is shown in Table 1.1.

1.6.3 Role of mycolic acids as a permeability barrier

Cell wall-containing eubacteria have traditionally been divided into two main groups,
Gram-negative and Gram-positive bacteria on the basis of the structure of their cell walls.
The Gram-negative group has a cell wall with a thin peptidoglycan layer and an
asymmetric outer membrane. Small hydrophilic compounds can diffuse through the
outer membrane by the porin pathway (Benz, 1988; Nikaido et al., 1985). Gram-positive
bacteria like mycobacteria and corynebacteria are unique because they contain, in
addition to the thick peptidoglycan layer, a large amount of lipid in the form of mycolic
acids in the cell wall. Mycolic acids have structural roles which give rise to the resistance
of cells to harsh environments and cause the acid fastness of mycobacteria, they probably

play an important role in the restricted permeability of these microbes to the water
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Table 1.1 Examples of the distribution of mycolic acids in corynebacteria (Jang

, 1997).

Organism Mycolic acids Reference

Pathogenic corynebacteria

C. diphtheria Cyo to Cys Corina and Sesadic, 1980
C. ulcerans CyptoCsx Yano and Saito, 1972
C. urealyticum Casto Cso Herrera-Alcaraz et al., 1993

Non-pathogenic bacteria

B. lactofermentum Cs, to Cs¢ Collins et al., 1982a
B. flavum Cyg to Csg Collins et al., 1982a
C. glutamicum Cspto Csg Collins et al., 1982a
C. lilium Cs; to Csg Collins et al., 1982a
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soluble molecules (Jarlier and Nikaido, 1990). The strong permeability barrier of
mycobacterial cell wall due to the presence of lipid layer is one of the major factor
governing the resistance of pathogenic mycobacteria to otherwise potent antibiotics

(Jarlier and Nikaido, 1991).

The mycobacterial cell wall shows an unusually low degree of permeability to
hydrophobic solutes.  Jarlier and Nikaido (1990) experimentally determined the
permeability of M. chelonae cell wall to hydrophilic solutes using cephalosporins. The
rate of hydrolysis of cephalosporin by intact mycobacterial cells was measured, and the
cell wall permeability was calculated by assuming that drug molecules first diffuse
through the cell wall (following Fick’s first law of diffusion) and then are hydrolysed by
periplasmic B-lactamase (following Michaelis-Menten kinetics). The wall permeability
measured was indeed low: about three orders of magnitude lower than seen for the E.
coli outer membrane and 10 times lower than the permeability of the notoriously
impermeable Pseudomonas aeruginosa outer membrane. Permeation rates had low
temperature coefficients and did not increase when more lipophilic cephalosporins were
used, indicating that the permeation occurred mainly through aqueous channels (Jarlier
and Nikaido, 1990). Recently, channels have been identified in the cell walls of M.
chelonae and M. smegmatis and it became clear that the low permeability of
mycobacteria is because of two factors. Firstly, M. chelonae porin is a minor protein of
the cell wall and, secondly, it produces a permeability far lower than that produced by an
equal weight of E. coli porin (Trias and Jarlier, 1992). Likewise, Niederweis et al.
(1995) identified the hydrophilic pathway through the mycolic acid layer of C.
glutamicum. Their results are in agreement with the assumption that the channel from the
cell wall of C. glutamicum is an aqueous channel with little or no interaction between the
channel wall and ions. Furthermore, it is clear that these channels can be present only in
the cell wall and not in cytoplasmic membranes. Otherwise, the presence of these high
conducting channels would result in cell death. Several procedures widely used in
biotechnology to improve amino acid secretion by C. glutamicum are likely to affect the

state of corynebacterial cell wall (Kramer, 1994). However, it remains to be elucidated

37



whether the ability of corynebacteria to excrete amino acids effectively under certain
conditions is related to the channel forming activity identified or to other properties of

cell wall or a secretary mechanism (Lambert ef al., 1995).

Haynes and Britz (1990) speculated that the cell surface of C. glutamicum precluded
efficient uptake of DNA. The unusual structure of the cell wall makes the corynebacteria
resistant to lysozyme unless they have been grown in the presence of cell wall inhibitors,
such as penicillin G, glycine or INH, which modify these structures (Best and Britz,
1986; Jang et al., 1997; Katsumata et al., 1984; Santamaria et al., 1984; Thiebach et al.,
1988). It has therefore been suggested that cell wall permeability of corynebacteria can
be increased by using cell wall inhibitors (Best and Britz 1986; Haynes and Britz 1989;
Yoshihama ef al., 1985). The action of some of these cell wall acting agents is described

in detail in section 1.7.

Several workers have reported quantitative changes in the mycolic acid composition of
corynebacteria, nocardia and mycobacteria by varying the environmental conditions such
as growth temperature (Toriyama et al., 1980; Tomiyasu et al., 1981) and substrates
(Cooper et al., 1979). Tween 80 is often added to enhance the growth rate of some
cutaneous corynebacteria in commonly used media (McGinley et al., 1985a, b; Riley et
al., 1979). Chevalier er al. (1988) observed that the presence of Tween 80 in the growth
medium of cutaneous corynebacteria induced variations in double bonds of
corynemycolic acids. Tomiyasu (1982) found that mycolic acid composition of Nocardia
species could be changed by shifting the cultivation temperature at mid-exponential
growth phase from 15°C to 50°C, which increased the relative amount of saturated
mycolic acids. These results indicate that environmental changes and specific chemicals

can alter the mycolic acids compositions of some mycolic acid containing bacteria.
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1.6.4 Biosynthesis of mycolic acids

In contrast to the extensive literature on the biochemistry of mycolic acid synthesis in
Mpycobacterium species and the emerging literature on the genetics of this, the models for
synthesis of corynemycolic acids are based on relatively few publications and
information comes from a diverse range of species (described in the following), reflecting
the relatively greater importance of pathogenic mycobacteria in human health. Mycolic
acids are thought to result from a unique Claisen-type condensation of two fatty acids
moieties; however little 1S known about this essential step within the mycolic acid
biosynthetic pathways.  Gastambide-Odier and Lederer (1959) observed that C.
diphtheriae condensed [1-'*C) palmitate when this was supplied in the culture medium to
form the corynemycolic acids C3;HesO3 which was labelled essentially at C-1 and C-3.
Therefore it was postulated that two molecules of palmitic acid condense in a Claisen-
type reaction to form the 3-keto derivative, followed by further reaction to yield the
corynemycolic acids. It was also proposed that this conversion apparently involved a
biotin-dependent carboxylation step (Fig 1.6). However, the formation of the putative
tetradecylmalony-CoA, one of the substrates for the subsequent Claisen condensation

reaction, proved difficult to demonstrate.

Walker er al. (1973) confirmed this reaction in a celi-free system of C. diphtheriae and
similar condensations were established for the corynemycolic acids of sizes between Cs4
to Cs¢ by Shimakata et al. (1984). Shimakata et al. (1984) demonstrated a complete in
vitro synthesis of corynemycolic acids (Csso, C3a:1, Cigo and Csg) from [1-1C] fatty
acids by the “fluffy layer” (upper fraction of pellet in homogenised-disrupted cells)
fractions prepared from Bacterionema (later renamed Corynebacterium) matruchotii and
some characterization of this synthesis. They found that when cells were grown in [1-
“C]-stearic acid, the label was incorporated into two major radioactive peaks which were
separated by gas chromatography (GC): one corresponding to the peak of (Czs0 + Casu)

mycolic acids and the other to (Czg0 + Cag:1) mycolic acid. The reaction was dependant
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on the pH (optimum at pH 6.4) and required a divalent cation (Mg™", Zn"™*, Ca™ and
Mn"). The in vitro system utilised myristic, palmitic, stearic and oleic acids (probably
via their activated forms) as precursors, among which myristic and palmitic acids were
more effective than the rest. Cerulenin, a specific inhibitor of -ketoacyl synthetase in de
novo fatty acid synthesis, inhibited the reaction at a relatively high concentration. Thin-
layer chromatographic analysis of lipids extracted from the reacting mixture without
alkaline hydrolysis showed that both exogenous [1-'*C] fatty acid and synthesised
mycolic acids were bound to an unknown compound by an alkali-labile linkage and this

association seemed to occur prior to the condensation of two molecules of fatty acids.

Recently Lee et al. (1997) re-investigated the question of a biotin-dependent
carboxylation step through the use of 2, 2-[*H]palmitic acid in pulse labelling of whole
cells, in the belief that the results would provide clues to the mechanism of the
condensation reaction as well as allowing the design of inhibitors targeted against the
Claisen condensation reaction, at least in corynebacteria. The model strain chosen for
this study was C. matruchotti, since the in vitro synthesis of corynomycolates from 1,2-
['4C] acetate leads to mature corynomycolates and not the intermediate Cj, 3-keto esters,
as in the case of C. diphtheriae. The presence of a B-keto ester would require additional
precautions during chemical analysis, since alkaline hydrolysis results in the liberation of
palmitone (Walker e al., 1973). They also reasoned that the Claisen condensation step
would be conserved between C. matruchotti, C. diphtheriae and Mycobacterium genus.
The results of their studies supported the earlier conclusions of Gastambide-Odier and
Lederer (1960), that two molecules of palmitic acid condense together to form the Cs;
corynemycolate. Their results showed that corynomycolate retains two deuterium atoms
within the B-chain, at positions C-2 and at C-4. The retention of the deuterium atom at
position C-2 clearly supported a pathway whereby two palmitic acids condense without
an intermediate carboxylation step in the course of synthesis of the mature mycolic acid.

This proposed pathway is demonstrated in Fig 1.7.
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The absence of a carboxylation step allows one to propose a mechanism for the
condensation reaction involving a highly activated enolate intermediate (Fig 1.8). This
evidence allowed the design and synthesis of several structurally related antagonists
against the condensation reaction, which were shown to posses potent in vivo activity
against C. matruchotti with complete inhibition of growth on solid medium at

concentrations between 1-10 pg/ml (Richard et al., 1997).

Corynebacteria also possess a closely related multifunctional fatty acid synthase complex
(FAS-I) similar to mycobacteria which is responsible for the synthesis of medium chain
Cy6-C13 acyl-CoA derivatives (Knoche et al., 1991). Experimentally this soluble synthase
was found to be insensitive to the fatty acid analogs suspended at 200 pg/ml, suggesting a
separate and distinct synthase, that is particulate in nature (EP60), responsible for

corynomycolate synthesis, and presumably involving a membrane-bound ACP.

A different model was proposed for mycobacterial mycolic acid biosynthesis. It is
postulated that the Claisen condensation reaction of M. tuberculosis (Fig 1.9) involves
the interaction of an activated Cs¢ fatty acid (meromycolate) (I) with an activated Cyg
fatty acid (II) to yield a 3-oxo intermediate of an acyl carrier group (III) which is then
reduced to form the mature mycolic acid prior to its transfer to the various cell wall
components (IV) (Lee et al., 1997). Lee et al. (1997) showed that X was H rather than
CO,. Accordingly, the transition state intermediate of the resulting Claisen condensation
reaction could provide a crucial target for antagonists and thus potentially new drugs for

application in mycobacterial diseases. Also the inhibition of this step should facilitate
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Figure 1.6 Earlier postulated pathway for the synthesis of corynemycolic acids of C.
matruchotti, involving a carboxylation step (Shimakata et al., 1984; Gastambide-Odier et

al., 1960).
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Figure 1. 7 The proposed pathway for corynomycolate synthesis in C. matruchotti
involving a non-carboxylation dependent step. The nature of the acyl carrier groups is

not known but are presumably ACPs (acyl carrier proteins) (Lee et al., 1997).
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Figure 1..9 Condensation step in the biosynthesis of the a-mycolates of M. tuberculosis.

Two fatty acids moieties, a Cs¢ meromycolate (I) and a Cy saturated fatty acid (II)

condense to yeild a 3-oxo ester (III) which is then reduced to the hydroxy form (IV). The

nature of the acyl carrier groups are not known but are presumably ACPs (Lee et al.,

1997).
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identification of the acyl carrier groups involved in the final stages of de novo synthesis
of mycolic acids. Clearly, these processes are particularly complex in mycobacteria
because of the requirement of a Cs¢ meromycolate containing within it a variety of
functional groups (Minnikin er al.,, 1982). Information on the synthesis of the
meromycolic chain is limited (Daffe er al., 1998; Laneelle, 1989). Previous studies,
however, suggest that it would be formed by elongation of a 16- to 24-C precursor by

successive additions of 2-C units (Lacave ef al., 1990; Lopez et al., 1991).

Based on the results of corynemycolic acids synthesis (Shimakata ez al., 1984; Walker et
al., 1973), Brennan and Nikaido (1995) speculated that the resulting products are in the
form of trehalose mono-mycolates and these esters are thought to be the carriers of the
mycolic acid to the mycobacterial cell wall, where it is transferred to the non-reducing
terminal D-arabinose residue of arabinoglactan via an unknown transacylation reaction in
mycobacteria (Brennan and Nikaido, 1995). Early studies on the biosynthesis of mycolic
acids have been reviewed by Besra and Chitterjee, 1994. More recently mycolyl-
mannosylphosphopolyprenol was identified and it was suggested that mature mycolic
acids are formed from B-oxo precursors while attached to a mannosylphosphopolyprenol
and are then transported through the membrane for esterification to the arabinan in the

wall (Besra et al., 1994; Kolattukudy er al., 1997).

The condensase, the enzyme responsible for the final condensation step in mycolic acid
biosynthesis remained an enigma for decades. By in silico analysis of various
mycobacterial genomes Portevin et al. (2004) has identified an enzyme, pksl3, which
contain the four catalytic domains required for the condensation reaction. Homologs of
this enzyme were found in other Corynebacterineae species. They proposed that the
substrate of the pks13 condensase are activated by the acyl-CoA synthase, FadD32, and
an acyl-CoA corboxylase containing the accD4 protein. These experiments showed that

pks13 gene was essential for the survival of M. smegmatis.
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1.6.5 Genetics of mycolic acids biosynthesis

Knowledge about enzymes that catalyse individual steps that are postulated to be
involved in mycolic acid synthesis is limited. Fatty acid elongation and cyclopropanation
have been examined. Of the four resolved component enzymes of this very long-chain
fatty acid elongation system, only two, the 3-oxo-acyl-CoA reductase, and enoyl-CoA
reductase were inhibited by INH, a commonly used antimicrobial drug that is known to
inhibit mycolic acid synthesis (Kikuchi er al., 1989). Molecular evidences further
suggested that enoyl reductase (InhA, the product of the inhA gene) is the target for INH
(Dessen et al., 1995). Since the molecular genetics of mycolic. acids biosynthesis is the

subject of this thesis, InhA and its genetics is the subject of this section.

The major mycolic acid produced by M. tuberculosis contains two cis-cyclopropanes in
the meromycolate chain. The genes involved in the cyclopropanation were found using
cosmid cloning of M. tuberculosis DNA which, when introduced into M. smegmatis,
caused cyclopropanation of the double bond in the mycolic acid. A gene, cmal, encoding
a protein that has 34% identity with the cyclopropanating enzyme of E. coli, was found
to be responsible for this cyclopropanation (Yuan et al., 1995). Another gene, cma2, with
73% identity to c¢mal, was cloned from M. tuberculosis by homology to a putative
cyclopropane synthase identified from the M. leprae sequencing project. This gene
cyclopropanated the proximal olefin in the mycolic acids of M. smegmatis (George et al.,
1995). The methoxymycolate series found in M. tuberculosis contains a methoxy group
adjacent to the methyl branch, in addition to the cyclopropane in the proximal position.
The molecular genetics of this olefin modification were elucidated (Yuan and Barry,
1996). Since cyclopropanation of mycolic acids has not been reported in corynebacteria,

this topic is not further reviewed here.

INH was first reported to be an effective antituberculosis drug in 1952, displaying
particular potency against M. tuberculosis and M. bovis. Isoniazid resistant strains were
isolated immediately after this antibiotic began to be used therapeutically (Middlebrook,

1952), and about 20% of the M. tuberculosis strains in New York City were later
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reported as resistant to isoniazid (Frieden er al., 1993). Determining the molecular
mechanisms of action of isoniazid, and its cellular targets, is thus crucial both for
understanding resistance mechanisms in mycobacteria and for designing more potent
anti-mycobacterial agents for controlling tuberculosis and other diseases caused by

mycobacteria.

Drug resistance can be caused by many mechanisms, including mutation in the drug
target that reduces the binding of the drug or mutations that lead to increased production
of the target (Rabussay er al., 1969). The mechanism by which INH inhibits M.
tuberculosis and its precise target of action are unknown. However, compelling
biochemical evidence has suggested that both INH and ethionamide (ETH) block mycolic
acid biosynthesis. Previous studies have also shown that in certain cases low-level INH
resistance correlated not with the loss of catalase activity but with the coaquisition of
ETH resistance (Canetti, 1965), indicating that the mechanism of action of the two drugs

may share a common target.

The recent development of molecular genetic techniques for mycobacteria (Jacob et al.,
1991) and availability of a cell-free assay system for mycolic acid biosynthesis (Quemard
et al., 1991) have allowed advances in the understanding the mechanism of INH action.
A novel gene, inhA, was identified from M. tuberculosis, M. avium, M. smegmatis and
M. bovis by characterisation of genetic variants that conferred resistance to both INH and
ETH (Banerjee et al., 1994). Resistance to these two anti-tubercular drugs was shown to
be mediated by either mutations in the structural gene or the presence of the wild-type
gene on a multi-copy plasmid. Sequence analysis revealed that the inhA locus consists of
two open reading frames (ORFs), designated orfl and inhA, encoding 25.7-kd and 28.5-
kd proteins respectively, which may participate in fatty acid biosynthesis (Dessen ef al.,
1995). Sub-cloning studies demonstrated that the second orf from M. smegmatis DNA
was sufficient to confer the INH resistance phenotype and was thus named the inhA gene.
The preferred designation for orfl is now mabA [mycolic acid biosynthesis] [Musser et
al., 1996]). In M. tuberculosis and M. bovis, the two genes are separated by a short (21

bp) non-coding region that lacks a readily identifiable promoter (Banerjee et al., 1994). 1t
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is thought that mabA and inhA together constitute a two-gene operon that is transcribed

from a promoter located upstream of mabA.

Quemard et al. (1995) in their steady state kinetic experiments have shown that isoniazid
is a poor inhibitor of enzymatic activity (Kjs ca. 40 mM against 2-trans-octenoyl-CoA)
suggesting that isoniazid is not the active form of the drug but rather a pro-drug which
must be converted to an active form. Earlier observation suggested a link between INH
resistance and the loss of mycobacterial catalase—peroxidase activity (Cohn et al., 1954;
Middlebrook, 1954). Recent reports have demonstrated that deletion of, or point
mutations in, the M. tuberculosis katG gene, which encodes a unique
catalase—peroxidase, results in the aquisition of INH resistance and that transformation of
INH-resistant strains of M. tuberculosis with a functional katG gene restores sensitivity
to the drug (Zhang ef al., 1992, 1993). A more recent report has shown that the catalase-
peroxidase oxidizes isoniazid to form reactive intermediates, which can be quenched with

added nucleophiles (Johnsson and Schultz, 1994).

The suggested targets for the activated drug in mycobacteria have included InhA, an
enoyl acyl carrier protein reductase (Banerjee ef al., 1994), as well as two components of
a type II fatty acid synthase system, AcpM and KasA (Mdluli et al., 1996a, b). This is
consistent with the observation that mycolic acid biosynthesis is inhibited by isoniazid
and that fatty acids up to 24-26 carbons accumulate in its presence (Quemard ef al.,
1991). Alternative mechanisms for the in vivo activation of isoniazid, which are
independent of KatG—dependant oxidation, may additionally generate enoyl-ACP
reductase inhibitors, since isoniazid-sensitive strains of M. tuberculosis with no
catalase—peroxidase activity have been isolated (Heym et al., 1994; Kapur et al., 1995;

Stoeckle et al.,1993).

The predicted InhA proteins of M. tuberculosis, M. bovis, and M. smegmatis show
some sequence similarity to the EnvM proteins of Salmonella typhimurium and E. coli.
The protein EnvM is thought to be involved in fatty acid biosynthesis (Bergler et al.,
1992; Turnowsky et al., 1989) and has been shown to catalyse the reduction of a

crotonyl-acyl carrier protein (Bergler er al., 1994), an essential part of fatty acid
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elongation. The first open reading frame (orfl) also exhibits sequence similarity to
several other proteins involved in fatty acid biosynthesis; the highest identity score was
46.5% over 241 amino acids of the 3-keto-acyl carrier protein reductase (fabG gene
product) from E. coli. The InhA protein uses flavin nucleotides as substrates or
cofactors, as it has a putative binding site for these molecules (Banerjee et al., 1994).
Kinetic analysis suggested that isonjazid resistance is due to a decreased affinity of the
mutant protein for NADH. Moreover, examination of the crystalline structure of the
target protein (2-frams-enoyl-acyl carrier protein) revealed that drug resistance was
directly related to perturbation in the hydrogen-bonding network that stabilises [3-

nicotinamide adenine dinucleotide (NADH) binding.

