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CHAPTER 1 
 

Introduction 
 

1.1 The Prokariotae 

 

The Prokariotae consist of two big domains, the Archaea and the Eubacteria. The last can be 

divided in three big categories, Gram-negative, Gram-positive and the cell-wall-lacking 

mycoplasmas (Holt et al., 1994). The first two have in common, that above the cytoplasmic 

membrane exists a more or less complex cell wall that allows them to be classified by the 

Gram-staining technique, developed by Hans Christian Gram 1884. 

 

1.2 The bacterial cell wall 

 

1.2.1 The cytoplasmic membrane 

 

The cytoplasmic membrane is a selectively permeable membrane that determines the uptake 

and release of substances (Brock et al., 2002). Nutrients must pass and waste has to leave the 

cell across this membrane. Water, dissolved gases such as carbon dioxide and oxygen and 

lipid-soluble molecules simply diffuse across the phospholipid bilayer. Water-soluble ions 

generally pass through small pores with a diameter less than 0.8 nm in the membrane. All 

other molecules require either carrier or porins - specific or general - to transport them across 

the membrane. Mechanisms by which materials move across the cytoplasmic membrane 

include simple diffusion, catalysed diffusion, osmosis, and transport of substances across the 

membrane by transport proteins. 

The periplasmic space exists in between the cytoplasmic membrane and the peptidoglycan 

layer. It is thin, sometimes not existent in Gram-positive bacteria and quite large in Gram-
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negatives. It contains hydrolytic enzymes required for metabolism of large substrates and 

binding proteins for nutrient processing and uptake. Proteins that destroy potentially 

dangerous foreign substances are also present in this space. In a matter of fact, it is an 

important reaction site for many substances that enter and leave cell. 

 

1.2.2 Peptidoglycan (Murein) 

 

Eubacteria, unlike the Archaea and the Eukarya, contain peptidoglycan. Peptidoglycan is a 

single bag-shaped, highly cross-linked macromolecule that surrounds the bacterial cell 

membrane, provides rigidity and protects bacteria from osmotic pressure (Schleifer & 

Kandler, 1972; Benz, 1994). 

 

Peptidoglycan has a glycan (polysaccharide) backbone consisting of N-acetylmuramic acid 

and N-acetylglucosamine with peptide side chains containing D- and L-amino acids and in 

some instances diaminopimelic acid (Brock et al., 2002; Alberts et al., 2002) (see Figure 1). 

The side chains are cross-linked by peptide bridges that are variable in structure among the 

bacterial species. While the cross-linking in Gram-positive is mediated by pentaglycine 

bridges, in Gram-negative the cross-linking is less frequent and between the meso-

diaminopimelic and the D-alanine of the side chain peptide itself. 

In Gram-positive cells the peptidoglycan is very thick, the percentage of the cellweight is 50 

% and 90 % of the total cell wall. In comparison to the Gram-negative bacteria, it contains big 

variations in structure and composition (Schlegel, 1993). It is shown in electron micrographs 

that the peptidoglycan is about 20-80 nm thick. It is free permeable to most antibiotics. 

The remainder of the cell wall consists of acidic polysaccharides. These polysaccharides, the 

teichoic acids, are repeating units of glycerol or ribitol joined by phosphodiester linkages. 

They are located throughout the wall. The mechanically strong cell wall of Gram-positive 

bacteria is hydrophilic as well as negatively charged, due to the presence of the teichoic acids 

(Brock et al., 2002). It is believed that it does not form a permeability barrier for hydrophilic 

solutes up to a molecular mass of 100 kDa on the surface of Gram-positive bacteria, because 

it is rather porous (Nikaido, 1994). 

The peptidoglycan in Gram-negative bacteria is only intermittently cross-linked and much 

thinner, the percentage of the cell wall is only about 15-20 %. It can be 10-20 nm thick and 

contains a middle layer of lipoprotein. It is selectively permeable to antibiotics. The backbone 
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of the peptidoglycan can be cleaved by lysozyme that is present in animal serum, tissue, 

secretions, and in the phagocytic lysosome (Imoto et al., 1972; Prager et al., 1974). Lysozyme 

cleaves specifically the β-1,4-glycosidic bonds between N-acetylmuramic acid and N-

acetylglucosamine. 

 

 

 

Figure 1. Peptidoglycan structure of a Gram-negative bacterium. 