In two different studies, 25% of the clinical isolates contained mutations within the inhA
locus, and substitutions within the inkA open reading frame have been shown to express
the Ser*—Ala™ (S94A) and Ile'~ Thr'® (116T) InhA enzymes (Heym ef al., 1994;
Banerjee et al., 1994; Kapur et al., 1995), suggesting that these changes are important for

continued activity by the InhA protein.

The identification of an inhA gene missense mutation (Ser94-A]a94) that conferred
isoniazid and ethionamide resistance in the laboratory, together with the observation that
most rifampicin resistant strains had missense mutation in a defined region of rpoB
(Musser et al., 1995), led to the plausible hypothesis that missense mutations in the inhA
gene would constitute a major cause of resistance among M. tuberculosis strains
recovered from patients. However, sequencing of the entire inhA gene, including the
upstream presumed regulatory region, in 37 isoniazid-resistant organisms revealed that
only with one exception, all strains had the identical wild-type inhA allele, and none
contained the Ser **-Ala®* substitution conferring resistance in the laboratory (Kapur et
al., 1995). Varjation was also examined in the 744-bp mabA gene in 24 resistant clinical
isolates, and substitutions were identified at two nucleotides flanking a presumed

ribosomal binding site in four isolates (Kapur ef al., 1995). On the basis of these studies,
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it was suggested that the base-pair substitution flanking the presumed mabA ribosomal
binding site resulted in altered regulation of MabA or InhA (or both) in some M.
tuberculosis-resistant strains. In another study by Musser et al. (1996 ) it has been shown
that katG missense mutation virtually never occur in association with a mutation in the
putative regulatory region of the inhA locus. The most probable explanation proposed by
these authors for the failure of these changes occurring together was that either mutation

alone is sufficient to confer the resistance phenotype.

The product of the inhA gene is characterised as being part of an elongase as it does not
reduce the initial trans-2-enoyl product, crotoyl-CoA, of fatty acid biosynthesis de novo.
Its preferred substrates are Cjg to Cp4 enoyl-ACP. Wheeler et al. (1996) did further
investigations to find out whether an elongase step in mycolic acid biosynthesis is the
primary target of isoniazid. According to them, three lines of evidence identified 24:1
cis-5-elongase as the primary isoniazid target. Firstly, 24:1 cis-5 fatty acid did not restore
isoniazid-inhibited mycolic acid biosynthetic activity in a crude cell-wall preparation,
suggesting that the drug acts after the formation of the A-5 double bond. Secondly, 24:1
cis-5 elongase assay, in which the product is mycolic acid, is completely inhibited by
isoniazid. Finally, the only intermediates that accumulate as a result of the addition of
isoniazid are fatty acids of 24 carbons. Both 24:0 and 24:1 are observed in a similar ratio
whether or not isoniazid is present, even though concomitant mycolic acid biosynthesis is
inhibited by isoniazid. The proposed scheme (Wheeler et al., 1996) to demonstrate
isonjazid-sensitive reduction of trans-2-cis-5-tetracosdienoyl-ACP is shown in Fig 1.10.
These results are consistent with studies of M. tuberculosis InhA by Dessen et al. (1995).
Although the work of these people adds to the evidence that the target of isoniazid in
Mycobacterium is a highly susceptible fatty acyl elongase involved in mycolic acid
biosynthesis, much work remains to be done in this area. Ultimately the isolation of
individual enzymes should allow the correct pathway to be established and the binding of

isoniazid or its activated form to its target demonstrated directly.
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More recently, the studies of Mdluli ez al. (1996) on lipid biosynthetic responses to
isoniazid treatment of M. tuberculosis and M. smegmatis suggested that the mode of
action of activated INH differs between these two organisms. Transformation of M.
smegmatis with inhA cloned into a plasmid conferred a high level of resistance to INH,
while the same construct failed to confer resistance in M. tuberculosis. The inhA region
from two clinical isolates whose resistance had been attributed to changes in the upstream
promoter region has been cloned and was not sufficient to impart INH resistance to the
level of the parent strain on sensitive M. tuberculosis. These putative mutant promoter
elements appear to elevate expression levels of gene fusion reporter constructs,
suggesting some non-causal connection between observed mutations and the lipid

metabolism of the drug-resistant organism.

It remains unclear as to what extent inhA mutations co-occur with katG mutations in
some reports, it is clear that many of the observed mutations occur in strains with very
high MICs, consistent with the absence of katG (Heym et al., 1995). In other reports,
inhA promoter mutations occur in the context of multi-drug resistant strains with
unspecified levels of INH resistance (Rislow et al., 1995). In such complex backgrounds,
it is clearly necessary to establish the function of each mutation individually and in
relation to the metabolism of the drug-resistant organism. Perhaps the observed changes
in the inhA loci may be related to compensatory mutations in lipid metabolism in a katG
background, similar to the compensatory changes in enzymes of the oxidative stress
regulon recently reported (Sherman er al., 1996). Such mutations may even confer
enhanced resistance to INH in a karG-impaired background, which might not be obvious

when tested in wild-type M. tuberculosis but which may have clinical significance.

Finally, the combination of previously reported genetic (Banerjee et al., 1994), structural
(Dessen er al., 1995), enzymological (Quemard er al., 1995) data and recent studies of
Mdluli er al. (1996) indicate that InhA is not the major target for isoniazid in M.
tuberculosis. The most consistent interpretation of the data is that a currently
unidentified protein involved in the production of unsaturated 24-carbon fatty acids is
directly or indirectly inhibited by katG-activated INH in the uniquely INH-sensitive M.

tuberculosis.
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Figure 1.10: Possible pathways for mycolic acids biosynthesis. M. aurum and M.
tuberculosis converts double bonds to cyclopropane rings (Yuan et al., 1995) and
elaborates the mycolate class methoxymycolates. InhA is involved in elongation of acyl-
ACP, but has low affinity for acyl-CoA. The carrier involved in mycolic acid
biosynthesis remains to be identified directly. The target of isoniazid was identified as
elongation of the 24:1 CIS-5 moiety. Note that trans-2-enoyl-carrier reductases are
mvolved in all C2 elongation steps, but their reaction is shown here only for the

elongation of 20:0-ACP to 22:0-ACP (Wheeler and Anderson, 1996).
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1.7 MODULATORS OF CELL SURFACE STRUCTURES

The impact of agents like glycine, INH and ETH, which disrupt the physical integrity of

the bacterial cell wall, are described in the following sections.

1.7.1 Glycine

It has been known for many years that increasing concentrations of glycine have some
inhibitory effect on bacterial growth (Dienes et al., 1950; Gorden and Gorden., 1943).
Studies have shown that the morphological effects of glycine are similar to those of
penicillin G, i.e., cell elongation and spheroplast formation, therefore it has been assumed
that the cell wall is the main site of glycine action. In 1965 Strominger and Birge studied
the effect of glycine on S. aureus and observed the accumulation of uridine diphosphate-
N-acetyl muramic acid (UDP-MurNAc) and other cell wall precursors in which L-alanine
was replaced by glycine. The mechanism of action of glycine was studied in detail by
Hishinuma et al. (1971). These authors proposed that growth inhibition is partly due to

the inhibition of the “L-Ala-adding-enzyme”.

Studies of Hammes ef al. (1973) had shown that the structure of peptidoglycan in the
Gram-positive cell wall was altered following growth in medium containing glycine,
where these authors proposed that glycine substituted for alanine in the peptidoglycan,

impairing the cross-linking and weakening the peptidoglycan structure.

Previously, Hopwood et al.(1977) used glycine in the growth medium as a preliminary
step to protoplasting Streptomyces species and later on this approach was applied
successfully in C. glutamicum species. Yoshihama et al. (1985) reported that when C.
glutamicum cells were grown in medium containing 2% (w/v) glycine before lysozyme
treatment, there is 99% increase in the proportion of osmotically sensitive cells (mixture
of spheroplast and protoplasts). Best and Britz (1986) also reported that more
osmotically sensitive cells are obtained following growth in glycine and lysozyme
treatment. Streptomyces mycelium subcultured into a medium containing glycine showed
some growth retardation and cells became much more sensitive to lysozyme than those

grown without glycine (see reviews by Okanishi er al., 1974 and Hopwood, 1981).
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Zuneda et al. (1984) reported that increasing glycine concentrations from 1% to 2%
increased the lag time, slowed down the growth rate and decreased the biomass yield of

S. antibioticus.

In 1986 Best and Britz studied the effect of presence of glycine in growth medium on cell
morphology of C. glutamicum. Cells were harvested at mid-exponential phase after
growth in medium containing 2% (w/v) glycine, incubated with 2.5 mg/ml lysozyme for
2 h and then with 0.1 M EDTA for 30 min. These researchers observed that after growth
in glycine cells became larger, more irregularly shaped when compared to those grown in
unsupplemented media. They also found that these effects were less marked in stationary
phase cultures. These observations suggested strongly that alterations in cell morphology

in C. glutamicum were related to the presence of glycine in the growth medium.

Jang er al. (1997) also studied the effect of glycine on the cell growth and cell
morphology of C. glutamicum AS019 and the readily-protoplasting mutants MLB133
and MLB194. They noticed that the specific growth rates of all strains tested decreased
as the concentration of glycine in the growth medium increased. Furthermore, growth in
glycine caused some cell elongation and the rare appearance of X-and Y-shaped cells.
The presence of X-and Y-type cells was more frequent in the cell surface mutants
(MLB133), as were branched rods, relative to the parent strain grown under the same
conditions, suggesting that cell division here occurs through budding, branch formation,

then septation.

A similar observation was also reported in other corynebacteria. When C. diphtheriae
were grown in the presence of 2% (w/v) glycine, the cells elongated and bulged at the
side where the cell wall had apparently been damaged. When cells were treated with
lysozyme (2 mg/ml) and washed in hypertonic buffer, the misshapen rods were replaced
by spherical forms (Serwold-Davis et al., 1987). The effective concentration of glycine
also varied with each strain for the formation of osmotically sensitive cells, C. ulcerans

required much less glycine than did C. diphtheriae (Serwold-Davis et al., 1987).
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1.7.2 Isoniazid

For several decades, isoniazid (INH) has been a key component in the treatment of
tuberculosis. The INH minimal inhibitory concentration (MIC) for susceptible M.
tuberculosis strains is usually less than 0.02 to 0.05 pg/ml (reviewed by Musser, 1995).
Although neither the precise target of the drug nor its mode of action are known, INH
treatment is bactericidal for mycobacteria. Among the many metabolic perturbations
which have been observed are altered pigment formation (Youatt, 1961), reduced nucleic
acid synthesis (Gangadharam ef al., 1963), decreased protein synthesis (Tsukamura and
Tsukamura, 1963), reduced lipid content and altered cell wall permeability (Winder and
Brennan, 1965; Winder, 1964). It was thougt that many of these effects may be indirect

and may simply reflect growth inhibition (Youatt, 1969).

Key informations about the into the mechanism of INH resistance were obtained in 1954
when Middlebrook and colleagues discovered that INH-resistant organisms had
decreased catalase activity (Cohn et al., 1954; Middlebrook, 1954). Hedgecock and
Faucher (1957) further extended this observation, these authors studied INH-resistant
organisms and found an inverse correlation between INH MIC and catalase-peroxidase

activity.

In M. tuberculosis, resistance is typically associated with at least two independent
mechanisms: (1) loss of activation of the pro-drug through either deletion or mutation of
katG gene (Musser et al., 1996) and (2) mutation or inactivation of the inhA gene, which
putatively encodes a fatty acid synthetase associated with mycolic acid synthesis
(Banerjee er al., 1994). The katG gene encodes a catalase-peroxidase (Jackett et al.,
1978). Peroxide, in the presence of catalase-peroxidase, converts isoniazid to a variety of
intermediates, ultimately leading to isonicotinic acid (Johnsson ef al., 1994). It is thought
that one of these products binds to the target or complexes with NADH to bind to the
target, with isoniazid itself being a poor inhibitor of the inhA gene product (Quemard et

al., 1995),
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In another study Stoeckle and colleagues (1993) found 31 (76%) of 41 isoniazid-resistant
strains isolated in New York City contained katG sequences. The observation that only a
relatively small percentage of INH-resistant M. tuberculosis strains are catalase negative,
with either gross alterations or missense mutations involving katG (Cockerill et al.,
1995), led to the conclusion that mechanisms other than catalase activity play an
important role in isoniazid resistance among clinical isolates of M. tuberculosis.
Likewise some data are available to suggest that INH blocks the synthesis of long-chain-
branched, B-hydroxy fatty acids, or mycolic acids, characteristics of cell walls of mycolic
acid containing bacteria (Banerjee ef al., 1994; Davidson and Quemard et al., 1991;
Quemard er al., 1995b; Takayama, 1979; Winder and Collins, 1970), resulting in the loss
of acid fastness. This is inferred by the observation that INH decreases the amount of
mycolic acids and possible intermediates, very long chain fatty acids, in Nocardia species
(Tomiyasu and Yano, 1984), and INH inhibited the enzymatic biosynthesis of very long
chain fatty acids in M. tuberculosis H3;Ra (Quemard et al., 1995b). Tomiyasu and Yano
(1984), working with Nocardia species, also found that INH markedly reduced the
synthesis of mycolic acids longer than Cs or Cg, specifically by inhibiting chain
elongation or desaturation of the precursor fatty acids longer than Cys to Csg. However,
the exact point of inhibitory action or lethal changes in mycolic acids has not been
demonstrated to date. According to the observations of Winder et al. (1964) and others
(Tomiyasu and Yano, 1984; winder and Collins, 1970), INH treatment also induced
morphological changes, such as disappearance of acid-fastness or wrinkled surface
structures in Mycobacteria and Nocardia. The latter also implied that INH impacts on

surface structures.

Britz and colleagues (Britz, 1985; Haynes and Britz, 1989; Haynes and Britz, 1990)
added INH as a component of the growth medium of coryneform bacteria species in an
order to reduce cell surface barriers for DNA transformation, in respect to the known
effects of INH on mycolic acid synthesis in mycobacterial species. In their experiment
they grew two species of corynebacteria, C. glutamicum and B. lactofermentum, in LBG

containing different concentrations of INH (0-4 mg/ml), harvested at early-exponential
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phase, then transformed with homologously isolated plasmid DNA (Haynes and Britz,
1989; 1990). An increase in transformation efficiency was observed with higher
concentration of INH in the growth medium, when compared to cells grown in the
absence of INH (Haynes and Britz, 1990). Based on this observation, these authors
suggested that mycolic acids were probably the principal physical barrier to DNA
entering cells. The effect of INH on mycolic acid composition of corynebacteria was
studied by Jang et al. (1997). These authors noticed that although C. glutamicum is
insensitive to INH, when this was included in the growth medium at high concentrations
(8 mg/ml), all of the strains tested had decreased relative proportions of Cs,,0 with parallel
increased proportions of Cis.1 and Cie.2 and extracellular mycolates increased to 18-20%
for cell-surface mutants (MLB133 and MLB194). These authors therefore suggested that
INH inhibited synthesis of shorter chained, saturated mycolic acids in all strains and also
further impaired covalent binding of mycolates to the cell surface in the mutants. It was
further proposed that unlike mycobacteria, where INH is thought to be converted in vivo
to an active metabolite by the action of T-catalase, such inactivation may not occur in C.
glutamicum but trace amount of an active form may be present in media containing INH
at the high concentrations used, which causes inhibition of mycolic acid synthesis (Britz

personal communication).

1.7.3 Ethionamide (ETH)

Isoniazid and ethionamide are specific tuberculosis drugs. The mode of action of the
former has been reviewed several times (Iwainsky, 1988; Krishna, 1975; Takayama et al.,
1979; Winder, 1982), while there are only a speculative data for the latter (Winder,
1982).

ETH, presents strong bacteriostatic properties against some mycobacteria and is rather
more active against INH-resistant mutants (Rist, 1960). Structurally, it is strikingly
analogous to INH and a similar mode of action has been proposed for the two drugs

(Winder, 1982). Similar effects on acid fastness and respiration were also recorded
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(Dunbar,1957; Schéaefer, 1960), and identical decreases in the “alkali-soluble
carbohydrates” of the cell envelope were noted (Winder and Rooney, 1970). In both
cases, the bacteria double in number before the growth stops (Rist, 1960). Moreover, as
observed after INH treatment (Winder et al., 1971), whole ETH-treated cells of M. bovis

(BCG strain) showed strong inhibition of mycolic acid synthesis

However, no cross-resistance between the two drugs could be established (Winder,
1982). Quemard et al. (1992) determined the MICs of ETH on mycolic acid synthesis in
whole cells and cell extracts of different mycobacterial species. Their studies showed
that there was not a direct relationship between ETH susceptibility and mycolic acid
inhibition. The presence of ETH disturbed mycolic acid synthesis in both resistant and
susceptible mycobacteria. The production of oxygenated species of mycolic acid was
inhibited, while that of di-unsaturated mycolic acids was either slightly altered or even
increased. Moreover they found that in the presence of ETH, the unsaturated mycolic
acid molecule presented a methyl end different from the usual one. Finally they
suggested that the normal unsaturated mycolic acid species are not the precursor of the
oxygenated mycolic acids. Moreover, they showed that ETH probably acts early in the

pathway leading to oxygenated mycolic acids (Quemard et al., 1991).

1.8 MOLECULAR GENETICS METHODS IN C. GLUTAMICUM AND
RELATED SPECIES

Currently several methods for the introduction of cloning vectors and exogenous DNA
into Corynebacterium species are available. These include protoplast transformation,
transduction, electroporation, and transconjugation (Jetten and Sinskey, 1995). Early
attempts to develop genetic exchange systems in corynebacteria were hampered by two
barriers: the unique cell surface structure and the presence of restriction-modification
systems. The latter caused low frequency of expression of exogenous DNA, particular if

this came from E. coli or B. subtilis and the restriction barriers between strains of
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corynebacteria were also severe (Jang, 1997; Serwold-Davis er al., 1987). As this is not

the subject of this thesis, this will not be reviewed further here.

1.8.1 Protoplast transformation

Most published protoplast transformation protocols are based on methods developed for
B. subtilus and Streptomyces species and involve lysozyme treatment followed by PEG-
stimulated uptake of DNA. The methods used in these species involved harvesting the
culture at the appropriate growth stage (usually, during mid-exponential growth),
incubating cells with lysozyme in order to prepare protoplasts, transformation of
protoplasts with DNA and regeneration of the protoplasts (Tichy and Landman, 1969).
Later glycine was added in the growth medium to make cells more sensitive to lysozyme
action (Okanishi et al., 1974). According to a report published by Okanishi et al. in 1974
higher reversion of protoplasts to the normal state was observed by incubating the
protoplasts in hypertonic medium containing MgCl, (20 or 50 mM), CaCl;, (50 or 20
mM), phosphate (0.22 or 0.44mM) and casamino acid (0.01%). Subsequently, the
polyethylene glycol 6000 (PEG 6000) method was developed for improving DNA uptake
based on its high cell fusion-inducing ability and broad applicability for various
organisms (Ahkong er al., 1975), including B. subtilus (Gabor and Hotchkiss, 1979;
Schaeffer et al., 1976).

The reported transformation methods for the corynebacteria are based on the treatment of
protoplasts or spheroplasts with DNA and PEG. Protoplasts of Corynebacterium species
B. flavum was first obtained by Kaneko and Sakaguchi (see Komatsu, 1979). After
transformation, the protoplasts were regenerated in selective regeneration medium in the
presence of adequate concentrations of antibiotics to select clones carrying the antibiotic
resistance markers of the vector. A procedure for the production and regeneration of

protoplasts of B. flavum and the subsequent fusion of protoplasts accompanied by
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genetic recombination was initially described by Kaneko and Sakaguchi (1979).
Exponentially growing cultures were grown in 0.3 units penicillin G per ml followed by
lysozyme treatment in hypertonic medium, resulting in the generation of osmotically
sensitive protoplasts. A modification of this method was used by Katsumata ez al. (1984)
for C. glutamicum and Santamaria et al. (1984) for B. lactofermentum. Santamaria et al.
(1985) reported that the concentration of penicillin G added during growth affected not
only the efficacy of protoplast formation and regeneration, but also the PEG induced
DNA uptake by protoplasts. They further reported that prolonged lysozyme treatment
(16 hours at 30°C) used to obtaining more protoplasts, decreased cell viability and
impaired regeneration, leading to low frequencies of transformation. These authors
suggested that a solution to the problem of long lysozyme treatment could be the use of
mutants that form protoplasts more easily and proposed that such mutants could be
isolated on the basis of their hypersensitivity to lysozyme. High frequency
transformation of lysozyme-sensitive variants of corynebacteria was reported by Ozaki et
al. (1984) and by Smith ef al. (1986) but similar or higher frequencies have been obtained
using wild-type strains (Santamaria et al., 1985). Morphologically abnormal strains of C.
glutamicum which formed protoplasts more readily than the wild type strain (ATCC
13059) have been reported (Best and Britz, 1986) although their sensitivity to lysozyme

was not greatly altered.

A variety of parameters affecting the efficiency of protoplast formation, regeneration and
uptake of DNA have been optimised. Santamaria et al. (1984, 1985) reported an efficient
PEG-assisted method for transformation of B. lactofermentum protoplasts that used
constructed shuttle vectors. Unlike C. glutamicum (Katsumata er al., 1984), B.
lactofermentum protoplasts were formed readily following growth in the presence of
penicillin G (0.3 units) and subsequent lysozyme treatment for four hours (Santamaria et
al., 1984). Santamaria et al. (1985) found that transformation efficiency in B.
lactofermentum depended on the concentration of DNA, the number of cells used for
transformation, and the concentration and type of PEG. Under optimal conditions, 10°

transformants were obtained per pg of DNA used per 10° cells treated.
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A different strategy was used by Best and Britz (1984, 1986) and Yoshihama et al. (1985)
to make C. glutamicum cells more sensitive to lysozyme treatment by prior growth in
media containing glycine. Yoshihama et al. (1985) obtained osmotically sensitive cells
of C. glutamicum after growth in the presence of 2% glycine, harvesting during
stationary growth phase and treating with lysozyme for 90 min. After protoplast
formation, cells were transformed in the presence of 50% PEG, regeneration medium was
added, and the mixture was incubated for 3 h. Glycine was added into the growth
medium and the cells were turned into osmotically sensitive cells by lysozyme treatment.
These authors reported that no alterations in cell morphology was seen using light
microscopy, suggesting that instead of true protoplasts cells formed spheroplasts, which
were expected to have appeared as rounded cells. To obtain real protoplasts by further
removal of cell wall structures, cells were further grown in the presence of cell wall
biosynthetic inhibitors (cerulenin and INH) at growth-inhibitory concentrations or
treating the cells with a lipase in conjunction with lysozyme treatment, but there was no
success in context with the increase in transformation efficiency. However, the
concentration of INH used were relatively low in comparision those used later to improve

protoplast transformation (Best and Britz, 1986).

Best and Britz (1986) used glycine plus INH to produce protoplasts following lysozyme
treatment, INH concentrations (5 mg/ml) was relatively high which caused substantial
growth inhibition. True protoplasts and spheroplast were differentiated from each other
using differential counting, which were seen under phase contrast microscopy after
growth in glycine plus INH and prolonged lysozyme treatment (Britz, unpublished
observation). Cell were plated on regeneration media, ET, which contained sodium
succinate, gelatin, bovine serum albumin, CaCl,, MgCl,, sucrose and a low concentration
of phosphate (Best and Britz, 1986). These researchers reported 50-70% increase in
recovery of cells using ET media compared to cells regenerated on normal media such as
LAG (LB [1% tryptone, 0.5% yeast extract, 0.5% NaCl] supplemented with 1% glucose
and solidified with 1.2% agar, pH 7.2) or NAG (Nutrient Broth No. 2 supplemented with

1% glucose and solidified with 1.2% agar). To perform total cell counts protoplast
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mixture was diluted in the osmotically protective medium then plated onto ET
(protoplast, spheroplasts, damaged cells and normal cells were enumerated) or LAG
(spheroplasts, damaged cells and normal cells were enumerated). In parallel,
osmotically-sensitive cells were detected by dilution in water, to lyse the spheroplasts,
protoplasts, and damaged cells, allowing enumeration of protoplasts from the differences
in counts seen between this and the above (Britz 1985, unpublished observation). It was
also noted that protoplasts of C. glutamicum AS019 prepared following growth in
glycine-INH were transformed more readily if cells were harvested earlier in the growth

phase and the efficiency fell by 80% if cells came from stationary phase cultures.

Genetic exchange using protoplast fusion has been reported for corynebacteria where
PEG proved useful in the fusion of protoplasts. Karasawa et al. (1986) described PEG-
induced fusion of protoplasts to produce a lysine auxotroph strain of B. lactofermentum

which over-synthesised lysine and threonine.

Protoplast transformation developed for amino acid-producing Corynebacterium strains
was based on the PEG-mediated standard procedures used for other Gram-positive
bacteria (Katsumata et al., 1985; Santamaria et al., 1985; Yoshihama et al., 1985). Once
different parameters had been optimised, transformation efficiencies in the range of 10* to
10° transformants per microgram of DNA were routinely obtained. These transformation
efficiencies are high enough to allow direct cloning in corynebacteria even if a 10 to 100-
fold reduction in transformation occurs when using cloning vectors containing foreign

DNA fragments.

1.8.2 Transduction

Tranduction was first reported in S. fyphimurium by Zinder and Lederberg in 1952,
since then tranduction has been observed for both Gram-positive and Gram-negative
bacteria and their phages. Several review papers (Low and Porter, 1978; Susskind and
Botstein, 1978) has been written on generalised transduction. Phage-based transduction

of corynebacteria have also been the subject of few reports (Momose et al., 1976; Ozaki
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et al., 1984; Patek er al., 1988). Momose et al. (1976) isolated temperate phages from
coryneform bacteria. One of these phages named CP-123, transduced the trp marker at a
frequency of approximately 10° when 1.2 M MgCl, was added to the reaction mixture.
One report appeared about the construction of a functional vector system based on phages
(Miwa et al., 1985). These researchers constructed a cosmid vector using a DNA
fragment containing the cohesive ends of a Brevibacterium phage. E.  coli-
Corynebacterium shuttle vectors carrying the cos fragment were transduced into B.
lactofermentum and C. glutamicum using the intact phage. Although this system was
described as being suitable for cloning genes into C. glutamicum and B. lactofermentum,

but no further report about the use of this system for gene transfer has been reported.

Protoplasts were also used for transduction of Corynebacterium species (Ozaki et al.,
1984; Smith et al., 1986) and B. lactofermentum (Karasawa et al., 1986; Smith et al.,
1986) strains. It was reported by Ozaki ef al. (1984) that protoplasts could be used for
gene transformation. They reported the successful introduction of an E. coli-C.
glutamicum shuttle vector into E. coli and protoplasts of C. glutamicum by transduction.
The shuttle vector contained ampicillin, kanamycin and tetracycline resistance genes.
The resistance phenotype, except for ampicillin, was expressed in C. glutamicum.
Similarly, Smith et al. (1986) reported that protoplasts of lysozyme-sensitive C. lilium
strains were efficiently transfected with lytic phage CS1 DNA at a frequency between 10°
and 10° transfected cells per pg of CS1 DNA. However, they could not obtain

transfectants when lysozme treatment was omitted.

Petek er al. (1988) used extended protoplast-based transfection for B. flavum. They
prepared osmotically sensitive cells when grown in medium containing penicillin G (0.4
unit/ml), followed by lysozyme treatment (3 mg/ml). Under these conditions, they found
the efficiency of transfection varied with the period of lysozyme treatment, PEG
concentration and the number of competent cells used. Based on these observations, they
suggested that the most suitable recipient for the transfer of phage or plasmid DNA in

competent cultures of cornybacteria are cells with a partially degraded cell wall.



1.8.3 Electroporation

Instead of protoplast transformation, electroporation and transconjugation are now used
as more convenient and much more efficient methods for transformation. Electroporation
involves the use of a high voltage and high current to cause reversible local
disorganisation and transient breakdown of the cell membrane, which allows DNA to
enter the bacterial cell through the “pores” in the membrane and bring about

transformation (Chang, 1992).

Transformation using electroporation has now been reported for a wide range of Gram-
positive (Berthier e al., 1996; Chassy and Flickinger, 1987; Foley-Thomas et al., 1995;
Powell et al., 1988) and Gram-negative bacteria (Dower et al., 1988). An early example
was the stimulation of trasformation of B. cereus protoplasts by electric field pulses
(Shivarova et al., 1983) since then the electroporation technique was successfully applied
to transform Streptococcus thermophilus (Somkuti and Steinberg, 1987), S. lividans
protoplasts (MacNeil, 1987), Lactobacillus casei (Chassy and Flicking, 1987),
Campylobacter jejuni (Miller et al, 1988), different strains of lactic streptococci (Powell
et al., 1988), Enterococcus faecalis protoplasts, Pseudomonas putida and E. coli (Fiedler

and Wirth, 1988; Taketo, 1988).

Various groups have developed their own procedures for electroporation in C.
glutamicum (Bonamy et al., 1990; Bonnassie et al., 1990; Dunican and Shivnam, 1990;
Follettie er al., 1993; Haynes and Britz, 1989, 1990). Normally, cells used for
electroporation are grown in rich medium for 3 to 5h, harvested at early logarithmic
phase, washed extensively with low-salt buffers containing 5 to 20% glycerol, and
concentrated to approximately 10'° cells per millilitre before use. The physiological state
of the cells being pulsed appears to be important. In general, cells harvested during

exponential growth are electrotransformed more efficiently.

Several compounds (penicillin G, ampicillin, glycine, INH, or Tween 80) are reported to
increase the efficiency of electroporation, addition of these agents in the growth medium
can make the cells more permeable for exogenous DNA (Bonassie er al., 1990; Follettie

et al., 1993; Haynes and Britz, 1990; Wolf et al., 1990). A reasonably good
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transformation efficiencies of 7 X 107 transformants per pug of DNA with C. glutamicum
strain AS019 and plasmid pHY416 without using any cell wall-weakening agents has
been reported by Dunican and Shivnan (1989). In an experiment, they harvested cells at
an Agg of 0.6, washed with 10% glycerol twice, suspended in 10% glycerol before
storage at -70°C. Subsequently 40 pl aliquots of the cells were mixed with 0.1 to 1ug of
DNA and subjected to field strengths of 12.5 kV/cm for about 3 to 8 msec. Thereafter the
cells were immediately mixed with 0.9 ml of an isotonic medium, incubated for 1 to 1.5 h
then plated onto appropriate media. Transformants generally appear within 48 h.
Freezing prior to electroporation may have altered cell surface integrity. However, many
other workers reported that such a high transformation efficiency is not normally
obtained when cells are grown without using cell wall-weakening agents, and addition of
glycine (2-2.5 %, w/v) to cultures improved the transformation efficiency about 10 to 100

times (Haynes and Britz, 1990; Noh e al., 1990).

Haynes and Britz (1989) electroporated C. glutamicum strain ASO019 after growth in
LBG supplemented with 2.5%, w/v, glycine plus 4mg/ml INH plus 0.1% Tween 80 and
obtained 4 x 107 transformants per ug DNA (using small BioRad cuvettes) per 10° cells
electroporated, transformants were recovered on ET media. This was about four orders
of magnitude higher than efficiencies obtained for cells grown in LBG. In their attempts
of improving electrotransformation efficiencies, Haynes and Britz (1990) reported a
transformation frequency of 5 x 10° transformants per ug DNA with C. glutamicum
strain ASO19 when grown in LBG supplemented with 2.5% (w/v) of glycine and 4 mg/ml
of INH (using large BioRad cuvettes). There was 10 to 100-fold improvements on using
the protoplast transformation of the same strain of C. glutamicum grown similarly. In
the presence of INH alone, considerable improvement in electrotransformation
efficiencies were noticed only when concentrations were very high (>5mg/ml). Haynes
and Britz (1990) further reported that the recovery medium on which the transformants
were isolated and the diluents used following electroporation had a significant effect on
the number of transformants obtained, as observed for protoplast transformation (Britz,
unpublished, 1985). The osmotically-protective medium (ET) gave at least 70% higher

numbers of transformants (in terms of transformation efficiency) than those found on
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non-osmotically ~protective medium after using hypertonic diluents following
electroporation, suggesting that electroporation after growth in glycine/INH caused cell

damage and made them osmotically fragile.

Bonnassie et al. (1990) electroporated on B. lactofermentum after growing in LB,
incubating to early-exponential growth phase before adding ampicillin (0.5 to 1.5 ug/ml)
then harvesting at Asgo of 0.3 to 0.5. Subsequently, cells were electroporated with
homologously-isolated DNA at 6.25 kV/em (25uF capacitor). Pre-treatment with
ampicillin allowed electrotransformation of the cell whereas no transformants were
obtained without pre-treatment. Haynes and Britz (1989) reported the improved
electrotransformation frequencies of B. lactofermentum after growth in Tween 80 alone

or in combination with glycine and INH.

Electroporation was used to transform (Noh et al. 1991) C. glutamicum JS231, a strain
derived from ATCC 13032, these workers grew the cells in LG medium (1% w/v,
tryptone, 0.5%, v/v, yeast extract, 0.5 w/v, glucose 1%, w/v, NaCl, pH 7.0) supplemented
with 0.3 U/ml of penicillin G and showed about 10 times higher transformation
efficiencies than those for cells grown in medium without penicillin G. This approach

paralleled the earlier work of Kaneko and Sakaguchi (1979) in B. lactofermentum.
1.8.4 Conjugation

Another very efficient means for the introduction of DNA into Corynebacterium is by
transconjugation. Conjugation is a mean of DNA transfer from donor to recipient
bacteria by a mechanism involving cell to cell contact. This process is usually mediated
by conjugative plasmids, which have been isolated from a diverse range of Gram-positive
and Gram-negative bacteria. Plasmids of some incompatibility groups are capable of
conjugal transfer or immobilization and stable maintenance in almost all Gram-negative
and even Gram-positive bacteria. They are called broad host range plasmids and belong
mainly to the compatibility groups IncC, IncN, IncP, IncQ and IncW (Datta and Hedges,
1972; Olsen and Shipley, 1973; Wilkins, 1990).
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Conjugal transfer of broad-host-range IncP-type resistance plasmids within the Gram-
negative bacterial species is well known (Beringer, 1974; Datta and Hedges, 1972; Olson
and Shipley, 1973). Non-self-transmissible plasmids carrying the appropriate origin of
transfer (oriT) can be mobilised by IncP plasmids (Willetts and Crowther, 1981). Recent
studies have shown that conjugation is a non-specific process and accounts for most
horizontal gene transfer between even phylogenetically remote organisms (Buchanan et
al., 1987; Mazodier et al., 1989; Trieu-Cuot et al., 1987, 1988). Conjugation mediated
by the broad-host-range (bhr) plasmid RP4 (Datta and Hedges, 1971) is suitable for
transfer of plasmid DNA from E. coli to a wide range of Gram-negative bacteria and also
at high efficiency into several Gram-positive genera, like Streptococcus, Bacillus,
Staphylococcus, Mycobacterium, Streptomyces, Corynebacterium, Brevibacterium,

Arthrobacter or Rhodococcus .

Unlike transformation and electroporation, conjugation is a highly efficient way to
introduce foreign DNA into wild-type C. glutamicum strains, which seem to have a
rather strong restriction system (Martin et al., 1987; Schéfer et al., 1990; Thierbach et al.,
1988). Schifer et al. (1990) reported the mobilization of shuttle plasmids from Gram-
negative E. coli to Gram-positive corynebacteria by P-type transfer functions. This
strategy is based on the oriT and plasmid transfer (Tra) function of IncP-type broad-host-
range plasmid RP4 (Datta et al., 1971) and consists of E. coli mobilising strains (E. coli
S17-1) and derivatives of conventional E. coli vectors (pSUP vectors[Simon and Piihler,
1983; Simon et al.,, 1986]). Conjugation between E. coli and corynebacteria is
performed using nitrocellulose filters to concentrate cells. This system was applicable to
a wide range of different C. glutamicum strains (Schifer et al., 1990). Transfer
frequencies up to 107 per final donor colony, with 107 to 10® transconjugants per mating
assay, were obtained. Restriction systems in coryneform bacteria impairing intergeneric
conjugation have been shown to be stress sensitive and can be inactivated by short stress
treatments (Schifer ef al., 1990 and 1994). The recipient cells can be rendered more
fertile by applying heat treatment, which consisted of incubating C. glutamicum ATCC
13032 at 49°C for approximately 9 min (Schifer er al., 1994a). Thereafter, non-growing

cultures remained in a “competent state” for several days. When transferred to fresh
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medium and incubated at optimal growth temperature and aeration, the cells lost their
high fertility within a few hours. Conjugation frequency was increased by 10%-fold after
heat treatment of host cells. Schifer er al. (1996) observed high frequency plasmid
transfer when the restriction system of the recipient was mutated. This problem can also
be overcome by the use of restriction-deficient host strains, or exposing the cells to
environmental stress such as pH, ethanol or SDS (Bonassie et al., 1990; Follettie et al.,
1991; Liebel, 1991; Schifer et al., 1990, 1994).

Vertes et al. (1994a) described the presence in C. glutamicum of the element 1S37/831
from ATCC 31831 and later used it to construct two artificial transposons (Tn3/831 and
mini-Tn31831) for mutagenesis of corynebacteria by conjugation. Resulting mutagenesis
produced a variety of mutant strains of B. flavum at an efficiency of 4.3 X 10* mutants
per ug DNA. A new IS element (IS/206) from C. glutamicum was described by
Bonamy et al. (1994), and a different one (IS/3869) has been isolated from B.
lactofermentum (Correia and Martin, 1996). In addition, an extensive survey on the
occurrence of IS elements in coryneform bacteria, conducted with an IS entrapment
vector based on the B. subtilis sacB gene, indicated that at least three different classes of
IS elements are present in coryneform bacteria (Jager and Piihler, 1995). A transposable
element from C. xerosis was also shown to be active in C. glutamicum after introduction

of the delivery vector by intergeneric conjugation (Tauch and Piihler, 1995).

Numerous observations made during transformation and transconjugation experiments
indicate the presence of restriction or modification system in Corynebacterium strains
(Follettie et al., 1991; Liebl, 1991; Wohlleben et al., 1992). The problems caused by
these systems for cloning experiments can be overcome to some extent by the use of
restriction-deficient host strains, or by stress (Bonassie er al., 1990; Follettie ef al., 1991;

Liebl, 1991; Schifer er al., 1990, 1994)
1.8.5 Mobilisable vectors: gene disruption and replacement

A special class of integration vectors has been developed and is now very frequently used
for gene disruption and gene replacement experiments in Corynebacterium (Schifer et

al., 1990; Schwarzer and Piihler, 1991). These so-called suicide vectors lack a functional
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replicon, and can therefore only be maintained when integration occurs via homologous
recombination into the chromosome. To employ these vectors, very efficient DNA

transfer via transconjugation or electroporation is required.

Disruption of a chromosomal gene by integration of a vector plasmid with an internal
fragment of a well characterised or sequenced gene is a rapid way to analyse its function.
Three methods provide a means of constructing a mutation in vitro in a cloned gene and
reintroducing this mutation at the correct chromosomal site. These techniques are:

integrative disruption, one-step gene disruption and transplacement.

Integrative disruption (Shortle ez al., 1982) generates a deletion in the chromosomal copy
of a cloned gene. In this method, an internal fragment of the target gene is used.
Disruption of a cloned gene is introduced into the chromosome on an integrating plasmid.
This generates a gene duplication, but neither copy of the gene is intact copy: one copy is

missing the 3" end of the gene and one copy is missing the 5" end.

Like integrative disruption one-step gene disruption (Rothstein, 1983) generates a gene
disruption in one step via transformation, using a fragment of DNA containing a cloned
gene that is disrupted by a selectable genetic marker. Homologous recombination
between free DNA ends, which are highly recombinogenic, and homologous sequences in
the genome result in replacement of the wild-type gene by the disrupted copy. The
disrupted gene can contain either a simple insertion (of the selectable marker) or a
deletion/insertion mutation. Introduction of this disruption into the genome can be

achieved in a single step, resulting in stable, non-reverting mutations.

The third technique, transplacement is more generally applicable: it can be used to
introduce insertion or deletion mutations containing a selectable marker, but it can also be
used to introduce non-selectable mutations, such as conditional lethal mutations in an

essential gene.

Gene disruption and replacement have been described for a wide range of prokaryotes
such as Gram-negative Rhizobia (Simon et al., 1983), Gram-positive B. subtilis (Ferrari

et al., 1983) and Streptomycetes species (Charter and Bruton, 1983). Several systems
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were developed to force homologous recombination between vector-born and
chromosomally located gene copies using non-replicative plasmids (Simon et al., 1986),
unstable replicating vectors (Weber and Losick et al., 1988), plasmids with temperature-
sensitive replicons (Muth et al., 1989), an attachment site deleted phage or plasmid
curing by protoplast formation (Anzai er al., 1988). Insertional mutagenesis by
jllegitimate recombination was observed in R. fascians (Desomer and Montagu, 1991)
and in mycobacteria (Kalpana et al., 1991). However, in both cases, the plasmids used
contained host DNA fragments. Marklund et al. (1995) described the experimental
system used to study DNA recombination events in the M. intracellulare. First, an
integrative plasmid was introduced into M. intracellulare 1403. A non-replicative, non-
integrative plasmid having homology with the integrated plasmid was then introduced
and the resultant recombinants were analysed to distinguish between the events of
homologous and illegitimate recombination. No illegitimate recombination occurred; in
all recombinants, a single crossover between homologous regions of the two plasmids
was noted. During subsequent growth of a recombinant clone, a spontaneous deletion
occurred that resulted in a gene replacement on the chromosome of M. intracellulare
1403. This gene-exchange protocol can be used for knockout mutagenesis, site-specific
gene manipulation, or targeted introduction of a reporter gene such as lux (e.g. see

Barletta et al., 1992, and Boyer et al., 1969).