 

1.2.3 The outer membrane 

 

The major difference between Gram-positive and Gram-negative bacteria, regarding the cell 

wall, is the restricted diffusion of hydrophilic solutes across the membrane. This is the result 

of a second permeability barrier besides the cytoplasmic membrane, the outer membrane of 

Gram-negative bacteria (Glauert & Thornley, 1969; Nikaido & Vaara, 1985) (see Figure 2B). 

It contains phospholipids, mostly phosphatidylethanolamine in its inner leaflet, whereas the 

outer leaflet is composed of lipopolysaccharides (LPS) (Kamio & Nikaido, 1976; Benz, 

1994). LPS is a lipid-like amphiphilic molecule composed of lipid A, a diglucosamine 

phosphate dimer, linked to 5 or 6 fatty acids (also known as endotoxin (Galanos et al., 1977)). 

Oligosaccharides and a variable number of repeated tri- to pentasaccharide units called O-

antigen are attached to the endotoxin. In the case of the enteric opportunist pathogen Serratia 

marcescens it is a virulence factor that contributes to the adherence of the bacterium (Palomar 

et al., 1995). Lipopolysaccharides carry net negative charges resulting in a strong negatively 

charged cell surface (Galanos et al., 1977). 
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LPS is important for the function of most outer membrane proteins and it plays a special role 

in assembly and maintenance of the outer membrane as a permeability barrier for hydrophobic 

antibiotics, bile salts, detergents, proteases, lipases, and lysozyme (Benz & Bauer, 1988; 

Vaara et al., 1990; Plesiat & Nikaido, 1992). They interact with the LPS via hydrophobic 

interactions and by noncovalent cross-bridging of adjacent LPS molecules with divalent 

cations in such a way, that a tight network is produced. In some bacteria it has been seen, that 

LPS is the receptor for molecules such as phages (Montilla et al., 1991). 

 

LPS contains tightly packed saturated fatty acids, decreasing the mobility of the chains and 

the fluidity of the lipid interior (Cullis & Hope, 1985). For the permeation of small 

hydrophilic molecules, the outer membrane contains channel forming proteins, called porins, 

that form non-specific diffusion channels within the membrane (Nikaido & Vaara, 1985; 

Hancock, 1987; Benz & Bauer, 1988). But it may also contain solute specific channels that 

are specific for one class of solutes such as the carbohydrate-specific channels LamB and 

ScrY of enteric bacteria (Luckey & Nikaido, 1980; Benz et al., 1986; Schmid et al., 1991; 

Schülein et al., 1991). Because of the special surface structure and the tight packing of the 

LPS, hydrophobic molecules are poorly permeable through the outer membrane. Their 

permeability is about 1 to 2 % of that of typical glycerophospholipid bilayers (Vaara et al., 

1990; Plesiat & Nikaido, 1992). In addition, the LPS is considered as a virulence factor in 

adhesion processes, in activation of the inflammatory response and in appearance of 

resistance against a bactericidal serum (Tomas et al., 1986). 

In Figure 2 the schematic representation of the structures of the cell wall envelope from 

Gram-negative and Gram-positive bacteria are described. 
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A            B        

 
Figure 2. Schematic representation from cell wall structures of (A) Gram-positive and (B) Gram-negative 

bacteria. Notice the difference in thickness of the peptidoglycan layer and the additional outer membrane layer of 

Gram-negative bacteria. 

 

1.3 The Actinomycetales  

 

The Gram-positive bacteria can be divided in two major branches, the high G+C content (> 50 

%) actinomycetes and the low G+C content (< 50 %) Clostridium, Bacillus and Streptococcus 

strains (Fox et al., 1980; Woese, 1987; Stackebrand et al., 1997; ). The actinomycetes 

comprise a number of major separate lineages (Woese et al., 2000). Despite they stain as 

Gram-positive, they share the property of an outer barrier with Gram-negative, formed by 

their envelope, that is distinct from the plasma membrane. There is a large interest in 

biotechnology for the actinomycetes. The genus Streptomyces is a potent producer of the 

antibiotic streptomycin that inhibits translation initiation causing misreading of mRNA in 

protein synthesis (Zierhut et al., 1979). It belongs to the suborder Streptomycineae and it 

produces also other secondary metabolites, for instance, the sesquiterpene soil odour geosmin, 

which confers the typical musty or earthy smell to the soil, but it also causes a health problem 

in drinking water (Wood et al., 1983). In the suborder Corynebacterineae you can find 

pathogens which are responsible for deseases like tuberculosis, leprosy or diphtheria. 