Recently a special class of integration vectors has been developed for corynebacteria,
where these are called suicide vectors as they lack a functional corynebacterial replicon,
and can therefore only be maintained when integration occurs through homologous

recombination into the chromosome.

During plasmid transfer experiments carried out to evaluate the applicability of known
transposons in coryneform strains, it was discovered that the E. coli mobilizable
plasmids pSUP 1021, pSUP2021 (Simon et al., 1986), pSUP301 (Simon et al., 1983) and
PK18mob (Schifer e al., 1994), all of which are based on classical narrow-host range
plasmids and carry the oriT of plasmid RP4, become integrated into the genomes of

different corynebacteria. These plasmids are mobilised by E. coli S17-1 (Fig 1.11),
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Figure 1.11 Construction of mobilizable strains of E. coli S17-1 (a) RP4-2-Tc::Mu is
kanamycin resistant (Km") and self-transmissible (Tra") (Simon and Piihler et al., 1983).
It carries the insertion element ISR1 within the transposon Tn/?’ deletion resulting in the
ampicillin sensitive (Ap®) phenotype. The Tc resistance is inactivated by insertion of the
bacteriophage Mu genome. The plasmid pS120 is a fusion product between two
functional replicons, ColE1 (thick line) and a mini-RP4 (thin line). The mini-RP4 is
devoid of the Km resistance and most of the Tra genes, but it still confer resistance to Ap
and Te. (b) The two incompatible RP4 derivatives were introduced into a recA cell of E.
coli by transduction. (c) Co-selection for Km and Tc resistance led to spontaneous
integration of the RP4-2-Tc::Mu into the chromosomes. (d) The plasmid-free mobilizing

strain was isolated in curing experiments.
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which harbours a derivative of the self-transmissible plasmid RP4 integrated into the
chromosome. The natural resistance of C. glutamicum to nalidixic acid and the reliable
loss of the vector, which is unable to replicate in the new host, facilitates the
identification of the new host, with the foreign DNA integrated into their genome
vighomologous recombination (Schifer er al.,, 1994). Special strains with defined
deletion mutations, which lack all vector and antibiotic resistance marker sequences can
be constructed by combining the techniques of gene disruption and replacement. Strains
constructed in this manner are very likely to be considered safe with respect to
environmental release or industrial use. Several examples of the application of these

techniques are summarised in Table 1.2 (Jetten and Sinskey, 1995).

Mateos et al. (1996) reported the conjugative transfer of mobilizable derivatives of the E.
coli narrow-host-range plasmids pBR322, pBR325, pACYC177, and pACYC184 from E.
coli to species of Gram-positive genera Corynebacterium and Brevibacterium, resulted in
the integration of the plasmids into the genomes of the recipient bacteria.
Transconjugants appeared at low frequencies and reproducibly, with a delay of two to
three days in recovering transconjugants compared with matings using replicative
vectors. Southern analysis of corynebacterial transconjugants and nucleotide sequences
from insertion sites revealed that integration occurred at different locations and different
parts of the vector were involved in the process. Integration was not dependent on an
indigenous insertion sequence element but resulted from recombination between very
short homologous DNA segments (8 to 12 bp) present in the vector and host DNA.
Classical recA~ mediated recombination and site-specific integration were not possible
because integration had occurred at different sites. Therefore these authors postulated
that integration was mediated by an enzyme that recognises very short homologous

sequences.

Schwarzer and Piihler (1991), developed a system for the genetic manipulation of the
amino acid-producing C. glutamicum. Gene disruption and replacement was achieved
by introducing, via conjugation, E. coli vector plasmids carrying the manipulated C.
glutamicum DNA fragments. Using this system, stable mutants were obtained in which

the chromosomal IysA gene, encoding meso-diaminopimelate decarboxylase, was
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interrupted by a chloroamphenicol resistance cartridge, or one in which an essential
internal part of the lysA gene was deleted. The deletion mutants retained neither
antibiotic resistance marker nor vector sequences. This strategy is generally applicable to

the construction of industrial strains to be used in the fermentation industry.

By using the plasmid pK18mobsacB, Schifer et al. (1994) created deletions of the hom-
thrB genes in the chromosome of C. glutamicum. The genes encoding enzymes
homoserine dehydrogenase (hom) and homoserine kinase (thrB) involved in the
biosynthesis of threonine and methionine constitute an operon. A 3-kb fragment
containing the hom-thrB operon was cloned into pK/8mobsacB. A central one Kb Pstl
fragment comprising the C-terminal 236 amino acid of hom and the 113 N-terminal
amino acids of thrB was deleted and the resulting plasmid pAT20 was transferred by
intergeneric conjugation from E. coli S17-1 to C. glutamicum. Since pAT20 is unable to
replicate in C. glutamicum, transconjugant could only arise after integration of pAT20

into the chromosome by homologous recombination.

Moreover, studies of Schifer et al. (1990) on the transfer of shuttle vectors to various
strains of coryneform bacteria revealed efficient plasmid transfer into several related
species of C. glutamicum. Preliminary experiments showed that gene disruption
experiments with p301 lys-int led to lysine defective mutants in the closely related strains

B. flavum DSM 20411 and A. albidus DSM 20128 (Schwarzer and Piihler, 1991).
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Table: 1.2 Genes disrupted or integrated via transconjugation in C. glutamicum (Jetten

and Sinskey, 1995).

Target gene  Disrupted Phenotype Ref
or
Integrated
ask Integrated Increased internal lysine Broer and Kramer, 1983
Disrupted No lysine production Schrumpf et al., 1992
Integrated Increased lysine production  Jetten er al., 1994a
cspA Disrupted No S-layer formation Payert er al., 1993
dapE Disrupted Decreased lysine production =~ Wehrman et al., 1983
ddh Disrupted Decreased lysine production ~ Schrumpf er al., 1991
dgh Disrupted No apparent effect Labarre er al., 1993
gltA Disrupted No apparent effect Reyes er al., 1991
hom®-thrC Integrated Increased threonine Reinscheid er al., 1994
production
ilvA Disrupted Isoleucine auxotrophy Boles et al., 1993
Disrupted No threonine degradation Jetten, Unpublished
IysA Disrupted Lysine auxotrphy Schwarzer and Phueler,
1991
ppc Disrupted No apparent effect Gubler er al., 1994a
pyK Disrupted Decreased lysine production ~ Gubler, 1994
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1.9 AIMS AND OBJECTIVES OF THE THESIS

Because of the great importance of C. glutamicum in fermentation industry and its
potential for application in foreign protein expression, research has been focussed mainly
on strain improvement and development of techniques to overcome the barriers which
affect successful introduction of foreign DNA into these corynebacteria. While
investigating the physical and biochemical barriers to efficient gene transfer in these
organisms, a series of auxotrophic mutants of C. glutamicum strain ATCC 13059 were
isolated which protoplasted more readily than their parent strain and which showed
morphological changes (Best and Britz, 1986) and hypersensitivity to both glycine and
INH. Previously in our laboratory, studies were focussed on the analysis of lipids under
standard growth conditions by these mutants (Jang ez al., 1997). A key finding of these
studies was that the proportion of extracellular mycolic acids, and solvent-extractable
mycolates, was higher for the mutants and growth in glycine and INH greatly increased
the proportion of extracellular mycolates for the mutants and the parent. These results
suggested that these agents exert effects in addition to those previously reported, where
these may be related to the attachment of the mycolates to the cell surface. This project is
concerned with defining the nature of the mutations which give rise to hypersensitivity to
INH and glycine by studying cell wall composition, and gaining insight into the genetic
and biochemical mechanisms of mycolic acid synthesis in C. glutamicum, noting that
this pathway has not been characterised for this species previously and similar pathways

in other genera are still largely described only in models.
The specific aims of the projects were

1- To determine whether an inhA gene equivalent occurs in C. glutamicum, and

characterise this gene through sequence analysis.

2- To define any genetic changes which may have occurred in INH-hypersensitive
mutants through sequence analysis of the inhA gene in these mutants in comparison with

the sequence determined for the wild-type C. glutamicum.
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3- To characterise and analyse the sequence of the inhA gene in closely related species of
C. glutamicum such as B. lactofermentum and B. flavum, and to compare of the

sequence with the C. glutamicum gene.

4- To compare the inhA gene sequence of C. glutamicum and related species with those

of Mycobacterium species.

5- To determine the role of the presumptive inhA gene in mycolic acid biosynthesis in C.
glutamicum using insertional inactivation approaches and evaluating the impact on fatty
acid and mycolic acid production, for both cell-associated and extracellular mycolic

acids.

6- To examine the effect of growth medium containing glycine, INH or glycine plus INH
on the mycolic acid and fatty acid composition of the cell wall and compare this with the

whole cell mycolates of wild-type and mutants of C. glutamicum.
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Chapter 2
Materials and methods

2.1 MATERIALS

2.1.1 Bacterial strains and plasmids

The corynebacteria, mycobacteria and E. coli strains and plasmids used in this study are

shown in Tables 2.1 and 2.2.

2.1.2 Chemicals

The sources of all chemicals and media are listed in Appendix 1 and abbreviations used
for these are listed on page. All reagents, where not specified, were analytical grade and
supplied by BDH (UK) or Sigma (USA). Distilled water was prepared using the Milli-
RO Water Purification System or deionised water using a Milli-Q Ultrapure Water
System. Amino acids and vitamin stock solutions were prepared at 50 mM in sterile
distilled water and sterilised by filtration (0.45 wm, Millipore). Sources of other materials
and media are otherwise given in the text describing their use or preparation or in

appendices.
2.1.3 Buffers

All buffers were made up as previously described by Dawson er al. (1986), unless
otherwise stated. The pH of each buffer was checked on an Orion model 410A pH meter
and adjusted with appropriate solutions of salts, acid (10 M HCI) or base (10 M NaOH)
as needed before use. All buffers were prepared in glass with Milli-Q (Millipore) water
and sterilised by autoclaving at 121°C for 20 min unless otherwise stated. Sugar
components in buffers were added from stock solutions of 50% (w/v) sucrose and 20%

(W/v) glucose sterilized by autoclaving at 109°C for 25 min.
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Table 2.1 Bacterial strains used in this work
Strains Relevant characteristics® Source or Reference
C. glutamicum

- AS019 Spontaneous Rif" mutant of ATCC 13059 Yoshihama et al., 1985
MLB133 Mutants of ATCC 13059, ilu’, leu, Riff Best and Britz, 1986
MLB194 Mutants of ATCC 13059, ileu, leu’, Riff Best and Britz, 1986
RES467 cspl gene knock out Dr. Kalinowski
B.lactofermentum® | ser ATCC 21789"
BLI
B. flavum
BF4 met, thr Rogers, University of New

South Wales, Australia

M. smegmatis
mc?155 Jacob et al., 1994

E. coli strains

IM109

DH5«

S17-1

Topl0OF

recAl supE44 endAl hsdR17 gyrA96 rel Al
thi A(lac-proAB)F’ (traD36 proAB* lacl’
AMI5)

F endAl hsdR17(rymy") supE44 thi-1recAl
gyrAl relAl 80dlacZAM1S
A(lacZYAargF)U169

[rec’, m*][mobilizing donor strain
MM294recA with an RP4 derivative
integrated into the chromosome]

F {lacl® Tn10 (Tet®)} macA A (mrr-
hsdRMS-mcrBC) ®80lacZAMIS AlacX74
recAl araD139 A(ara-leu)7697 galU galK
rspL (Str’) endA1 nupG

Promega, Yanisc-Perron et
al., 1985

Bethesda Research
Laboratories, Gaithersburg,
Md, USA

Simon et al., 1991

Invitrogen

auxotrophy;

Km" (Kanamycin), Rif" (rifampicin) resistance.

leu” (leucine), ileu” (isoleucine), met” (methionine), ser” (serine), thr (threonine)

ATCC = American Type Culture Collection, Rockville, U. S. A.

B. lactofermentum was renamed as C. lactofermentum by Amador et al., (1999)

based on their 16S rRNA studies but in this thesis the name B. lactofermentum

will continue to be used as originally obtained by ATCC culture collection.
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Table2.2  List of plasmids used in this study
Plasmid Characteristics® Source or Refrence
"pBluescript II SK+/- 3.9 kb Amp’ cloning vector Stratagen
PCR ®2.1 3.9 kb TA Km' cloning vector Invitrogen
PECMA B. ammoniagenes suicide vector Shin-Jae Ph.D
derived from pECM1 by elimination of | student in the
a 2.4 kb Sphl fragment. Km', Cm’ University,of
Melbourne,
Australia
pSUP301 pACYC177-mob, Km®, Amp" Simon et al., 1994

p301lysA-int

pK18mob

pSUP301 plasmid containing a 990 bp
Hincll-EcoRV  fragment of pTG1225
internal of C.

carrying an part

glutamicum lysA gene into Scal site.

3.8 kb E. coli mobilizable vector (mob
of plasmid RP4); pBR325 replicon; Km'
lacZ

Schwarzer et al.,

1991

Schifer et al., 1994

(chloroamphenicol)
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Lysis buffer (Best and Britz, 1986), pH 8.0, was used for plasmid and chromosomal DNA
extractions in corynebacteria and contained 10 mg lysozyme/ml, 10 mM Tris pH 8.0, 0.7

M sucrose, 10 mM MgCl,. 6H,0, 10 mM CaCl,, 0.05% KH,PO4, 0.01% bovine serum
albumin (BSA). BSA and lysozyme solutions were prepared freshly before use and

filtered sterilized (0.25 um, Millipore filters).

SMMC buffer (Yoshihama et al., 1985), pH 6.5, was used as diluent for viable cell
counts before and after electroporation and contained 0.7 M sucrose, 50 mM maleic acid,

10 mM MgCl,.6H,0 and 10 mM CaCl,.

Veronal buffer was prepared by dissolving 572 mg veronal, 375 mg sodium veronal, 27

mg CaCl, 2H, O and 109 mg MgSO,4 7H,0, in 1L distilled water and pH adjusted to 7.5.

Maleic acid buffer contained 0.1 M maleic acid, 0.15 M NaCl and the pH adjust with
NaOH (solid or 10 M stock solution) to pH 7.5 (20°C) and stored at room temperature.

The following buffers were prepared as described by Sambrook et al. (1989).

Denatured salmon sperm DNA was prepared in sterile H,O at a concentration of 1 mg/ml

denatured at 95°C for 10 min and chilled on ice prior to use.

20X SSC solution was made by dissolving 175.3 g of sodium chloride and 83.2 g of
sodium citrate in one litre of H;O. The pH was adjusted to 7.0 with the addition of

NaOH. The stock solution was stored at room temperature.
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TAE buffer (50X), pH 7.8, contained 200 mM Tris, 100 mM sodium acetate (NaOAc)
and 10 mM ethylenediamine tetraacetic acid (EDTA). A 50X concentrated stock was
diluted in distilled water to 1X TAE prior to use in agarose gel electrophoresis.

TE buffer, pH 8.0, contained 10 mM Tris and 1 mM EDTA. This was used for
dissolving, diluting and storing DNA, particularly for E. coli DNA.

Two types of restriction enzyme buffers were used from 10X stock solutions as follows:
One-Phor-All buffer (Pharmacia) and specific commercial buffers from suppliers of
restriction enzymes. 10X One-Phor-All buffer, pH 7.5, contained 100 mM Tris-acetate,
100 mM magnesium acetate and 100 mM potassium acetate.

Protein gel loading buffer (2X) contained 0.3 g of dithiothreitol (DTT, Sigma), 4.0 ml of
10% sodium dodecyl sulphate (SDS), 1.6 ml of 1.25 M Tris-HCl (pH 6.8), 2.5 ml of 87%
glycerol, 0.5 mg of bromophenol blue and was made up to 20 ml with Milli-Q water.

This was stored at —20°C in 1ml aliquots.

Electrode buffer (10X) for SDS-polyacryamide gel electrophoresis (SDS-PAGE)
contained 30.3 g of Tris base, 144.2 g of glycine and 10.0 g of SDS and was made up to 1
litre with Milli-Q water. The pH was not adjusted and the solution was stored at room
temperature. The 10X concentrated stock solution was diluted in Milli-Q water to 1X

electrode buffer before use in SDS-PAGE.
2.1.4 Instrumentation

An Eppendorf centrifuge was used for samples of volume less than 1.5 ml. For samples
greater than 1.5 ml, a Beckman model J2-HS refrigerated centrifuge was used. For
higher speeds, a Beckman model L-70 ultracentrifuge with 70.1 Ti rotor was used. An
Ultraspec model spectrophotometer (LKB) was use to measure absorbance in the range
between 260 and 680 nm. Liquid cultures were grown in orbital shaker incubators
(model 013422, Panton Scientific Pty, Ltd). A Dynavac mini-freeze dryer was used for
lyophilising samples. Other general analytical instrumentation is described in the specific

methods sections.
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2.2 MICROBIOLOGICAL METHODS

2.2.1 Media

Unless specified, all media were sterilised by autoclaving for 15 min at 121°C. Media
additives were stored in brown-coloured bottles at room temperature. Supplements, such
as antibiotics and amino acids, were added aseptically from stock solutions to the
medium at 50°C, immediately prior to dispensing the medium.

Luria Broth (LB) (Miller, 1972), pH 7.2, was used for growth of E. coli strains and
contained 10 g of tryptone, 5 g of yeast extract and 5 g of sodium chloride per litre. For

plates, LB was solidified with 15 g/l of agar (LA).

Luria broth with glucose (LBG) was routinely used for corynebacterial growth (Best
and Britz, 1986). LB was supplemented with 0.5% (w/v) glucose from a 20% (w/v) stock
solution. For plates, LBG was solidified with 15 g/l of agar (LAG).

LBG supplemented with glycine (LBG-G) was used for DNA isolation,
electrotransformation, and qualitative analysis of mycolic acid composition from
corynebacteria (Haynes and Britz, 1989). Due to differential sensitivities of strains to
glycine, the final concentrations of glycine in LBG-G varied from experiment to
experiment depending on the strain used but usually the concentration was 2% (w/v). For
the LBG-G (2% glycine), 2X LB was supplemented with 0.5% glucose and glycine from
a sterile stock solution (20% w/v glucose and 20% w/v glycine) and the volume was
adjusted with sterile water to produce 1X LB. Glycine stock solution often precipitated

during storage and therefore crystals were redissolved by warming at 65°C prior to use.

LBG supplemented with INH (LBG-I) was used for qualitative analysis of mycolic
acid composition of corynebacteria (Haynes and Britz, 1989). Final concentrations of
INH in the LBG-I varied from experiment to experiment but usually the concentration
was 4% (w/v). For LBG-I (4 mg/ml INH), 2X LB was supplemented with 0.5% glucose
and INH from sterile stock solutions (20% [w/v] glucose and 100 mg/ml INH) and the

volume was adjusted with sterile water to produce 1X LB.
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LBG supplemented with glycine plus INH (LBG-GI) was used for quantitative
analysis of mycolic acid composition of corynebacteria. Corynebacteria were grown in
this medium before electroporation, conjugation and for DNA isolation. Final
concentrations of glycine and INH in LBG-GI varied from experiment to experiment but
usually the concentration was 2% (w/v) glycine and 4 mg/ml INH and this was prepared

as described above for LBG-G and LBG-I.

M-ADC-TW broth was used routinely for the growth of mycobacteria and contained 4.7
g of Middlebrook 7H9 broth (Difco) base and 2 ml of glycerol dissolved in 900 ml of
deionised water and autoclaved for 20 min. After cooling, 100 ml of albumin-dextrose
complex (ADC) enrichment and 2.5 ml of 20% Tween 80 solution were added. ADC
enrichment was made by dissolving 2 g glucose, 5 g BSA (Sigma), and 0.8 g of NaCl in
100 ml deionised water. This solution was filtered sterilised and stored at 4°C. Tween 80
solution was made by dissolving 20 ml of polyoxyethylene sorbitan monooleate to 80 ml
deionised water, heating at 55°C for 30 min to dissolve completely, sterilising by

filteration (0.45 um, Millipore).

Middlebrook 7H10 agar was used for growth of mycobacteria on plates. This was made
by dissolving 19 g Middlebrook 7H10 agar in 900 ml deionised water, autoclaving for 20
min and allowing to cool to 55°C. ADC enrichment (100 ml) was added then
cycloheximide was added to give a concentration of 50 pg/ml (to inhibit mold
contamination) before the media was poured as plates. Plates contained 25-30 ml of

medium.

Nutrient agar (NA) with glucose (NAG) was prepared by supplementing sterile NA
(25g Oxoid Nutrient Broth no. 2 and 15 g agar per litre) with 0.5% (w/v) glucose.

ET medium (Best and Britz, 1986) was used for viable counts of corynebacteria and this
had the following composition (per litre): mixture A in 590 ml solution (yeast extract, 5g;
tryptone, Sg; K,SO,4, 0.25g; gelatin, 5g; agar, 12g); mixture B in 300 ml solution
(succinic acid, 35.7 g, pH adjusted to 7.2 with SN NaOH before sterilising); Tris base,
394 g (pH adjusted to pH 7.2 with HCI); glucose 10 g; CaCl,, 1.47 g; MgCl,.6H,0, 2.03
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g; KH;PO4, 50 mg; BSA, 0.1 g (prepared as a 2% solution, filter sterilised); trace
elements solution (which contained per litre: ZnSO,4.7H,0, 8.8 g; FeCl;.6H,0, 0.97g;
CuS04.5H,0, 0.27g; Na,B404.10H,0, 88 mg; (NH4)sMo,0,. H,O, 37 mg; MnCl,.4H,0,
72 mg). To prepare ET medium, sterile mixture A and B were combined with gentle
mixing and supplemented with the following sterile stock solutions in the following
order: 25 ml of Tris (1IM); 50 ml of 20% (w/v) glucose; 5 ml of 2% (w/v) BSA; 2.5 ml of
2% (w/v) KH,POg; 10 ml of 1M MgCl,.6H,O; 10 mi of 1M of CaCl,2H,0; 1 ml of trace

elements.

Minimal medium for corynebacteria (Britz, personal communication) contained the
following composition (per litre): (NH4),SO4, 1.5 g; urea, 1.5; KH,PO4, 1.0 g; K;HPO,,
3.0 g; MgS04.7H,0, 0.1 g; CaCl,.2H,0, 1.0 mg; biotin, 100 pg; thiamine hydrochloride,
100 ug; trace elements solution (as for ET), 1.0 ml, agar 15 g. After sterilisation at 121°C
for 15 min, the basal medium was supplemented with appropriate amino acids (100 mg/1)

before dispensing as plates.

X-Gal medium was prepared in LA containing ampicillin/IPTG/X-Gal. One hundred pl
of 100mM IPTG (isopropyl-B-D-thiogalactoside) and 20 pl of 50 mg/ml X-Gal (5¥
bromo-4-chloro-3-indolyl-3-galactoside, dissolved in 1 ml of N, N'-dimethyl formamide)
was spread over the surface of LA containing 100 pg/ml ampicillin and allowed to absorb

for 30 min prior to use.

SOB (Sambrook et al., 1989) was used for DNA transformation into E. coli and one litre
of SOB contained 20 g of tryptone, 5 g of yeast extract, 0.5 g NaCl, 0.186 g KCl. After

autoclaving, 1 g of MgCl, were added from stock solutions.

SOC consisted of SOB supplemented with 20 mM glucose (Sambrook et al., 1989) and

was used as the recovery medium for E. coli cells after transformation.

Recovery medium (Britz, personal communication) was used to recover transformants of
C. glutamicum after electroporation and contained LBG supplemented with 10 mM

CaClyand 10 mM MgCl,.6H,0.
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2.2.2 Growth of bacteria

2.2.2.1 Growth of corynebacteria on plates

LAG inocula were prepared on LAG plates, where corynebacteria glycerol stocks stored
at —20°C were transferred onto LAG plates with a sterile loop and then allowed to grow at
30°C for about 16 h before being used as inocula. NAG was often used for sub-culturing
of corynebacteria instead of LAG. MacCartney bottles (25 ml capacity) containing 10 mi
of sterile LBG were inoculated with single colonies from LAG plates. The cultures were
incubated overnight at 200 oscillations per min (o.p.m.) and 30°C and cultures used as
inocula for large-scale cultures, including determination of growth rates by measuring

absorbance at 600 nm.

Larger volume cultures were performed to compare mycolic acid composition in cell wall
fractions for cells grown in Erlenmeyer flasks of two litre capacity containing one litre of
the following media: LBG, LBG containing 2% (w/v) glycine, LBG containing 4 mg/ml
or 8 mg/ml of INH (AS019, MLB194, MLB133), or LBG containing 2% glycine plus 0.4
mg/ml or 4 mg/ml (BL1, BF4, RM3, RM4) INH, harvesting cells at early stationary
phase.

2222 Growth of mycobacteria

Mycobacteria stored at —80°C in glycerol were transferred onto a thick poured
Middlebrook 7H10 agar plate and wrapped with parafilm both to prevent desiccation of
the media and to reduce possible risks of mold contamination. The plates were then
allowed to grow at 37°C for three to four days before being used. Small flasks (250 ml)
containing 25 ml of sterile M-ADC-TW broth were inoculated with single colonies from
Middlebrook 7H9 plates. The cultures were maintained at 37°C at 100 o.p.m for four

days, and 0.1 ml of these cultures were used subsequently as inoculum into 100 ml of M-
ADC-TW broth.
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2223 Growth of E. coli

MacCartney bottles containing 10 ml of sterile LB media supplemented when required
with appropriate antibiotics (50 ug/ml kanamycin or 100 pg/ml of ampicillin) were
inoculated with single colonies from LA plates of E. coli. The cultures were maintained
at 37°C overnight and 200 o.p.m. and subsequent cultures were used as inoculum for

larger volume cultures.
2224 Growth curves, viable counts and drug sensitivity tests

Growth was monitored by measuring absorbance at 600 nm using an LKB Ultraspec
spectrophotometer; when Agopo exceeded 0.8, cultures were diluted in the medium used
for growth and Agy recorded against medium blanks. Viable counts were performed
using 10-fold dilutions of cultures in SMMC buffer. Dilutions were made using 0.9 ml]
volumes of diluent in 1.5 ml capacity capped tubes with 0.1 ml samples transferred using
a 200u] Gilson pipette and sterile tips. After vortexing tubes, samples of 0.1 ml were
taken from tubes and spread onto appropriate plates (usually ET and LAG) using a sterile
glass spreader. Samples were allowed to dry then plates were incubated at appropriate

temperatures for up to seven days. All counts were performed in triplicate.

Drug sensitivity tests were performed by incorporating antimicrobial agents into the
plates. The method for corynebacteria involved preparing various concentrations of the
drugs, ranging between 0.1 to 20 mg/ml. Plates were prepared on the day of use and
dried at 37°C. Overnight cultures of coryebacteria were diluted in SMMC buffer or
peptone water. Different dilutions of each strain were plated onto agar plates containing
drugs with a multiprong replicator. The spots were allowed to dry and plates incubated at
30°C for 24 h. Plates without drugs were inoculated to ensure that viable organisms were
present throughout the experiment. The minimal inhibitory concentration (MIC) was
defined as the Jowest concentration of the drug that completely inhibited growth, after 48

h incubation at 30°C.
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2.2.3 Storage of strains

Freeze-dried strains of corynebacteria and E. coli were obtained from frozen ampoules
and streaked out onto LA (for E. coli strains) or LAG (for corynebacteria). The working
stock cultures were prepared by streaking single colonies of cells onto the entire surface
of LA plates (for E. coli) or LAG plates (for corynebacteria). After 16 h incubation,
plates were taken into a Jamina flow hood and growth harvested into glycerol storage
broth, using a sterile stainless-steel wire loop. Glycerol storage broths contained 50%
glycerol in LB (for E. coli) or LBG (for corynebacteria), supplemented with antibijotics
(50 pg/ml as final concentration) if strains contained plasmid DNA, and were dispensed
in 2-3 ml aliquots into Sml capacity glass bottles. Sealed bottles were stored at —20°C

(for working stocks) and —80°C (for long term storage stocks).

2.3 MOLECULAR BIOLOGY METHODS

2.3.1 Preparation and analysis of DNA

Standard recombinant DNA methods, including restriction digestion, agarose gel
electrophoresis and plasmid purification, were performed using standard apparatus and
methods (Sambrook er al., 1989; Ausubel et al., 1992), unless otherwise stated, and these

are briefly described in the following.
23.1.1 Small-scale plasmid DNA jsolation

The following is the protocol for rapid isolation of plasmid DNA without column
purification for small-scale preparation or for large-scale preparation using CsCl
gradients (Sambrook et al., 1989). E. coli strains (for example, S17-1 and DHS5o
containing pK18mob-inhA and p301lysA-int) were grown overnight in 250 ml of LB
containing suitable antibiotics (such as 50 pg/ml Km). The cells were harvested at 4,000
rp.m., 4°C, 10 min, using a JH-2S refrigerated centrifuge (Beckman). The pellet was
resuspended in 6 ml of freshly prepared lysis solution (25 mM Tris-HCI, pH 7.5, 10 mM
EDTA, 15% sucrose, 2 mg/ml lysozyme) by pipetting cells up and down thoroughly
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using a 10 ml pipette. The resuspended cells were incubated in ice water for 20 min then
12 ml of a solution containing 0.2 M NaOH and 1% SDS was added. After mixing by
inversion and incubating in an ice water bath for 10 min, 7.5 ml of 3 M sodium acetate,
pH 4.6, was added, mixed by inversion and incubated in an ice water for 20 min. The
sample was centrifuged at 15,000 r.p.m. for 25 min. The supernatant was collected and
treated with 60 pl of DNase-free RNase (1 mg/ml) for 30 min at 37°C. The samples were
extracted twice with phenol:chloroform (1:1), then two volumes of ethanol added to
precipitate the DNA at —20°C overnight. The sample was centrifuged at 10,000 r.p.m. for
10 min at 4°C. The supernatant was removed and the pellet was washed with 70%
ethanol. The DNA was dissolved in sterile Milli-Q water or TE buffer (pH 7.5) and
stored at —20°C.

Alternatively, plasmid purification was achieved using a Plasmid Mini kit (QIAGEN)
according to the manufacturer’s instruction. Briefly, E. coli JM 109 and X-cell blue
transformants, containing inhA gene PCR products or Pst] digested genomic DNA
fragments from corynebacteria ligated in the PCR2.1® vector and pBlueScript 1I
(Invitrogen, Stratagen), were grown overnight at 37°C in LB (10 ml) containing 100
Hg/ml ampicillin. Cultures samples (2 ml) were centrifuged (Eppendorf) for 30 sec and
the cells resuspended in the supplied resuspension (200 ul) and lysis (250 pl) solutions,
mixing by gentle inversion and then adding the supplied neutralisation solution (250 pl)
and mixing by gentle inversion. The white precipitate was collected by centrifugation
(8,000 r.p.m.) for 10 min and the collected supernatant transferred to the supplied Spin
filter then centrifuged for 30 sec. The column was then washed once with the supplied
washing solution and finally with the ethanol wash solution by centrifugation (30 sec and
Imin). Sterile Milli-Q water (100 pl) was added and the plasmid DNA was eluted by
centrifugation for 30 sec. The eluted plasmid DNA was analysed by gel electrophoresis

then aliquoted and stored at —20°C.

Plasmid DNA from corynebacteria was isolated using an alkaline lysis method (Best and
Britz, 1986). This procedure was used with minor modification as described in the next

section. To increase the efficiency of cell lysis, cells were treated with 10 mg/ml
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lysozyme in lysis buffer at 37°C for at least three hours. Plasmid DNA was also extracted

from larger volumes of cultures.
2.3.1.2 Large-scale plasmid DNA isolation

Plasmid DNA from corynebacteria was isolated after growth in 400 ml of LBG-G 2%
glycine) with Km (50 pg/ml). The procedure involved preparation of osmotically
sensitive cells by growing cells in the presence of glycine and followed by lysozyme
treatment, breaking the cell surface structure using SDS treatment, removing
chromosomal DNA and proteins from plasmid DNA using ultracentrifugation through
CsCl-ethidium bromide gradients. When the Agyy of cells reached greater than 1.0 (ie.
late exponential growth), cells were collected by centrifugation (5,000 X g, 10 min, 4°C)
then resuspended in 50 ml lysis buffer supplemented with lysozyme (10 mg/ml). Cells
were incubated at 37°C for three h before adding 12.5 ml of 0.5M EDTA (pH 8.0) and
incubating for one h. This was followed by the addition of 7 ml of freshly prepared lysis
solution (10% SDS, 1 M NaOH) pre-heated at 55°C. Cells were heated at 55°C for 10
min in a water bath. If lysis did not occur, then another 7 ml of lysis solution was added
and heated at 55°C. Subsequently, 35 ml of ice-cold acetate solution (200 ml of this
contained 120 ml of 5 M potassium acetate; 23 ml of acetic acid; and 57 ml of dH,0)
[Sambrook ef al., 1989]) was added. The mixture was chilled at -20°C for 30 min and the
precipitate removed by centrifugation (3,000 X g, 15 min, 4°C). The supernatant fluid
were collected and filtered through cheese cloth. Plasmid DNA was precipitated by
addition of 0.6 volumes of isopropanol and nucleic acids collected by centrifugation
(14,000 X g, 30 min). The pellet was washed with 70% ethanol, collected by
centrifugation and dried. The DNA was resuspended in 9 ml of water and applied to

CsCl density gradient centrifugation.

2313 Preparation of caesium chloride-ethidium bromide (CsCl-EtBr)
gradients

CsCl was finely powdered and nine grams amount added to 15 ml sterile, capped plastic

centrifuge tubes. DNA mixture in water (9 ml) was added with 0.92 ml of ethidium
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bromide (10 mg/ml stock) and the CsClI dissolved by repeating gentle inversion. The
DNA-CsCI-EtBr mixture was centrifuged (2,000 X g, 15 min, 4°C) and the clear red fluid
decanted into a quick-seal ultracentrifuge tube (16 X 76 mm, Beckman), leaving behind a
buoyant red precipitate. Tubes were filled with light mineral oil (Sigma), weighed for
balancing, and sealed with a Beckman tube topper. The tubes were centrifuged
(Beckman L-70 ultracentrifuge, with a Beckman 70 Ti/70.1 rotor) at 20°C and 60,000
r.p.m. (approximately 250,000 X g) for 16 h and the rotor allowed to stop without
braking. Usually, two bands (the top band corresponding to the chromosomal DNA)
were formed after centrifugation and the plasmid (Jower band) was collected under long
wave (A= 302 nm) light (LKB 2011 Macrovue Transluminator). Depending on the
amount of residual chromosomal DNA, this was done either by piercing the side of the
tube with a syringe, removing fluorescent material in the plasmid band through a 21
gauge needle, or by gently removing liquid above this band using a Pasteur pipette after
opening the top of the tube using a sterilised blade, then collecting the plasmid band with
a fresh pipette. Ethidium bromide was removed from the DNA solution by several
extractions with equal volumes of isopropanol until the red coloured had disappeared
from the DNA solution. Two volumes of cold ethanol were added to the DNA solution,
mixed, then stored at —20°C for 30 min. The DNA was collected by centrifugation
(14,000 X g, 20 min, 4°C) and washed with 70% ethanol prior to centrifugation. After
removing the ethanol, DNA was resuspended in a minimum volume of distilled water,

aliquoted, and then stored at -20°C.
2.3.14 Isolation of chromosomal DNA

The method used to extract chromosomal DNA from E. coli was described by Ausubel et
al. (1987) and used as follows. Broth cultures (100 ml) of E. coli strains were grown to
saturation at 37°C overnight and harvested by centrifugation (5,000 X g, 4°C, 10 min).
The pellet was resuspended in a mixture containing 9.5 ml of TE buffer, 0.5 ml of 10%
SDS and 50 pl of 20 mg/ml proteinase K and incubated at 37°C for one h. Sodium
chloride (5 M) was added to a final concentration of 1 M and the mixture was shaken

thoroughly at room temperature before adding 1.5 ml of CTAB/sodium chloride solution
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(10% ceyl-trimethylammonium bromide/0.7 M NaCl). The sample was incubated for 20
min at 65°C in a water bath. This was followed by a chloroform/isoamyl alcohol (24:1)
extraction and the aqueous phase transferred to a new tube using a Pasteur pipette.
Isopropanol (0.6 volumes) was added and incubated for 10 min at room temperature. The
nucleic acids were collected by centrifugation (14,000 X g, 20 min, 20°C), resuspended in
9 ml of water and used to prepare CsCl gradients for further separation of chromosomal

DNA.

The method used to extract chromosomal DNA from coryneform bacteria was based on
one described by Britz and Best (1986) and which was based on the earlier method of
Marmur (1961). Cells from 100 ml LBG-G broth cultures were pelleted (5,000 r.p.m., 10
min, 4°C) after 16 h growth and washed once with 100 ml of lysis buffer (without
lysozyme), then cells collected by centrifugation and resuspended in 5 ml of lysis buffer
containing lysozyme (final concentration of 10 mg/ml) followed by incubating for 16 h at
37°C using a orbitary shaker incubator (200 o.p.m.). EDTA (10 mM in 10 mM Tris
buffer, pH 8.0) was added and the mixture incubated at 37°C and 200 r.p.m. for one h.
Osmotically sensitive cells were collected by centrifugation (1,200 X g, 10 min, 4°C) in a
JA-20 Beckman rotor. Cells were washed with buffer without lysozyme, resuspended in
20 ml of lysis buffer (containing 2 mg/ml of lysozyme in 10 mM-Tris pH 8.0, 0.7%
sucrose, 10 mM CaCl,, 10 mM MgCl, .6H,O, 0.05% KH,PO4, 0.01% BSA) and
incubated at 37°C for 2-3 h. Cells were lysed by the addition of 8 ml of SDS solution
(1% wiv, in water) followed by heating at 55°C for 10 min. Proteinase K (0.2 mg/ml)
was added and the tube was incubated at 37°C for one h. Sodium perchlorate was added
to a final concentration of 1 M and the mixture shaken at room temperature in an equal
volume of phenol and extraction was performed at 30°C with slow shaking (100 r.p.m.).
The emulsion was separated (5,000 X g, 10 min, 20°C) and the upper aqueous layer
transferred into a new tube using a Pasteur pipette. Isopropanol (0.6 volumes) was added
and the mixture was incubated for 10 min at room temperature. The nucleic acids were
collected by centrifugation (14,000 X g, 20 min, 20°C), resuspended in 9 ml of water and

used to prepare CsCl gradients for further separation of chromosomal DNA.
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2.3.1.5 Isolation of high molecular weight mycobacterial chromosomal DNA

Chromosomal DNA from M. smegmatis mc*155 was prepared according to the method
of Jacob et al. (1991). Cells were grown in 100 ml M-ADC-Tw broth and collected after
overnight culture by centrifugation (5,000 X g for 10 min at 4°C). The resulting pellet
was resuspended in 10 ml of homogenisation buffer (0.3 M Tris, pH 8, 0.1M NaCl, 6mM
EDTA). The resuspended cells were transferred to a conical screw-cap vial which was
filled to one quarter to one half with 0.1-0.11mm, acid-wash sterile glass beads (B.
Braun, Germany). The vial was then placed in a MSK cell homogeniser (B. Braun) and
homogenised for a total of 60 sec with the temperature of the homogenisation medium
maintained at 4°C by a flow of CO, The homogenised suspension was extracted twice
with an equal volume of phenol-chloroform (1:1) then once with chloroform-isoamyl
alcohol (24:1). The nucleic acids were precipitated with 1/10 volume of 3M sodium
acetate, pH 5.2, and two volumes of cold ethanol by incubating at —20°C overnight and
collecting DNA by centrifugation (14,000 X g, 20 min, 20°C). The pellet was washed
with 70% ethanol, dried and resuspended in 1 ml of TE (10 mm Tris-1mM ETA) buffer.
RNA was digested by adding RNase A (100 pg/ml from 10 mg/ml boiled stock) and
incubating at 37°C for 30 min. After RNA digestion, the suspension was extracted twice
with an equal volume of phenol-chloroform then once with an equal volume of
chloroform-isoamyl alcohol as before. Finally, DNA was pelleted with two volumes of

cold ethanol and 1/10 volume of 3 M sodium acetate, dried and resuspended in 1 ml of
TE.

2.3.1.6 Estimation of DNA concentration

DNA  concentrations were determined using the spectrophotometric and ethidium
bromide/agarose plate methods as described by Sambrook ez al. (1989). Amounts of
synthesised oligonucleotides were measured using spectrophotometric methods. Isolated
nucleic acid samples and synthesised oligonucleotides were diluted 1:100 in distilled

water and absorbance readings were taken at wavelengths of 260 nm and 280 nm, and the
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Ag/Axo ratio provided an estimation of the purity of samples. Nucleic acid
concentrations were determined according to the equation: 1 A ¢ unit (1em light path) =
50 pg/ml double stranded DNA and 33 pg/ml for single-stranded oligonucleotides
(Sambrook ez al., 1989).