Contrariwise, other organisms are the main producers of amino acids e.g. glutamate or lysine. 
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Figure 3. Members of the Actinomycetales. The interest of this work was focused on the red labelled suborder 

and family, respectively. 

 

One part of the actinomycetes of particular interest is called mycolata. This is a broad and 

diverse group of mycolic-acid containing actinomycetes and encloses the genera 

Rhodococcus, Gordona, Tsukamurella, Dietzia, Mycobacterium, Nocardia and a part of 

Corynebacterium. 

The relationship between these genera is further characterized by the chemical analysis of the 

cell wall and lipid structures (Minnikin et al., 1978; Daffé & Drapper, 1998; Minnikin & 

Goodfellow, 1980; Minnikin et al., 1984; Sutcliffe, 1997; Puech et al., 2001). All the 

mycolata have in common that they have similar peptidoglycan structure, designated Alaγ (D-

Ala in position γ of the tetrapeptide) by the nomenclature of Schleifer and Kandler (1972). 

This is formed by a thick meso-diaminopimelic acid-containing peptidoglycan covalently 

linked to arabinogalactan, which in turn is esterified by long-chain α-alkyl, β-hydroxy fatty 

acids. In all currently proposed models (Minnikin, 1982; Rastogi, 1991; Liu et al., 1995) the 

outer membrane permeability barrier of mycobacteria consists of a monolayer of mycolil 

residues covalently linked to the arabinogalactan and peptidoglycan complex (MAPc) (Crick 

et al., 2001) and a polysaccharide-rich capsule-like material. 
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The arabinogalactan strands are coiled and perpendicular to the plane of the plasma 

membrane (Liu et al., 1999, Nikaido et al., 1993). In recent publications it has been indicated 

that not only the arabinogalactan, but also the peptidoglycan are perpendicular orientated to 

the plasma membrane (Dmitriev et al. 1999; 2000). This orientation is contradictory with the 

classical ones, where the arabinogalactan and the peptidoglycan layer are parallel to the 

plasma membrane (Ghuysen, 1968; McNeil & Brennan, 1991). 

A summary of the structures and other taxonomically relevant features of some coryneform 

actinomycetes are listed in Table 1. 

 

 

Genus 

Peptidoglycan 

Type           Muramic acid 

                    group 

DNA 

% G+C 

Mycolic Acids 

carbon            double 

atoms              bonds 

Corynebacterium Alaγ                   acetyl 51-69 22-38                 0-2 

Mycobacterium Alaγ                glycolyl 62-70 60-90                 1-2 

Nocardia Alaγ                glycolyl 64-69 46-60                 0-3 

 

Table 1. Summary of chemical analysis of some coryneform Actinomycetes. Taken from Schleifer and Kandler 

(1972); Uchida and Aida (1979); Goodfellow and Cross (1983) and Collins et al., (1981). 

 

The peptidoglycan is arranged parallel and the AG perpendicular to the cytoplasmic 

membrane, described by Liu et al. (1999). In the case of Corynebacterium the bacterial 

typical groups of N-acetylglucosamine and N-acetylmuramic are conserved but in 

Mycobacterium, the N-acetyl functions of the muramic acid of bacterial peptidoglycan are 

further oxidized to N-glycolyl functions (see Table 1). Another unique feature from mycolata 

is, that the muramic acid residues are modified by the tetrapeptide L-alanyl-D-isoglutaminyl-

meso-diaminopimelyl-D-alanine side chains (Schleifer & Kandler, 1972; Eggeling & Sahm, 

2001) and the cross-linking can occur in between two meso-diaminopimelic acids (DAP) as 

well as between DAP and D-alanine residues (Wietzerbin et al., 1974). 
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Figure 4. Schematic representation of the cell wall components from Corynebacterineae. 

 

1.4 The genus Corynebacterium 

 

In the end of the 19th century the genus Corynebacterium, consisting of Gram-positive, 

asporogeneous, pleomorphic bacteria, was first introduced to accommodate the type strain, 

Corynebacterium diphteriae (Lehmann & Neumann, 1896). The morphology of these 

microorganisms can fluctuate between rod and cocci forms depending on growth conditions, 

but generally it is club shaped and therefore its name derived from the Greek “coryne”. In the 

process of cell division, Corynebacterium adopt a “V” shaped structure which undergoes a 

characteristic snapping movement (probably due to their attachment by part of the cell wall 

layers) during fission of the two daughter cells. 
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Figure 5. “V” shaped structure of Corynebacterium efficiens, taken and 

modified with courtesy of Ajinomoto CO., INC. 

 

 

The genus was first described by Collins and Cummins (1986) as facultatively aerobic 

coryneform bacteria which contain meso-diaminopimelate, arabinose and galactose in the cell 

wall, a DNA base composition in the range of 51-63 % G+C content, and C22-C36 

corynomycolic acids. Corynebacterium can be differentiated from other coryneform taxa 

based on the following criteria: 

• major peptidoglycan diamino acid 

• peptidoglycan type 

• N-glycolyl glycan moiety of the cell wall 

• mol % of G+C 

• presence of mycolic acids, fatty acid type 

• major menaquinone isoprenologue(s) 

• phosphatidylinositol and phosphatidylinositol mannoside(s). 

 

Most of the members of Corynebacterium genus require one or more vitamins, amino acids, 

purines and pyrimidines. The range of temperature for the growth of most corynebacteria is 

between 30-37 °C with the exception of C. efficiens (Fudou et al., 2002) which can grow at 45 

°C. This feature is beneficial from an economic point of view, since fermentation using this 

bacterium reduce the need for a cooling system in industrial fermenters, decreasing the cost of 

production for L-glutamic acid. C. glutamicum is together with C. callunae and C. efficiens a 

potent producer of glutamate, lysine and other amino acids on industrial scale (see below). 

In consequence of the application of modern taxonomic methods, it has been seen that species 

previously classified in other genera, like Arthrobacter, Brevibacterium, and Microbacterium 

are true Corynebacterineae. These include the glutamic acid producing bacteria B. 
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ammoniagenes, B. divaricatum, B. flavum and B. lactofermentatum all of them have been 

suggested to be synonyms for C. glutamicum (Goodfellow & Cross, 1983). 

The cell wall organisation and structures have been described in the general properties of the 

Actinomycetes (see 1.3). Macromolecular components of the cell wall in Corynebacterineae 

appear to be arabinogalactan, peptidoglycan, lipomannan, and lipoarabinomannan. Their 

structure is only partially known because after extraction with organic solvents, the cell wall 

skeleton of C. glutamicum remains consisting of covalently linked arabinogalactan and 

peptidoglycan (Keddie et al., 1977). 

The two major mycolic acid types present in C. glutamicum are 32:0 3OH and 34:1 3OH 

(Collins et al., 1981). This nomenclature gives the total number of carbon atoms with the 

degree of saturation and the fixed localization of the hydroxyl group in these special fatty 

acids. Mycolic acids are branched fatty acids with the general structure R1-CH(OH)-CH(R2)-

COOH, with both, R1 and R2, representing alkyl chains. It is not known which of the 

structures of the 34:1 3OH mycolic acid is present or where the double bond is localized. 

There are traces of further species, but mycolic acids in C. glutamicum have a comparatively 

simple structure. Their total carbon number is in the range of 22-38 (see Table 1). 

 

 

 

 

 

 

 

 

 

 Figure 6. The general mycolic-acid structure. 

 

In an electron transmission micrograph from C. glutamicum, the cell wall has a thickness of 

about 32 nm (Eggeling & Sahm, 2001; Puech et al., 2001; Marienfeld et al., 1997). The 

peptidoglycan layer gives values in between 15-18 nm depending on the way of preparing the 

sample, freeze-substitution or conventional fixation (Marienfeld et al., 1997). Plasma 

membrane and peptidoglycan are followed by an electron-translucent region of 8.5 nm 

corresponding to a nonstainable outer layer, which could correspond to the mycolic acids 

esterified with the arabinogalactan together with non-covalently bound mycolic acid 

derivates. 