2.3.1.7 Agarose gel electrophoresis

Electrophoresis of DNA was usually performed with horizontal 0.8% (w/w) agarose slab
gels measuring 10.5 X 8 cm (Gel Electrophoresis Apparatus GNA-100, Pharmacia,
Sweden). For good separation of small DNA fragments, different concentrations (1.0%,
1.5%, or 2%) of agarose slab gels were used. Large gels (20 X 20 cm, GNA-200,
Pharmacia, Sweden) were wused for endonuclease digested genomic DNA.
Electrophoresis was carried out using 1X TAE buffer running normally at 80 volts for 1-2
h or until the loading dye ran near the bottom of the gel, whilst 25 or 35 volts were used
for large gels in 1X TAE buffer, running overnight. Ethidium bromide staining solution
was added to the agarose gel before electrophoresis and to the 1X TAE tank buffer at a
final concentration of 0.5 pg/ml. The DNA bands were visualised on transilluminator (A
=302 nm) (LBK 2011 Macrovue transluminator). EcoRI and Hindlll digested lambda
DNA preparations (Progen) containing eleven fragments (21.1, 5.1, 4.3,3.5,2.0, 1.9, 1.6,
14,09, 0.8, 0.6 and 0.1 kb) was used as molecular markers for the digested genomic
DNA. Alternatively Sppl/EcoRI markers (Promega) containing 15 fragments (8.5, 7.3,
6.1,48,35,28, 1.9, 1.8, 1.5, 1.3, 1.1, 0.98, 0.72, 0.48, 0.36) were also used for size
determination. Standards used for PCR products or digested PCR products were a 100 bp
DNA ladder (Promega) containing 11 fragments (1,500, 1,000, 900, 800, 700, 600, 500,
400, 300, 200, and 100 bp) or Probase 50™™ (Progen) containing 16 fragments (3,147,
2,647, 900, 800, 700, 600, 500, 450, 400, 350, 300, 250, 200, 150, 100, and 50 bp).

Approximately 0.5-1.0 g of the size markers was used per gel well.
The migration distances of linear fragments of plasmid DNA on agarose gels were related
to their molecular weights from a plot of the logarithm of the relative migration distances

of standards against logarithm of molecular weights, which gave linear curves.
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2.3.1.8 Photography

Gel photography was performed using a Polarid MP-4 Camera if required. Typically,
Type 667 black and white film was used for documentation at a shutter speed of 1/60 to
1/30 sec with an aperture of F16. Type 665 positive/negative film was used at a shutter
speed 1/4 to 1/12 sec and an aperture of F16. If the picture was too light, the shutter
speed was increased or a higher F number was set or altered inversely when the picture
was too dark (Ausubel et al., 1992). The MICs plates were photographed with a top
lighting black paper on white light box with a shutter speed of 1/30 sec and an aperture of
F22..

2.3.1.9 Restriction enzyme digestion of chromosomal DNA

Chromosomal DNA from corynebacteria and mycobacteria strains was digested with
various restriction endonucleases. Endonucleases (ENase) EcoRI, EcoRV, Kpnl, Pstl,
BamHI, Hindlll, and Sall were purchased from Promega. Incubation mixtures for
digestion (30 ul) contained 2ug of DNA, 3ul of the 10X buffer recommended by the
manufacturer and 5-15 units of ENase to cleave the DNA for one h at 37°C. For each gel
well, 15 ul (out of 36 pl) of mixture was loaded and the remainder stored at —20°C.
Phage lambda DNA (0.35ug/ul) and Sppl1/EcoRI (0.25ug/ul) (Promega) were used as the

molecular weight standard and 2l was loaded on each gel.
2.3.1.10 Recovery of DNA fragments from agarose gels

DNA fragments were recovered from agarose gels (0.6%) and used for different
purposes, depending upon the need. After electrophoresis, gels were photographed and
DNA bands corresponding to the desired size was excised from the gel and isolated using

a Gene clean kit (Bio 101 Inc) as recommended by the manufacturer.
2.3.1.11 Synthesis and preparation of the oligonucleotides

In the beginning of this research oligonucleotides were synthesised by Ms. U.

Manueplillai (PhD student, CBFT, VUT) with an Applied Biosystem Model 391 DNA
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synthesiser (Perkin-Elmer) but later on purchased from Pacific Oligos Pty. Ltd. For the
synthesis of oligonucleotides chemicals and columns were obtained from Perkin-Elmer
and the primers were processed as recommended by the supplier. After synthesis,
cleavage from the column, deprotection, dehydration and precipitation of the
oligonucleotides were carried out as described in the instruction manual provided by the

supplier (Applied Biosystem).

For the cleavage of oligonucleotides from synthesis columns, 5-7 ml of concentrated
ammonia solution (30-35%) was dispensed into a clean glass bottle (MacCartney). The
tubes were capped tightly. The tip of a sterile 1ml syringe was inserted into one end of
the column. The syringe was fitted snugly with a plunger at the needle end and 0.75 ml
concentrated ammonia was drawn into another 1 ml syringe. Any air bubbles at the tip
were removed. The second syringe was inserted into the other end of the column. The
syringe-column-syringe unit was held horizontally. The plunger of the syringe
containing ammonia was pushed gently and the ammonia was allowed to pass thorough
the column into the opposite syringe. Pushing the ammonia back and forth between the
syringes was repeated 4-5 times. The syringe-column-syringe unit was laid down on a
flat surface and incubated for 15 min at room temperature, making sure that there was
ammonia solution inside the column. The ammonia solution was drawn into one of the
syringes, which was then removed from the column. The ammonia was expelled into a
pre-cleaned 4 ml vial, and the vial was tapped tightly with a teflon-lined screw cap.

These vials were then placed at 55°C overnight for deprotection of the oligonucleotides.

The deprotected oligonucleotide was incubated in a waterbath at 40°C for 16 h, with the
vial capped loosely so that the ammonia evaporated, then frozen at —70°C before
dehydration. The frozen oligonucleotides were dehydrated overnight under vacuum in a

freeze drier.
The freeze-dried oligonucleotides were dissolved in 600ul of water and 100 pl of 3M
sodium acetate (pH 5.2); these volumes were calculated on the basis that expected optical

density of oligonucleotides would be 20 and 30ul of water plus 5 pl of 3 M sodium
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acetate were added per one unit of optical density according to the supplier’s instructions.
Two ml of ethanol was added to the oligonucleotide solutions then vortexed briefly. The
mixture was stored at —20°C for 30 min, then centrifuged at 14,000 rpm in a
microcentrifuge for 5 min at 4°C. The supernatant was removed and the pellet was
washed using 70% ethanol. Finally, the oligonucleotide pellet was dried under vacuum
and dissolved in 300 pl of distilled water. The oligonucleotide concentration was
determined according to the formula: 1 Ajep unit = 32 pg DNA/m] (Sambrook et al.,
1989).

23.1.12 Polymerase Chain Reaction (PCR) amplification

The PCR amplification of the presumptive inhA genes were carried out using the
QIAGEN PCR kit and AmliTaq DNA polymerase (Perkin-Elmer) and used according the
supplier’s instructions. A typical PCR mixture contained PCR buffer (1X), Soln Q,
deoxynucleoside triphophosphate (final concentration 200 uM of each dNTP), PCR
primers (final concentration 0.5 uM of each), 2 mM MgCl,, 100 ng of DNA, 2.5 units of
enzyme, with water added to a final volume of 100 pl. All reactions included negative
(sterile distilled water) controls. Amplification was performed on the DNA Thermal
Cycler-480 (Perkin-Elmer) or Peltcer Thermal Cycler (PTC-200) (Bresatec) using the
protocol described by the manufacturer. For genomic DNA and plasmid DNA, PCR

temperature profiles were varied and this is described in detail in Table 4.2.

The PCR amplification of the 16S rDNA was performed according to the ExpandTM Long
Template PCR system (Boehringer Mannheim) protocol. The PCR mixtures (50 pl)
contained 20 pmol of each appropriate primer, and approximately 500 ng of genomic
DNA. Briefly, two mixtures (25 il of master mix I [1.75 pl each of 10 mM dNTP,
downstream and upstream primer and template DNA] and 25 pl of master mix II [5 pl of
10 times PCR buffer with system II and 0.75 pl of amplify enzymes]) were prepared and
mix shortly before cycling. The cycle profile was as follows: after initial denaturation at

95°C for 2 min, samples were chilled on ice briefly and enzyme was added then cycling
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were perfoprmed at 95°C 1 min; 54°C 1 min; 72°C 2 min for 35 rounds followed by a
extension at 72°C for 5 min. Following PCR, 5 ul of the amplified products was

electrophoresed in 1% agarose gels containing ethidium bromide (0.5 mg/ml) with 1X

TAE buffer and viewed on a transilluminator.
2.3.1.13 Purification of PCR Products

The PCR products of expected sizes were purified using two methods, depending on
wether the PCR products were in solution or prepared following separation on agarose

gels.

Wizard™ Minicolumns (Promega)

PCR products were purified using the Wizard™ PCR Preps DNA Purification System
(Promega) following the manufacturer’s instructions. For each complete PCR reaction,
the entire contents (approximately 95 nl) were added to a 1.5 ml microcentrifuge tube
containing 100 pl of Direct Purification buffer, and then vortexed briefly to mix.
Subsequently, 1 ml of PCR Preps DNA Purification Resin was added and the samples
were then vortexed briefly three times over a one minute period. One Wizard™
Minicolumn was prepared for each PCR reaction. The 3-ml disposable syringe barrel
was attached to the Luer-Lock R extension of each minicolumn while the syringe plunger
was set aside. The DNA/resin mixtures were put into the syringe barrel and then the
syringe plunger was inserted slowly and gently to push the DNA slurry into the
minicolumn. Subsequently, the column was washed with 2 ml of 80% isopropanol. The
column was centrifuged for 20 sec at 12,000 X g to dry the resin. To remove DNA, 50 ul
of sterile distilled water was added to the column, which was left for two min. The
column was centrifuged for 20 sec at 12,000 X g to elute the bound DNA fragments, and

the purified DNA solution was stored at —20 °C.
BANDPURE ™ DNA Purification kit (Progen)

Alternatively, PCR products were firstly separated on agarose gels and the bands excised

under UV light. At least 2.5 volumes of the Nal binding buffer was added to the DNA
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slice and melted at 55°C for 5 min. The BANDPURE silica matrix suspension was
vortexed until it was resuspended thoroughly and then 5pl of it was added to the DNA
solution. For amounts of DNA greater then 5 pg, an additional 1 ul of silica matrix
suspension was added for each 1 pg of DNA. The melted gel-silica matrix suspension
was incubated at room temperature for 5 min with frequent gentle mixing, then
centrifuged for about 30 sec to pellet the silica matrix with DNA bound to it. The
supernatant was discarded. The pellet was washed by adding 500 p of ice-cold ethanol
wash solution to the pellet. The pellet was resuspended and centrifuged for about 30 sec
to pellet the matrix, and the ethanol wash solution was discarded. This step was repeated
three times, retaining the pellet each time. The DNA was eluted from the pellet by
adding 30-50 pl of water, incubating at 55°C for 5 min, then centrifuging for 30 sec to
collect the supernatant containing the DNA. The approximate DNA concentration was
determined on agarose gels, using the intensity of one band of the 50 base or 100 base
PCR markers for comparison, according to instructions of the supplier (Promega). The
PCR products purified by either method were cloned into vectors, used directly for

sequencing or were used to prepare probes for Southern hybridisation.

2.3.1.14 16S ribosomal RNA (rRNA) gene analysis

In order to check the purity of DNA samples 16S rRNA sequence analysis was
performed. Approximately, 1300 bp of a consensus (16S RNA) sequence was amplified
from DNA templates of six corynebacterial strains using two primers 63f (5’CAG,
GCC,TAA, CAC, ATG, CAA, GTC 3’) (Marchesi et al., 1998) forward primer, and
1387r reverse primer (5° GGG, CGG,TGT, GTA, CAA, GGC) (Pharmacia; Marchesi et
al., 1998). The primers were purchased from Pacific Oligos.

Expand long template PCR system (Boehringer Mannheim) was used for PCR

amplification. In each reaction 500ng of genomic DNA was used as the template. The

PCR products were sequenced directly using the same PCR primers, 63f and 1387r.
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2.3.2 Southern hybridisation

Genomic DNA was digested with restriction enzyme and run on an agarose gel in
preparation of Southern blotting. Gels were placed in denaturing solution for 45 min at
room temperature with gentle agitation. Gels were transferred to neutralising solution
and agitated for 20 min. Excess solution was removed by blotting the gels on filter paper.
The gels were transferred to perspex boards (DNA side up) and precut nitrocellulose
membranes (Hybond, Amersham) were placed on top. Air bubbles were removed by
rolling the membrane with a 10 ml pipette. Three layers of filter paper (Whatman 3 mm
Chromatographic paper) were applied to the membranes plus approximately 4 cm
absorbent paper towelling. A second perspex board was applied on top of the paper
towel and 1Kg weight placed on top. Gels were blotted overnight. After blotting the
membranes were washed in 2XSSC for 5 min, blotted on filter paper to remove excess
solution and wrapped in glad wrap. Membranes were exposed to UV light (LKB 2011
Macrovue translluminator, Bromma) for five min to fix the DNA to the membrane then

stored at room temperature.

23.21 Use of DIG-labelled probes

Prehybridisation and hybridisation of membrane-bound nucleic acid to DIG-labelled
ADNA was performed according to the manufacturer’s instructions (Boehringer
Mannheim). Membranes were prehybridised in a sealed bag which contained 20 ml of
hybridisation buffer (5X SSC and blocking reagents; 0.01 % w/v, N-laurosarcosine;
0.02%, w/v, SDS) at 68°C for three h.

In order to prepare the probe, 190-210 ng of template DNA was added to sterile water
(Milli-Q) to a final volume of 40 pl in a 1.5 ml Eppendorf tube. The DNA was denatured
by heating in a boiling water bath for 10 min and chilled quickly on ice. DIG-High
Prime™ (4ul, Boehringer Mannheim) was added into aqueous DNA then mixed by
centrifuging (Eppendorf) briefly. The probe was incubated overnight at 37°C. The
reaction was stopped by adding 5 ul of 0.2 M EDTA (pH 8.0) and stored at —20°C until

used.
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The membrane was then transferred to a fresh bag containing the same buffer plus 5 pl of
DIG-labelled A DNA or SPP1/EcoR1 DNA markers and 20 pl of specific probe in the
same buffer. The probes had been denatured in boiling water for 10 min, chilled on ice,
diluted in hybridisation solution and filtered through a 0.45 pum filter (Millipore, GS)
after pre-warming at 40°C before adding to the membrane. After hybridisation at 68°C
overnight, blots were washed at room temperature twice each for 15 min with 100 ml of

2X SSC plus 0.1% SDS, followed by one wash in 0.1X SSC plus 0.1% SDS at 68°C.
2.3.2.2 Detection of hybridisation signal

Bound probes were detected by enzyme-linked immuno-assay using an antibody
conjugate (antidioxigenin-alkaline phosphatase conjugate) and visualised with the
chemiluminence substrate CSPD™ supplied by the kit manufacturer (Boehringer
Mannheim). Enzymatic dephosphorylation of CSPD™ by alkaline phosphatase leads to
light emission at a maximum wavelength of 477 nm which is recorded on X-ray films.
This procedure was described by the manufacturer and used without modification.
Membranes were washed briefly (1 to 5 min) in washing buffer (maleic acid buffer plus
0.3% [v/v] Tween 20) and incubated for 30 min with 100 ml of blocking solution (10x
supplied blocking solution diluted in maleic acid buffer 1:10). The membrane was then
incubated for 30 min with anti-DIG-AP conjugate (diluted to 75 mU/ml [1:10,000] in
blocking solution). The membrane was washed twice for 15 min each in 100 ml washing
buffer. The membrane was equilibrated for 2 min in 20 ml detection buffer (100 mM
Tris HCI, 100 mM NaCl, 50 mM MgCly; pH 9.5). The membrane was placed into a
hybridisation bag and about 20 drops (1 ml) of the supplied CSPD™ was added.
Following this, membranes were placed on a development folder and incubated at 37°C
for 15 min. Finally membranes were exposed to X-ray films (Amersham, Hyerplus) for

15-25 min at room temperature.
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2323 Radiolabelling of the DNA probes

Hybridization buffer was prepared as follows: Denhardt’s (5X) solution contained 2%
Ficoll (type 400, Pharmacia), 2% polyvinylpryrrolidone (PVP), 2% BSA (FractionV,
Sigma), and was sterilised by filtration (0.22 um, Millipore, GS) then stored at —20°C.
Prehybridisation solution (9.0 ml) was prepared by mixing 4 ml of 6X SSC, 4 ml of 5X
Denhardt’s solution, 0.5 ml of 10% SDS (mixed together and preheated at 55°C for 10
min before use), and 0.5 ml of denatured salmon sperm DNA (denatured at 95°C for 10
min using a water-bath, and placed on ice immediately). This solution (10-20 ml) was
placed into a sealable plastic blender bag containing the membrane. The hybridisation
bag was sealed and placed on a glass tray or into a suitable container and prehybridised at

65°C for up to 8 h.

Probes were labelled randomly with a-P** dCTP (sp. act. > 3000 ci/nmole, Brestec) using
a High Prime Labelling Kit (Boehringer Mannheim). Reaction mixtures of 25 ul
contained 25 ng of denatured probe DNA mixed with 6 ul of high prime labelling mix, 2
ul of o-P**> dCTP and 7 pl of sterile distilled water. The mixture was incubated at 37 °C
for 15 min. The reaction was terminated by the addition of 2 ul of 0.25 mM EDTA. A
G-50 Sephadex column was prepared to remove the unincorporated P** nucleotide. The
column was washed with 100 pl of cold STE buffer and then 100 pl of TE. Prior to
passing the probe through the column, 50 ul of TE buffer and 2 pul of tRNA (Gibco, BRL)
(5 pg/ml) was added to the probe, then this loaded onto the column. The probe was
collected by centrifuging for 30 sec and 100 pl of TE buffer was added before it was
denatured at 95°C (10 min). After denaturation, the probe was mixed with 200 pl of TE
buffer and placed on ice immediately. The probe was then added to the membrane, then
this was allowed to hybridise for 24 h at 65°C. The membranes were washed twice in 2X
SSC plus 0.1% SDS at room temperature for 10 min and once in 0.2X SSC plus 0.1 SDS
at 65°C for 5 min with gentle agitation. The probe emitted radioactivity of 5-10 cps when
measured by a Geiger Muller radiation monitor. The membrane was exposed to X-ray

film (Kodak XAR-5) in a Kodak intensify cassette for 48 h at —80°C.
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2.3.24 Development of the X-ray films

Films were developed manually as follows: 5 min in developer solution (phenol-X-ray
developer supplied), 1 min in the 3% acetic acid, 5 min in the fixer solution (Agfa,
Gevaert-X ray fixing bath). Finally, the films were washed in running tap water for 15
min and dried by hanging at room temperature. The probes were washed off from
membranes following the Amersham protocol for use with DNA blots only. Membranes
were incubated at 45°C in 0.4 M NaOH for 30 min and then transferred into 0.1X SSC,
0.1% wiv SDS, 0.2 M Tris HCl pH 7.5 then incubated for another 15 min. The
membranes were air dried on Whatman filter paper, sealed in a plastic bag and stored in a

cool, dry place at room temperature.

2.3.3 Construction of subgenomic libraries

2.3.3.1 Preparation of the insert

Chromosomal DNA from strains of C. glutamicum and related species was subjected to
Pst1 restriction digestion, where the 30 pl reaction mixture contained 2 pg of DNA, 3pl
of restriction buffer and 10 units of enzyme, with the reaction carried out at 37°C for 3 h.
After incubation, 4 pl of reaction mixture was loaded on the gel and run for 1 h to check
the extent of digestion and the reaction was then terminated by heating at 65°C for 10
min. The DNA was extracted with an equal volume of phenol-chloroform (24:1),
precipitated with two volumes of cold ethanol and 1/10 volume of 3M sodium acetate,
then washed with 70% ethanol. The pellet was dissolved in 10 pl of sterile distilled
water, 1 ul of the sample was run on an agarose gel to determine the concentration. The

DNA was stored at —20°C until used.
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2.33.2 Preparation of the vector

Plasmid pBluescript IT SK+/- was completely digested with Pst1 restriction endonuclease
at the multi-cloning site. The reaction mixture contained 5 pug of DNA, 5 ul of 10X
buffer, 25 units of enzyme and 40 ul of deionised water. The mixture was incubated at
37°C for 3 h. The digested DNA was treated with calf intestinal alkaline phosphatase
(CIAP) as described by the supplier (Promega) to remove 5’ phosphate groups and thus
prevent recircularization of the vector during ligation. After CIAP treatment, the DNA
was purified with phenol-chloroform and precipitated by addition of 1/10 volume of 3M
sodium acetate and two volumes of ethanol as above. The pellet was washed with 70%

ethanol and resuspended in 10 pl of nuclease-free water.