CHAPTER 1 – Introduction 
 

 23 

Two findings indicate that the soluble mycolic acids also belong to this layer. First, the 

mycolic acids of C. glutamicum are only about 2 nm in length, second, in C. glutamicum only 

1/10 of the covalently bound mycolic acids of M. tuberculosis are present (Puech et al., 

2001). Together with the electron microscopy picture (see Figure 7), this leads to the 

assumption that large quantities of soluble lipids, such as trehalose dimycolate and trehalose 

monomycolate, are also localized in the outer lipid layer. Figure 7 reveals an ultrastructural 

cell wall envelope appearance similar to that found in mycobacteria (Daffé & Draper, 1998; 

Draper, 1982; Paul & Beveridge, 1992; Rastogi et al., 1986). However, in contrast to 

mycobacteria, where a space is observed between the plasma membrane and the electron-

dense layer corresponding to a hypothetical periplasmic space (Daffé & Draper, 1998), the 

plasma membrane is tightly associated to the electron-dense layer in thin sections of 

corynebacteria (Puech et al., 2001), corresponding to the previous report from Marienfeld et 

al. (1997). 

 

 

 

 

 

 

Figure 7. Electron microscopy picture from an 

ultrathin section of C. glutamicum prepared by 

conventional embedding. OL, outer layer; ETL, 

electron-transparent layer; EDL, electron-dense 

layer; PM, plasma membrane. Bar, 200nm. 

Taken and modified from Puech et al., 2001. 

 

When grown on solid media, this region is followed by an outer layer, called surface layer (S-

layer) containing PS2, an S-layer protein (Chami et al., 1997). The S-layer of many bacteria 

consists of a single (glyco)protein species that is assembled into a two-dimensional crystalline 

array enveloping the cell (Sleytr et al., 1996). The gene encoding the PS2 protein (cspB) has 

been characterized in C. glutamicum (Peyret et al., 1993). Furthermore, the formation of the 

surface layer proteins is dependent on culture conditions (Chami et al., 1995) and carbon 

sources (Soual-Hoebeke et al., 1999). Chami et al. (1995) showed that if C. glutamicum was 

grown on solid medium (34 mg PS2 protein/ (g bacterial dry weight)), the surface of cells was 

totally covered with a highly ordered, hexagonal surface layer, whereas if it was grown in 
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liquid medium (16 mg protein/ (g bacterial dry weight)) the cell and fracture surfaces were 

only partially covered by ordered arrays. This partial covering was correlated with less PS2 

associated with the cell wall. This suggests that PS2 production depends on the physiological 

and metabolic state of the cell. 

 

1.5 Porins in Corynebacterineae 

 

Corynebacterineae feature a particular low permeable cell envelope. For Mycobacterium 

chelonae it has been demonstrated that the permeability of hydrophilic solutes is slightly 

lower than that of Pseudomonas aeruginosa and E. coli (Jarlier & Nikaido, 1990; Trias & 

Benz, 1994). As a result mycobacterial species are only susceptible to a few antibiotics. 

The transport of ions, small solutes and macromolecules is an essential function of the 

bacterial cell wall. In the plasma membrane of C. glutamicum, which is the most important 

glutamate producer, there are several amino acid transporters (Eggeling & Sahm, 2001). 

Beyond the plasma membrane, the amino acids have to cross the hydrophobic barrier and they 

may cross the cell envelope through the hydrophilic pathway, formed by porins. In several 

bacteria belonging to the Corynebacterineae, porins were identified (Trias et al., 1992; 

Lichtinger et al., 1998; Niederweis et al., 1999, Riess et. al., 1998). Recently found porins 

from C. glutamicum are PorAC.glut (Lichtinger et al., 1998) and PorBC.glut (Costa-Riu et al., 

2003b). PorAC.glut is formed by a an oligomer of a small 45 amino acid polypeptide, the 

channel is cation-selective with a conductance of about 5.5 nS in 1 M KCl. PorBC.glut is a 99 

amino acid long protein and forms anion-selective channels with a single-channel 

conductance of about 700 pS in 1 M KCl. The channel can be blocked by citrate, probably 

because of positively charged groups in or near the channel mouth that cause the anion 

selectivity. 

MspA, found in Mycobacterium smegmatis (Niederweis et al., 1999), is the best characterised 

and analysed outer membrane protein of Corynebacterineae. It is thought that porins 

influence the drug efficiency, because the three important drugs isoniazide, ethambutol, and 

pyrazinamide can easily permeate through the MspA channel (Lambert, 2002). A general 

cylindrical shape of MspA was established by electron microscopy (Engelhardt et al., 2002). 