2333 Ligation of vector and insert DNA

To obtained the optimal ratio of the vector to insert DNA, molar ratios of 1:1 or 3:1 insert
to vector were tried. Ligation mixtures contained 100 or 300 ng of insert DNA, 100 ng of
vector DNA, 1 ul of T4 DNA ligase (4 Weiss units), 1 pl of 10X ligase buffer and
deionised water to a total volume of 10 pl. The reaction was carried out at 15°C

overnight. At the completion of the reaction, tubes were kept at —20°C until used.

2334 Preparation of E. coli cells for transformation

E. coli strains XL1-blue and JM109 (Promega) were used for preparation of competent
cells by the CaCl, treatment method, as described by Sambrook er al. (1989). Bacterial
cells were streaked on M-9 plates containing 5mg/ml of thiamine-HCI and incubated at
37°C overnight. A single colony was picked to inoculate 10 ml of SOB broth (starter
culture). SOB broth (100 ml) was inoculated with an overnight starter culture to give a
starting Aggo of 0.1 and incubated at 37°C, 200 o.p.m. for 2-3 h until growth reached an
Agoo of 0.4. Cells were then harvested by centrifugation (2, 000 x g, 4°C, 10 min) and
resuspended with 10 ml of ice-cold 0.1 M CaCly; all subsequent steps were performed

with sterile solutions held on ice and centrifugation were performed at 4°C. After 10 min
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on ice, cells were pelleted and resuspended in 2 ml of ice-cold 0.1 M CaCl,. Using a
chilled, sterile pipette tip, 200 pl of each suspension of competent cells were transferred

into Eppendorf tubes, frozen on dry ice and stored at -70°C.

Alternatively, for electroporation a single colony was used to inoculate 25 ml of LB
medium and the culture was incubated at 30°C overnight with vigorous shaking. Using a
2.8 litre flask, 500 ml of LB medium was inoculated with 5 ml of cells from the overnight
culture and shaken at 150-200 o.p.m. at 30°C until the Aggo reached 0.45-0.55. The cells
were chilled in ice water for 2 h and centrifuged at 2,500 X g for 15-20 min at 4°C. The
cells were washed twice with 15% glycerol (W/V) at 4°C. Finally, the cells were pooled
then 80% glycerol was added dropwise with gentle swirling to a final concentration of
15% (v/v) and the suspension aliquoted in 0.2-1 ml quantities, frozen on dry ice and

stored at —70°C.

2.3.35 Transformation of competent E. coli cells

The transformation of competent cells of E. coli XL1-blue and JM109 were carried out
as per the protocols provided with their respective kits. The competent cells stored at —70
°C were thawed on ice and an appropriate volume of ligation mixture was added to the
tubes and these were left on ice for 30 min. The cells were then heat shocked for 90 sec
at 42°C, then allowed to recover for five min on ice before the addition of 800 pl SOC
medium. After incubating at 37°C for 45 min, 100 ul of the transformation mixture was
plated onto LBG X-gal plates containing 100 pg/ml of ampicillin and plates incubated at
37°C overnight. Alternatively, 2 pl of 0.5 M B-mercaptoethanol was also added to the
competent cells prior to mixing with cloned DNA to enhance the transformation

efficiency (Invitrogen).

2.3.3.6 Identification of positive clones

Both pBluescript (pBSK+/-) and PCR 2.1 vectors contained the lacZ gene, which

provides a-complementation of the B-galactosidase subunit encoded by the plasmid, with
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that encoded by the appropriate host cells. This allows colour selection of the
recombinant phagemids (colourless colonies) and non-recombinant phagemids (blue
colonies) on plates containing X-gal and IPTG. The white colonies were identified as
‘positive’ for the successful insertion of PCR products. The efficiency of transformation
was calculated as the number of white colonies per ug DNA used. A number of
independently transformed colonies were picked and grown in small-scale culture
containing 100 pg/ml ampicillin at 37°C overnight with vigorous shaking. Plasmids were
isolated from each one of them using the QUAGEN miniprep protocol according to the

manufacturer’s instructions.

2.3.3.7 Screening of the Genomic library for the inhA gene

The positive clones were identified by three approaches.

Plasmids isolated from transformed colonies were analysed by digestion with restriction
enzymes with cutting sites on either side of the insert then the size was determined by gel
electrophoresis as described in section 2.3.1.7. The plasmids showing appropriate size

inserts were further analysed by Southern hybridisation and by PCR.

The selected plasmids were digested with appropriate enzymes, DNA was transferred to
the nylon membrane and hybridised with PCR-amplified inhA product from M.
smegmatis or C. glutamicum. The clones containing inserts that showed hybridisation

signal with inhA probe were further analysed by PCR.

Several sets of primers were designed based on the reported inhA gene sequence of M.
smegmatis (Banerjee er al., 1994) and the conditions used are described in Table 4.2.
Clones generating PCR products of the size expected were chosen for sequence analysis

as described in section 2.3 .4.
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2.3.4 Determination of DNA sequences

2.34.1 Primers for sequencing reaction

Both purified PCR products and plasmid DNA were used in sequencing reactions. In
addition to the primers used for amplification of the inhA gene, T7, T3 and M13 universal
primers were also used in sequencing reactions. To sequence the whole clones
containing the Pstl fragments of genomic DNA from C. glutamicum strains, the
sequencing strategy started with T7 and T3 primers, then as the sequencing data
accumulated, additional internal primers were designed based on this data, to confirm the
sequences and obtain overlaps, to allow the reconstruction of the contiguous sequences.

The primers used are described in the appropriate results sections.
234.2 Ligation and transformation of PCR products for sequencing

PCR products were cloned for sequencing purposes using the TA cloning kit from
Invitrogen following the manufacturer’s instructions. Fresh PCR products were
WIZARD purified and the amount of PCR product needed to ligate with 50 ng (20 f

moles) of PCR was calculated using the formula below

x ng of PCR product = (y bp PCR product)(50 ng PCR 2.1 vector)
(size in bp of the PCR 2.1 vector=3900)

Where x ng is the amount of PCR product of y base pairs to be ligated for a 1:1 (vector:
insert) molar ratio using the concentration previously determined for the PCR products.
The ligation reaction was as follows: x pl of PCR product, 1 pl of 10X ligation buffer, 2
Hl PCR 2.1 vector (25 ng/ul), 1 ul of T4 DNA ligase (4.0 Weiss units) and sterile water to
a total volume of 10 pl. Ligation was performed at 16°C overnight and, after completion,
the reaction mixture was stored at —20°C until used. Transformation was done using
ToplOF" competent cells according to the manufacturer’s instruction. Transformants
were selected as described previously, plasmid DNA isolated and inserts were sequenced

using T7 and T3 primers.

107



Table 2.3 Composition of sequencing reactions

Composition Standard FS Kit BigDye Kit
DNA sample 30-90 ng PCR products 30-90 ng PCR products
or or
300-500 ng plasmid DNA 300-500 ng plasmid DNA
Primer 1 ul (3-5 pmol) 1 ul (3-5 pmol)

Premixed reagents*

Total Volume

8 ul
20ul

6 ul
16 wl

*Premixed reagents were provided by Perkin-Elmer
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2.34.3 Sequencing reaction

Two kits (Perkin Elmer) were used to carry out DNA sequencing reactions: the ABI
PRISM ™ Dye Terminator Cycle Sequencing Ready Reaction Kit (Standard FS) and
ABI Prism BigDye Terminator Cycle Sequencing Ready Reaction Kit. The composition
of reaction mixes is given in Table 2.3. The cycle sequencing reaction was performed in
20 ul reaction volumes for 25 cycles, each cycle consisting of step 1 (96°C for 30 sec),
step 2 (50°C for 15 sec) and step 3 (60°C for 4 min), on the DNA Thermal cycler-480
(Perkin-Elmer) and Peltcer Thermal Cycler (PTC-200) (Bresatec). The extension
products were then purified using ethanol precipitation. A 1.5-ml microcentrifuge tube
containing 2.0 pl of 3 M sodium acetate, pH 4.6 and 50 pl of 95% ethanol, was prepared
for each reaction. The entire 20 pl contents of the reaction was transferred into a
microcentrifuge tube containing the ethanol solution. The tube was then vortexed and
placed on ice for 10 min before being centrifuged at maximum speed (14,000 X g) for 30
min. The ethanol solution was carefully aspirated using a micropipettor. The pellet was

rinsed by adding 250 pl of 70% ethanol and centrifuged at maximum speed for 10 min.

The ethanol solution was carefully removed and the pellet was dried in a vacuum
centrifuge. The DNA sequences were determined using an ABI 373-Automated DNA
sequencer (Perkin-Elmer) at the Department of Microbiology, Monash University,

Melbourne.

2344 Analysis of InhA gene sequences and deduced proteins

Sequence editing, assembly, translation and alignment were carried out using the
Australian National Genomic Information Service (ANGIS) on the WebANGIS interface
(Greta 1997), as described briefly below.

Editing and analysis of DNA sequences

The Ereverted programme was used to reverse the sequence data determined by the

reverse primers into the forward direction for further analysis. The Ecomposition

109



program was used to analyse A, T, G, and C composition of the DNA sequnces. InhA
gene sequences were compared with all currently accessible nucleotide sequences from
the SWISS-PROT, PIR, and GenBank databases that are combined in the non-redundant
sequence database at the National Centre for Biotechnology (NCBI) using the program
BLASTN.

Comparison of two or more sequences

The Bestfit program was used to determine the extent of identity between two DNA
sequences and the extent of identity or similarity in amino acid sequences of any two
proteins. The conventional conditions set for this comparison were used for gap weight
5.00, length weight 0.30, average match 1.00 and mismatch -0.90. Any two sequences
were compared by the Prettybox program to exhibit the locations of the altered

nucleotides or amino acids.

Simultaneous alignment of DNA sequences of more than two genes or amino acid
sequences of more than two proteins were performed by the Pileup program of ANGIS.
The conventional conditions were gap weight 3.00 and length weight 0.10. The multiple
sequence alignments were also analysed further with the Readseq and Prettybox
programs to identify the location of variable sequences. DNA sequences of the inhA
genes from several C. glutamicum strains and related species (M. smegmatis etc.) were
analysed by the Mapping program to search for the sites of 6-base cutter restriction
enzymes within these genes. The maps for any unique restriction enzyme sites present in
these genes were also developed. The inhA genes were translated into putative amino
acid sequences of their respective proteins using the Etranslation program. The BLASTP
program was used to screen the amino-acid sequence database, and the BLASTX
program was used to screen the conceptual translation of the nucleotide sequence

database in six reading frames (Altschul ef al., 1990, 1994).

The putative amino acid sequences of the InhA proteins were analysed by the Pepstats
program for the physical properties including molecular weight, isoelectric point and

composition of amino acids.

110



2.3.5. Introduction of plasmid DNA into corynebacteria strains

2351 Electroporation

Transformation by electroporation was based on the method developed by Haynes and
Britz (1990), and this was carried out using the Gene-Pulser system (Bio-Rad
Laboratories, Richmond, CA). The system was composed of the Gene Pulser apparatus,

pulse controller unit and Gene-Pulser cuvettes of 0.2 cm electrode gap.

To prepare the cells, a single colony was cultured in 10 ml LBG. Next morning, 5 mi of
the culture was diluted into 100 ml of LBG-GI (2% glycine, plus 4 mg/ml INH for
AS019, MLB133, MLB194 and 2% glycine plus 0.4 mg/ml INH for BL1, RM3 and
RM4). Cells (100 ml) were harvested by centrifugation (2,000 X g, for 10 min, 4°C)
(Beckman J2-HS centrifuge with rotor JA-20) at Aeoo between 0.35 and 0.45, the pellet
was washed twice with 100 ml of 15% (w/v) of glycerol at 4°C, cells evenly dispensed

before use, and then finally resuspended in 2 ml of cold 15% (v/v) glycerol.

The following procedure was performed in a lamina flow to ensure aseptic conditions.
Forty pl samples of suspension (approximately 10° cells) were mixed with 2 to 5 pg of
plasmid DNA of pK18mob-inhA, p301/ysA-int and PCR2.1-cspl. The total volume was
adjusted to 72 pl with distilled water and 100% v/v glycerol was added to a final
concentration of 15% glycerol. Subsequently the contents of the tubes were mixed
thoroughly, stored on ice for 5 min and then transferred by pipetting into a pre-cooled 0.2
cm cuvette. The cuvette was then placed in a pre-cooled pulse chamber, and the cells
were exposed to a single pulse (2.5KV, 25uF). The output of the pulse generator was
directed through a Pulse Controller unit containing two ohm resistors in series and two
100 ohm resjstors in parallel circuit with the sample. Time constants were recorded for
each experiment and these were normally 4.0-4.9 msec. If arching occurred during the
pulse, the samples were discarded. Following the pulse, the cells were immediately

removed from the electrodes and stored on ice for 5 min. Subsequently, the cells were
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transferred by pipetting into an Eppendorf tube and mixed with 1 ml of recovery medium.
The cells were incubated, without shaking for one h at 30°C. At the end of this recovery
period, 10-fold serial dilutions were made in SMMC and appropriate dilutions spread
onto LAG, NAG or ET, (to determine the number of survivors), and onto ET plates
containing 50 pg/ml of kanamycin (ET-Km), NAG-Km or LAG-Km (to enumerate
transformants). For the selection of transformants, the recovery broth was not diluted.
To determine the number of cells used for electroporation, the concentrated cell
suspensions stored in 15% (v/v) glycerol were diluted in SMMC and appropriate
dilutions spread onto LAG and ET media. Enumeration of transformants was done using
triplicate plates. Controls included untreated cells plated onto ET-Km medium.
Transformants were scored initially after 2 to 3 days at 30°C, then after 4 days of growth,

triplicate samples were scored and means calculated.

2.35.2 Conjugational transfer into C. glutamicum.

Conjugational plasmid transfer from E. coli S17-1 to C. glutamicum was performed
according to the method of Schifer er al. (1990). Two types of suicide vectors were
chosen for this purpose, PECM1 and pK18mob. Suicide vector pK18mob carries unique
MCS sites and plasmids carrying insertions can be easily identified using the lac colour
reaction. A 700bp PCR amplified fragment of inhA gene obtained from C. glutamicum
strains ASO19 using a primer set CGP1 and CGP4 was ligated into the Pstl digested
pK18mob and EcoR! digested PECM1 suicide vectors. These primers are designed to
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Table 2.4 Antibiotics stock solutions (Sambrook ef al., 1989; Ausubel ef al.,1992)

Antibiotics Stock solution Mode of resistance
Ampicillin 50 mg/ml in water  B-lactamase hydrolyzes ampicillin before it
enters the cell
Carbeneicillin 50 mg/ml in water  in place of ampicillin
Chloramphenicol 10 mg/ml in Chloramphenicol acetyltransferase inactivates
methanol chloramphenicol
Kanamycin 50 mg/ml in water  Aminoglycoside phosphotransferase

Nalidixic acid

Rifampicin

PH to 10 mg/ml in
IN NaOH 11 with
NaOH

34 mg/ml in

methanol

inactivates kanamycin

Mutation in the host DNA gyrase prevent

nalidixic acid from binding

Mutation in the 3 subunit of the RNA
polymerase prevents rifampicin from

complexing

113



contain the EcoRI restriction site on one end. Finally, the suicide vector containing the
insert was transformed into S17-1 E. coli strains using standard protocols (Sambrook et
al., 1989). The presence of insert in pK18mob was confirmed using the standard M13

sequencing primer.

For mating experiments, plasmids (pECM1A-inhA, pK18mob-inhA, p301lysA-int) were
introduced by transformation into mobilising strain E. coli S17-1. E. coli S17-1 carries
an RP4 derivative integrated into the chromosome which provides the transfer functions
necessary for mobilization. Preparation of the competent cells and transformation was
done as described by Sambrook er al. (1989). Transformants were selected on LB plates
containing Km (50 pg/ml). For conjugational transfer of plasmids (pECMA-inhA,
pK18mob-:inhA, p301lysA-int) into C. glutamicum ASO19, MLB133, BL1 and RM3
recipient strains, donor strains S17-1 from a single colony containing these plasmids were
grown overnight at 37°C in 5 ml of LB medium supplemented with appropriate
antibiotics. Next day the culture was diluted 1/5 in LB and grown up to an optical
density of 1 to 1.5 (580 nm) in a rotary shaker. Recipient strains were grown in LBG
medium containing 0.4mg/ml INH and 2% glycine at 30°C in rotary shaker (120 r.p.m).
When ODsgg reached 0.4 to 0.6, ten ml of culture was transferred to a test tube and placed
in a 49°C water bath for 9 min. The donor (E. coli) and recipient (C. glutamicum) cells
were mixed in a ratio of 1:1 (5 x 10° cells), centrifuged (2,000 r.p.m for 2 min), the
supernatant discarded and cells resuspended in residual medium. The mating mixture
was then placed onto a nitrocellulose filter (2.5 c¢cm diameter and 0.45-um-pore size)
(Millipore Corp., Bedford, MA.) and this placed on prewarmed LB plates, dried and
incubated for 20 h at 30°C, the cells were washed off from the filter with 0.9 ml of LB
medium. Transconjugants were plated both on LBG and ET plates containing 30 pg of
Km and 50 pg of nalidixic acid (Nx) per ml and plates were incubated at 30°C for two to
three days. Transconjugates were further subcultured onto ET plates containing higher

concentrations (80 and 100 pg/ml) of Km and Nx.

To confirm the integration of the mobilizable plasmids carrying the insert, total DNAs of

transconjugant clones were isolated and digested with selected restriction enzymes.
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Restriction fragments were separated by agarose gel electrophoresis and transferred to a
nylon membrane (Amersham) and probed with PCR amplified inhA gene from C.
glutamicum. The plasmid insertion is expected to destroy the inhA gene by disrupting il
into two halves. The proximal ends of both halves contain a duplicate inhA sequence
from the recombinational event. Therefore in Southern hybridisation the inhA gene will
appear as two new bands or there will be a shift in the respective inhA restriction
fragment to the higher-molecular-mass position in the gel. Alternatively the suicide
vector was also used as a probe to confirm the integration of this into the genomic DNA

of the host. Southern hybridisation was performed with the *’P see section (2.3.2.3).

24 BIOCHEMICALS METHODS

2.4.1. Analysis of the proteins and enzymes

2.4.1.1 Assay of NADH Oxidase activity

NADH Oxidase activity was calculated according to Osborn ef al., 1972. Incubation
mixtures contained 50 mM Tris-HCI, pH 7.5, 0.12 mM NADH, 0.2mM dithiothreitol, and
3to 100 pg of protein in a total volume of 1.0 ml. Cuvettes containing reaction mixtures
were placed in the spectrophotometer and cell fractions added quickly to initiate
reactions. Control tubes contained Tris buffer, NADH and reaction mixture without
enzyme. The rate of decrease in absorbance at 340 nm was measured at 22°C in a Gilford

2400 recording spectrophotometer.

24.1.2 Protein concentration assays

Bacteria] cells were harvested from cultures, disrupted mechanically by homogenisation
and protein concentrations were determined according to the method described by Lowry
and co-workers (1951). All buffers and reagents used for protein concentration assays
are described in Appendix 3. Bovine serum albumin BSA, was used as a protein

standard, (0-100 pg in the sample volume.) to quantify tests in all analyses. To 0.5 ml of
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protein sample, 2.5 ml of the alkaline-copper reagent (Lowry C reagent) was added,
followed by vortexing and then standing at room temperature for 10 min. After adding
0.25 ml of diluted Folin-Ciocalteau reagent (BDH) (2:3 in deionised water), the contents
were mixed thoroughly and allowed to stand at room temperature for another 30 min.
The absorbance at wavelength of 750 nm was read for each sample. The amount of

protein was determined from a linear standard curve (R%> 0.99) for 0-100 ug of BSA.
24.1.3 Polyacyamide gel electrophoresis

Proteins were resolved by polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli,
1970). Samples were prepared for electrophoresis by mixing two parts of the sample to
one part of the sample buffer and boiling for five min, then immediately transferring onto
ice. The preparation was centrifuged for 10 sec to remove debris. About 20 ul of protein
sample were applied in each well in 4% stacking gel over a 12% separating gel.
Electrophoresis was performed with a discontinuous buffer system in a Mini-Protein-II
slab cell (Bio-Rad). The gel was run at a current of 15-30 mM current until the
bromophenol blue marker had reached the bottom. Low-range prestained SDS-PAGE
standards (Bio-Rad) were used as markers. The polyacrylamide gel was visualised by

either Coomassie blue or silver staining and photographed.

A 0.5 mg/ml solution of Coomassie brilliant blue R-250 (Sigma) was prepared by
dissolving the dye in five parts methanol before addition of one part acetic acid and four
parts Milli-Q water. Gels were stained for 30 min at room temperature with gentle
shaking. The gels were rinsed in Milli-Q water and transferred to destaining solution
(one part acetic acid, four parts ethanol and five parts Milli-Q water) then gently shaken
at room temperature until blue bands and a clear background were obtained. Fresh
destaining solution was added if required. The gels were kept in Milli-Q water overnight

after destaining, then dried using a Gel Air dryer (Bio-Rad).