The atomic structure of this protein shows a β-structure (Faller et al., 2004) that differs 

completely from its counterparts in Gram-negative bacteria (Weiss et al., 1990; Schulz, 
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2002). The porin represents a tightly interconnected octamer with eightfold rotation 

symmetry. It is described as a goblet consisting of a thick rim at the top, a stem consisting of 

the wide β-barrel, and a base at the bottom. 

There is no significant sequence similarity between MspA and other known porins from the 

suborder Corynebacterineae. 

 

 

 

 

 

 

 

 

 

 

Figure 8. Structure of the octameric porin MspA from M. smegmatis. Each colour corresponds to one subunit. 

(created by WebLab viewer) 

 

1.6 Amino acid production  

 

C. glutamicum and C. callunae are used for industrial production of L-glutamate, L-lysine and 

other amino acids through fermentation processes (Udaka, 1960; Gutmann et al., 1992, 

Keilhauer et al., 1993, Sahm et al., 1996, Eggeling & Sahm, 1999). In the year 2002 about 

1×106 tons of L-glutamate and 5.5×105 tons of L-lysine were produced with C. glutamicum 

and used as a flavoring agent in food and animal feed supplements (Leuchtenberger, 1996; 

Hermann, 2003). 

In addition, amino acids are important as seasonings and raw material for the synthesis of 

cosmetics, toothpaste, shampoo and detergents (Martin et al., 1987). The development of the 

amino acid industry began 1908 in Japan. Kikuanae Ikeda isolated L-glutamic acid from 

konbu, a kelp-like seaweed used for seasoning. Based on this finding, Ajinomoto Co. initiated 

the industrial production of monosodium L-glutamate by the hydrolysis of wheat gluten or 

soybean protein (Hirose et al., 1979). In the 1950’s, two groups independently isolated 
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microbial strains which accumulated considerable quantities of L-glutamic acid when cultured 

in synthetic media containing glucose and ammonia (Kinoshita et al., 1957). First 

Micrococcus glutamicus (later renamed C. glutamicum) was successfully used for the direct 

fermentative production of L-glutamic acid on industrial scale by Kyowa Hakko Kogyo Co. 

Ldt. 

Two independent factors are required for the over-production and excretion of L-glutamate 

into the medium. The first is that C. glutamicum features a very little α-ketoglutarate 

dehydrogenase activity, although glutamate dehydrogenase activity is abundant (Kinoshita & 

Tanaka, 1972). Thus the tricarboxylic intermediate, α-ketoglutarate, is predominantly 

channelled to glutamic acid. Secondly, growth of a biotin requiring C. glutamicum strain in 

growth-limiting biotin results in a permeability change that allows glutamate excretion into 

the medium. Subsequent experiments demonstrated that the glutamate excretion could be 

induced by a number of treatments that all affect the phospholipid content of the membrane 

(Takinami et al., 1965; Demain & Birnbaum, 1968; Nunheimer et al., 1970). Although 

models suggesting a general increase in membrane permeability have been proposed, the 

increased efflux is glutamate specific and evidence for the specific efflux carrier of glutamate 

has been reported (Hoischen & Kramer 1990). Under optimal conditions this organism 

converts glucose into high yields of L-glutamic acid within a few days. Currently about 1×106 

tons of this amino acid are produced annually as flavoring agent (Leuchtenberger, 1996). In 

the past 40 years various mutants of C. glutamicum have been isolated which are also able to 

produce significant high amounts of other L-amino acids. For example, nowadays L-lysine, 

mainly used as a feed additive, is produced with mutants deregulated in the biosynthetic 

pathway on a scale of 5.5×105 tons/year (Sahm et al., 2000). While the breeding of 

overproducing strains by classical mutagenesis has been quite successful (Rowlands, 1984), 

the introduction of recombinant DNA technology to C. glutamicum has opened new ways to 

the genetic manipulation of these bacteria (Katsumata et al., 1984; Santamaria et al., 1984; 

Yoshihama et al., 1985; Sahm et al., 1995). 