The silver staining protocol was followed according to the instruction manual

(Pharmacia) as follows. The gel was immersed in the fixing solution (one part acetic
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acid, four parts ethanol, and five parts Milli-Q water) for at least 30 minutes. The gel was
placed in the incubation solution (60 ml of ethanol, 10.25 g of sodium acetate, anhydrous,
1.04 ml of glutaraldehyde, 0.4 g of sodiumthiosulfate and made up to 200 ml with Milli-
Q water) for at least 30 min. The gel was washed three times, each time for 15 min, in
Milli-Q water. The gel was then put into the silver solution (0.2 g of silver nitrate, 40 pl
of formaldehyde and made up to 200 ml with Milli-Q water) for 40 min. The gel was
placed into developing solution (5 g of sodium carbonate, 20 pl of formaldehyde and
made up to 200 ml with Milli-Q water) for 5-10 min. The gel was washed in Milli-Q
water with one change for 5-10 min then preserved in a GelBond film (Pharmacia) as

recommended by the manufacturer.

2.4.2. Isolation and analysis of fatty acids and mycolic acids from cell

wall and whole cells

24.2.1 Preparation of cell walls

Method 1

Cell walls were initially prepared from C. glutamicum strains using the method described
by Nikaido et al. (1993). The cells were cultured at 30°C overnight in a rotary shaker in
multiple one litre flasks. Cells (from 2L culture) were chilled to 5°C, harvested by
centrifugation at 2,000 X g for 10 min, and washed once with 60 mM sodium phosphate
buffer, pH 7.5, containing 0.1 M NaCl with 1mM phenylmethylsulfonyl flouride, by
resuspension and centrifugation. The same buffer was added to the pellet (40 ml buffer
per 10 g wet weight), and the resuspended cells were broken by homogenisation for a
total of 60 sec using a MSK cell homogeniser (B. Braun, Germany) and 0.1lmm glass
beads. After the addition of pancreatic deoxyribonucleases and ribonuclease (Promega)
(10 pug/ml), the cellular fractions were left at 4°C overnight. The extract was centrifuged
at 1,000 X g for 10 min in a Sorvall GSA rotor, and the supernatant was centrifuged again
under the same conditions. The supernatant was diluted two-fold with the same

Phosphate buffer, and centrifuged at 2,500 X g for 40 min. The supernatant thus obtained
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was centrifuged at 5,000 X g for 40 min, in a Beckman centrifuge to sediment the cell
walls. The pellet was washed twice in 1M NaCl, and once in water, by resuspension and
centrifugation. The pellet containing the cell envelops (cytoplasmic membranes and cell
wall) were resuspended in 2 ml of water, and was layered onto sucrose step gradient
consisting of 15 (1 ml), 30 (2 ml), 40 (4 ml) and 70 (3 ml). The gradient was centrifuged
in an SW28 rotor at 27,000 r.p.m for 2 h. The three fractions of the gradients were
collected, analysed for protein content by SDS-PAGE and for the presence of NADH-
oxidase activity by the method of Osborn ef al. (1972). These fractions were kept as the
'purified cell wall” fractions at ~70°C, after recovery by centrifugation and washing in

water.

Method 2

Cell wall fractions of C. glutamicum were prepared according to the method of Fujika et
al. (1985) as follows. The cells were cultured at 30°C overnight in a rotary shaker in
multiple 500 ml flasks. After cooling to below 10°C, the cells (from 1 L of culture) were
harvested by centrifugation and washed with distilled water. The cells were suspended in
distilled water and disrupted mechanically by homogenisation for a total of 60 sec using a
MSK cell homogeniser and 0.1mm glass beads. The disrupted cell fraction was mixed
with 400 ml veronal buffer pH 7.5, assayed for NADH-oxidase activity and then mixed
with 10 mg deoxyribonuclease and 15 mg ribonuclease and stirred at room temperature
for 30 min. The enzyme-treated cell suspension was centrifuged at 1,000 X g for 10 min
in a Sorvall GSA rotor (twice), and the supernatant thus obtained was diluted two-fold
with the same veronal buffer and was then centrifuged at 2,500 X g for 30 min. The
supernatant thus obtained was centrifuged at 5,000 X g for 40 min, to sediment the cell
wall. This fraction was further washed with acetone, 20% (v/v) Triton X-100 solution
and ethanol/distilled water (2:3, v/v), successively. The residue was collected by
centrifugation at 16,950 X g, resuspended in distilled water, and the pH adjusted to 5.5
with 6 M HCI. After stirring for 60 min, the suspension was centrifuged at 16,950 X g to
obtained crude cell walls. The walls were then incubated with 0.25 g protease (Sigma) at

room temperature for 24 h in veronal/HCI buffer pH 9.5 (0.1 M veronal sodium solution

118



was adjusted to pH 9.5 with 1 M HCI). The walls were sedimented at 16,950 X g,
washed with distilled water and 1,2-dichloroethane/ethanol (1:2,v/v), and finally freeze-
dried in a Dynavac freeze-dryer unit for 16 h. This material was disrupted using a sterile

pessel and mortal and designated as Coryne-CWS.
2.4.2.2 Use of internal standard

Lignoceric acid methyl ester (LAME) CysHs00», was added at 2 mg/ml into each sample
before extraction of mycolic acids. The peak corresponding to the internal standard in
gas chromatography (GC) chromatograms appeared between-the last peak of the fatty
acids and the earliest peak of the mycolic acids, and did not interfere with the
interpretation of data for both fatty and mycolic acid analyses. Three other chemicals
(nonacosanoic acid methyl ester, C3oHgoO», tricontanoic acid methyl ester, C3; Hg, Oo,
hentriacontanoic acid methyl ester, C3;) were also tested as internal standard. As reported
by Jang (1997), peaks of these compounds appeared between the peaks of either fatty
acids or peaks of mycolic acids in the GC chromatogram, but were closer to the peaks
corresponding to mycolic acids than seen for LAME (data not shown). For this reason
lignoceric acid methyl ester was normally added as internal standard to each sample prior
to extraction and all analysis standardised using the area obtained following extraction

and derivatisation of LAME.

2423 Extraction of long-chained lipid components from whole cells and cell

wall preparations

Cells and Coryne-CWS were subjected to acid methanolysis as described by Jang (1997).
This procedure was described previously by Minnikin et al. (1980), modified by Pierotti
(1987) and finally modified by Jang (1997). Cells (100-250 mg, wet weight, depending
on the medium) were harvested at stationary phase by centrifugation (2,000 X g, 4°C, 10
min); the cells were stored at —20°C until analysis. Stored cells were lyophilised using a
Dynavac freeze-dryer for 16 h. Dried samples of cells were weighed and about 50 mg of

Wwhole cells and 200 mg of Coryne-CWS samples were transferred into 5 ml glass tubes
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(Wheaton). Since results reported by Jang (1997) showed that both FAME and MAME
appeared in GC chromatograms and the internal standard (LAME) also appeared between
FAME and MAME peaks (which enable comparison between the amount of FAMEs and
MAMEs from the cells) 2 mg/ml of internal standard (LAME) was added into each

sample prior to extraction.

Dried cells, cell walls and internal standard were subjected to acid methanolysis as
previously described by Minnikin ef al. (1980). Samples were vortexed after the addition
of 3 ml of methanol:toluene:H,SO, (30:15:1, vol/vol/vol) then incubated at 80°C for 16 h
in sealed tubes to disrupt the cell wall structure for methanolysis. The reaction mixture
was cooled to room temperature and liberated mycolic acid methyl esters (MAMEs) and
fatty acid methyl esters (FAMEs) were extracted using petroleum ether (b.p. 60-80°C, 2
ml). After vortexing for 30 sec, the emulsion was allowed to separate for 10 min, then
the top layer (petroleum ether) was collected with a Pasteur pipette and neutralised by
pipetting directly onto a 1 cm column of ammonium hydrogen carbonate (BDH)
(prepared dry in a Pasteur pipette with a cotton wool and pre-washed with diethyl ether
[BDH]). This procedure was repeated twice by adding two aliquots of 2 ml of petroleum
ether and proceeding as described above. The eluent were combined into 5 ml glass
tubes and concentrated under a stream of nitrogen and stored at —20 °C. In his PhD
thesis, Jang (1997) had shown that the inclusion of a TLC step to separate MAMES and
FAMES was not necessary when analysing TMS derivatives and this gave better
quantification of MAMES and FAMES, this step was also omitted here before GC
analysis. The control was 100 pl (2 mg/ml) of LAME, which was derivatised and
extracted as above. The area of LAME in each sample was compared to that of the
control and extraction yields of each sample obtained, peaks were identified by
comparison with the retention time and peak area of the internal standards (Sigma 189-6,

189-17) for FAMES.
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24.2.4 Derivatising and analysis of trimethylsilyl (TMS) derivatives of
MAMEs and FAMEs

Purified MAMEs and FAMEs were derivatised to trimethylsilyl (TMS) ethers by
dissolving in 400 1 of trimethylsilylimidazole (Tri-sil Z, pierce) at 60°C for 20 min. The
TMS derivatives of MAMEs were analysed by GC using a flame ionisation detector
(FID) or by GC-MS. The conversion of the MAMEs to TMS ethers protects the
molecules from pyrolysis and makes them amenable to conventional GC at high

temperatures (Yano et al., 1972).

24.2.5 Gas chromatography (GC)-flame ionization detection of TMS ethers
of MAMEs and FAMEs

The TMS ethers of MAMEs and FAMEs were analysed by GC using a Varian Star 3400
CX gas chromatograph fitted with FID. One pl of the solution was injected onto a 25 m
non-polar BPX5 (0.22 mm i.d.; 0.33 mm o.d., fused silica, SGE, Scientific Pty, Ltd,
Australia) with split ratio set at 85:1. The oven temperature program was set at 150°C
isothermally for one min, increased by 5°C/min to 165°C, then increased to 185°C at 0.3
°C/min. The column temperature was increased to 260°C by 6°C/min, increased by 2
°C/min to 320°C and held at 320°C for 6 min and 50 sec before analysis of the next
sample. The injection temperature and the detector temperature were 300°C. Nitrogen
gas was used as carrier gas (0.9 ml/min). Injection of samples was carried out by an
autosampler (Varien 8200) (needle was washed by nitrogen between injections). The
identity of individual TMS ethers of FAMEs was established by comparison of the
retention time with those of standard TMS ethers of FAMEs (Sigma) containing known
amounts of saturated and unsaturated FAMEs (C-Cz, Sigma). The relative peak
proportions of TMS ethers of FAMEs were determined by comparing peak area. All
analyses were standardised using the area obtained for the Cys internal standards, which

was added prior to extraction and derivatisation
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Chapter 3

Analysis of the mycolic acid and fatty acid composition of the cell wall of

C. glutamicum and comparison between parents and mutant strains

3.1 INTRODUCTION

Previous studies have shown that transformation efficiency in corynebacteria remained
low even with homologously derived DNA, implying that the cell wall structure of this
species could be one of the key parameters in DNA transformation in addition to
restriction and modification barriers (Jang et al., 1997). Several workers had shown that
growth in the presence of agents which, presumably, modified cell surface structures of
coryneform bacteria (penicillin G, glycine, INH, Tween 80) (Haynes and Britz, 1989,
1990; Katsumata et al., 1984; Noh et al; Yoshihama er al., 1985) improved
transformation of plasmid DNA into these bacterial species. Since INH and glycine are
known to alter the mycolic acid composition in mycobacteria and the peptidoglycan
structure of the Gram positive cell wall respectively, these chemicals were selected for
addition into the growth medium to study the impact of these chemicals on cellular

mycolic acid composition and growth rates (Jang et al., 1997).

Prior growth of strain AS019, a rifampicin-resistant derivative of C. glutamicum ATCC
13059, in either glycine or INH (at high concentrations) or combinations of these had
been shown to increase electroporation frequencies significantly (Haynes and Britz, 1989;
1990). Furthermore, a series of auxotrophic mutants of strain ATCC 13059 had been
isolated which protoplasted more readily: two of these mutants, strains MLB133 and
MLB194, were studied in the present work. Because of the observed morphological
changes seen for MLB133 and MLB194, they were thought to be cell-surface structure
mutants (Best and Britz, 1986; Pierotti, 1987). Two species of Brevibacterium, B.
lactofermentum strain BL1 and B. flavum BF4, were also included in the study to enable
comparisons between different sources of C. glutamicum, noting that it has been

proposed to consider them as one C. glutamicum species (Liebl et al., 1991).
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As indicated above, when glycine and INH were added to LBG cultures of AS019,
MLB133 or MLB194, Jang er al. (1997) showed that several changes in lipid
composition occurred: both mutant strains MLB133 and MLB194 contained decreased
proportions of Csp relative to their parent, there was an increase in the proportion of
extracellular mycolic acids, the relative percentage of fatty acids to the total lipids also

decreased, and the cell wall became thinner (Jang, 1997; Jang and Britz, 2000).

The goal of the research described in this chapter was to obtain an understanding of how
growth in the presence of cell wall modifiers (glycine and INH) affected cell wall
composition of C.  glutamicum. Previous studies had noted that the fatty acid
composition of C. glutamicum ASO19 altered when grown in different media but this
was not studied in detail. Furthermore, these studies did not differentiate between cell
wall and total cellular lipids as analysis was performed on whole cells. So that it was not

clear whether fatty acid or mycolic acid synthesis had been altered by glycine and INH.

A method to prepare cell walls of mycobacteria had been described, where this involved
differential centrifugation to prepare cell wall fractions free of cell membranes.
Therefore a major aim of this chapter was to try this method with C. glutamicum and
obtain some structural analysis of fatty acid composition of the cell wall. An important
feature of this method when used with mycobacteria was tracking the protein profile of
both the cell wall and cell membrane. NADH oxidase is a cell membrane protein which
should be enriched in cell membrane or whole cell fractions but not in the cell wall
(Nikaido er al., 1994 ). This assay was therefore used to determine the success of the
fractionation procedure in C. glutamicum. Cell wall fractions were also washed with
several detergent solutions and finally digested with proteinase to solubilize the cell

membrane so that only cell wall bound lipids would remain for analysis.

Knowing that the cell wall fatty acids had changed would have been useful in preparing
models of how the mutants have changed. Our preliminary experiments included
determining the minimal inhibitory concentrations of INH and ETH, a structural analogue

of INH, for C. glutamicum strains and Brevibacterium species. This was undertaken to
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validate the phenotypes of the strains under study using solid media (noting that the
previous MICs were determined in LBG) and to test whether the previously observed

differences in INH sensitivity were also seen for ETH.

3.2 DETERMINATION OF MICs FOR INH AND ETH for C.
GLUTAMICUM AND RELATED SPECIES

MICs were determined by using a multi-prong replicator to transfer small drops of
overnight cultures of all isolates onto NA plates containing INH at concentrations of 0 to
18 mg/ml at increments of 1mg INH/ml. Cultures were used either undiluted (“heavy
inocula”) or diluted up to 10% in 0.1% tryptone water (“light inocula”) to determine the
MICs for whole cultures and single cells. Tests were performed in duplicate. Examples

of the tests were photographed and these are shown in Figures 3.1A and 3.1B.

Plates were observed after 24 to 48 h incubation at 30°C and growth was arbitrarily
scored and recorded (Table 3.1): MICs were defined as the lowest concentration of INH
which first significantly decreased growth of single colonies (light inocula). The

following observations were made:

The parent strain of C. glutamicum, AS019, had the highest MICs for INH among all

of the strains tested;

* The two mutants strains MLB133 and MLB194 both had lower INH MICs relative to
the ASO19, confirming their known phenotype;

* cspl disrupted mutant of C. glutamicum (strain RES467) also showed lower MIC,
and in this respect was more like MLB133 and MLB194;

* The RM4 (restriction deficient mutant) showed more sensitivity to INH relative to
AS019;

* other C. glutamicum strains, CG2 and ATCC 13032, were more like MLB133 and

MLB194, in that they had lower MICs then AS019;
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o BLI1 showed the highest sensitivity to INH, however, BF4 showed less sensitivity to
INH and the MICs determined were more similar to AS019;

o The above results were consistent both with previously recorded tests in liquid media
and with the observed ease of protoplasting and transformation seen for these strains

(Jang and Britz 2001).

MICs for ETH were determined similarly using NA plates which contained ETH at
concentrations of 0.1 to 10 mg/ml. The amount of drug increased at a concentration of
0.2 mg/ml up to 1mg/ml and then at increments of 1 mg/ml to 10mg/ml. Examples of
some of the tests were photographed and these are shown in Figure 3.2. MICs were
defined as the lowest concentration of the ETH that first significantly inhibited the
growth of light inocula of the C. glutamicum strains tested. MICs varied from strain to

strain and important observations are summarised below.

For all of the strains tested, growth in the presence of ETH was inhibited at lower
concentrations than seen for INH. MICs were therefore repeated using plates prepared
with concentrations at smaller increments and over a lower concentration range: data for
several strains is summarised in Table 3.2. In contrast to the data seen for INH, MICs for
all of the strains were similar. This meant that the differential sensitivity seen when using
INH could not be detected when using ETH, which was reported as a more potent drug
when tested using mycobacteria.

* ASO019 had the highest MICs for ETH of the strains tested, followed by BF4;

* MLB194 and MLB 133 both had slightly lower ETH MICs relative to AS019;
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Figure 3.1A Photograph of the MICs plates for AS019, MLB194, MLB133, where a
multi-prong replicator was used to transfer small drops of overnight culture and dilutions
onto INH-containing NA plates. These plates have increased INH concentration from 0
to 17 mg/ml and were photographed after 24 h at 30°C. Bacterial isolates were as follows
(identical on each plate).

Row 1-2 Strain AS019 undiluted then diluted 107 to 10°

Row 3 Strain MLB 194 undiluted then diluted 10™ to 10

Row4-5  Strain MLB133 undiluted then diluted 107 to 10

Photograph 1, 2, 3, Top rows of plates contained 0, 1, 2; 6, 7,8; 12, 13, 14 mg/ml INH
Photograph 1, 2, 3, 2nd row of plates contained 3, 4, 5; 9, 10, 11; 15, 16, 17 mg/ml INH
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Figure 3.1B Photograph of MICs plates for AS019, BL1 and BF4, where a multiprong
replicator was used to transfer small drops of overnight culture onto INH containing NA
plates. The plates have increasing INH concentrations from 0 to 17 mg/ml. Bacterial
strains used were as follows (identical on each plate). From left to right;

Row1-2  Strain AS019, undiluted, then diluted 10 to 10”

Row 3, Strain BL1 undiluted then dilution 102 to 10

Row4-5  Strain BF4 undiluted then dilution 107 to 10°.

Photograph 1, 2, 3, Top rows of plates contained 0, 1, 2; 6, 7,8; 12, 13, 14 mg/ml INH
Photograph 1, 2, 3, 2nd row of plates contained 3, 4, 5; 9, 10, 11; 15, 16, 17 mg/m] INH
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Figure 3.2 Photograph of ETH MICs plates for several C. glutamicum strains where a
multi-prong replicator was used to transfer small drops of overnight culture onto ETH-
containing plates. The plates have increasing ETH concentrations (from 0 to 4 mg/ml).
Bacterial strains used were as follows (identical on each plate). From left to right:

Row 1,2 Strain AS019 undiluted then diluted 102 to 107

Row 3 Strain MLB 194 undiluted then diluted to 1072 to 10
Row4 Strain MLB133 undiluted then diluted 10 to 107
Row 5 Strain BL1 undiluted then diluted 102 to 107

Row 6-7 Strain BF4 undiluted then diluted 10 to 10”
Photograph 1, Top rows of plates contained 0, 0.4, 0.8

Bottom rows of plates contained 1, 2, 3 mg/ml of ETH

Photograph 2 contained 4 and 5 mg/m! ETH respectively.
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e BL1 was the most sensitive strain, which was consistent with its relative sensitivity to

INH.

3.3 EVALUATION OF THE METHODS TO PREPARE CELL
WALL FRACTIONS OF C. GLUTAMICUM.

Results reported by Jang et al. (1997) had concentrated on the effects of INH and glycine
on the mycolic acid composition and location (cellular and extracellular) for two families
of C. glutamicum strain, ATCC 13059 and ATCC 13032, and their mutants. However,
these studies could not differentiate between changes in the lipids at the cell wall in
relationship to changes in whole cellular lipids as no sub-cellular fractionation was
attempted. Changes in the mutants obtained from ATCC13059 could have occurred at

different parts of the mycolic acid biosynthesis pathways:

(a) Biosynthesis of the fatty acids, destined for incorporation into both mycolic acids and
membrane lipid structures;

(b) Assembly of the fatty acids into mycolic acids;

(c) Attachment of the mycolic acids to arabinogalactan at the cell surface, noting that
extracellular mycolic acids increased for the mutants and after growth in glycine/INH;

(d) Cross-linking between mycolic acids;

(e) Other interactions between free and bound mycolic acids and free fatty acids at the

cell surface.

Consequently, obtaining further information on the composition of the cell wall, in
relation to analysis of whole cells, may h