The improvement of cellular activities by manipulation of enzymatic, transport, and 

regulatory functions of the cell with the application of recombinant DNA technology is called 

metabolic engineering (Bailey, 1991). Introduction of genes into microorganisms via 

recombinant DNA techniques is a most powerful method for the construction of strains with 

the desired genotypes. 
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In Figure 9, the metabolism of amino acid production is schematized in order to have a global 

view of the pathways that are used and the point where glucose metabolism from C. callunae, 

C. efficiens and C. glutamicum is channelled to L-glutamate and the other amino acids. 

 

 

 

Figure 9. Simplified view of the Tricarboxylic Acid Cycle and the production of amino acids. Lysine and 

several other amino acids are produced from aspartate, whereas glutamate, proline and arginine are derived from 

α-ketoglutarate. 

 

Beside producing amino acids, members of Corynebacterium are furthermore utilized in other 

biotechnological processes (Wohlleben et al., 1993), such as: 

• production of nucleotides (Ogata et al., 1976) 

• production of antibiotics (Suzuki et al., 1972) 

• production of surfactants (Zajic et al., 1977) 

• production of Vitamin C precursors (Anderson et al., 1985) 
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• cheese ripening (Lee et al., 1985) 

• bioconversion of steroids (Constantinides, 1980) 

• terpenoid oxidation (Yamada et al., 1985) 

• degradation of carbohydrates (Cardini & Jurtshuk, 1970). 
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CHAPTER 2 
 

PorH, a new channel-forming protein present in the 

cell wall of Corynebacterium efficiens and 

Corynebacterium callunae 

 

2.1 Summary 

 

Corynebacterium callunae and Corynebacterium efficiens are close relatives of the glutamate-

producing mycolata Corynebacterium glutamicum. Organic solvent extracts of whole 

bacterial cells were used to study the permeability properties of the cell wall of the two 

bacteria. The cell extracts contained channel-forming proteins that formed ion-permeable 

channels with a single-channel conductance of about 2 to 3 nS in 1 M KCl in the lipid bilayer 

assay. The corresponding proteins from both corynebacteria were purified to homogeneity 

and were named PorHC.call and PorHC.eff. Electrophysiological studies of the channels 

suggested that they are wide and water-filled. Channels formed by PorHC.call are cation-

selective, whereas PorHC.eff forms slightly anion selective channels. Both proteins were 

partially sequenced. Multiple sequence alignment search within the known chromosome of C. 

efficiens demonstrated, that it contained a gene that fitted to the partial amino acid sequence 

of PorHC.eff. The chromosome of C. callunae is not sequenced, but PorHC.call shows a high 

homology to PorHC.eff. PorHC.eff is coded in the bacterial chromosome by a gene that is 

localized within the vicinity of the porAC.eff gene of C. efficiens. PorHC.eff has no signal 

sequence at the N-terminus, which means that it is not exported by the Sec-secretion pathway. 

The structure of PorH in the cell wall of the Corynebacteria is discussed.

 



CHAPTER 2 – C. efficiens, C. callunae PorH 
 

 

 30 

2.2 Introduction 

 

In 2002, three glutamic-acid-producing coryneform strains, belonging to the genus 

Corynebacterium, were isolated from soil and vegetable samples. Phylogenetic studies, based 

on 16S rRNA analysis, demonstrated that the nearest relatives of these strains were 

Corynebacterium glutamicum and Corynebacterium callunae, which are known as glutamic-

acid-producing species. The most significant characteristics of the newly found strains termed 

Corynebacterium efficiens sp. nov. was the production of acid from dextrin (Fudou et al., 

2002). C. glutamicum is used for industrial production of L-glutamate, L-lysine and other 

amino acids through fermentation processes (Udaka, 1960; Gutmann et al., 1992; Keilhauer et 

al., 1993; Sahm et al., 1996; Eggeling & Sahm, 1999). The range of temperature for the 

growth of most corynebacteria is between 30-37 °C with the exception of C. efficiens (Fudou 

et al., 2002) that can grow up to 45 °C. This feature is beneficial from an economic point of 

view; the need for a cooling system in industrial fermenters is reduced using this bacterium, 

which means that the costs for the production of L-glutamic acid could be reduced. 

 

C. efficiens, C. callunae and C. glutamicum share similar cell wall composition. The cell wall 

contains in addition to the thick peptidoglycan layer a second layer consisting of covalently 

bound mycolic acids and extractable lipids (Barksdale, 1981; Goodfellow et al., 1976; 

Minnikin, 1987; Ochi, 1995). The mycolic acids are 2-branched, 3-hydroxylated fatty acids, 

variable in chain length. The cell wall of Corynebacteria contains mycolic acids with a chain 

length of about 22-38 carbon atoms, whereas other members of the mycolata contain much 

longer mycolic acids (Minnikin, 1987; Yano & Saito, 1972; Minnikin et al., 1974; Daffé et 

al., 1990; Holt et al., 1994; Brennan & Nikaido, 1995). Similar to the outer membrane of 

Gram-negative bacteria, the mycolic acid layer represents a permeability barrier (Liu et al., 

1995; 1996; Nikaido et al., 1993). To overcome this barrier, channel forming proteins, so-

called porins, are necessary to allow the passage of hydrophilic solutes. With respect to 

transport of amino acids over this barrier it is of particular importance to characterize the 

hydrophilic pathways in the cell wall of Corynebacteria. 

 

The first porin identified in the cell wall of a member of the mycolata was a 59 kDa cell wall 

protein with an average single-channel conductance of 2.7 nS in 1 M potassium chloride from 

Mycobacterium chelonae (Trias et al., 1992; Trias & Benz, 1993). For this bacterium it has 
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been demonstrated that the permeability of the cell wall for hydrophilic solutes is slightly 

lower than that of Pseudomonas aeruginosa and much lower than that of Escherichia coli 

(Jarlier & Nikaido, 1990; Trias & Benz, 1993). This could explain why members of the 

mycolata have a low susceptibility towards certain antibiotics. Since the discovery of the first 

cell wall channel, several porins have been identified and characterized in members of the 

mycolata (Riess et al., 1998; Lichtinger et al., 1998; 1999; 2000; 2001; Costa-Riu et al., 

2003b). Common to most of them is the formation of wide and water-filled pores that are 

cation-selective caused by negative point charges (Trias & Benz, 1993; 1994; Riess et al., 

1998; Lichtinger et al., 1998; 1999; 2001). 

 

PorA from C. glutamicum was the first pore-forming protein of Corynebacteria that was 

characterized. The channel is cation-selective with a single-channel conductance of about 5.5 

nS in 1 M KCl and it is formed by an oligomer of a small 45 amino acid long polypeptide that 

is coded without leader sequence (Lichtinger et al., 1998; 2001). Another porin, named PorB, 

comprising 99 amino acids was found after deleting the porA gene from the C. glutamicum 

chromosome (Costa-Riu et al., 2003a; 2003b). PorB forms in lipid-bilayer experiments anion-

selective channels with a single-channel conductance of about 700 pS in 1 M KCl. To extend 

the knowledge on channel-forming proteins of Corynebacteria we screened in this study the 

cell walls of two closely related coryneform strains C. callunae and C. efficiens for channel-

forming proteins. Two homologous cell wall channel proteins, PorHC.call and PorHC.eff were 

identified in both species. The former is highly cation-selective and PorHC.eff is slightly anion-

selective. Both are voltage-dependent and their single-channel conductance is similar in 1 M 

potassium chloride. The channel-forming proteins were purified to homogeneity and their 

biophysical properties were studied in detail. The proteins were partially sequenced. Sequence 

alignments search within the known chromosome of C. efficiens demonstrated that it 

contained a gene that fitted to the partial amino acid sequence of PorHC.eff. 
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2.3 Materials and methods 

 

2.3.1 Bacterial strains and growth conditions 

 

C. efficiens AJ 12310 (obtained from DSMZ-Deutsche Sammlung von Mikroorganismen und 

Zellkulturen) was routinely grown in BHI-medium (Brain Heart Infusion, Difco 

Laboratories), C. callunae ATCC 15991 (obtained from DSMZ) in double yeast tryptone 

(2xYT, BIO 101 Inc.) medium, both at 30 °C. 

 

2.3.2 Isolation and purification of the channel-forming proteins 

 

For the isolation of the channel-forming proteins from C. efficiens AJ 12310 and C. callunae 

ATCC 15991 a method was used that has been previously described for the isolation and 

purification of PorA
C.glut

 of C. glutamicum (Lichtinger et al., 1999). It is based on the 

extraction of whole cells with organic solvents and avoids the substantial loss of material 

caused by sucrose density centrifugation of the cell envelope to separate the cytoplasmic 

membrane from the cell wall fraction. For the extraction procedure 200 ml cells were grown 

to an OD of 10 and harvested by centrifugation (10 000 rpm for 10 min in Beckman J2-

21M/E centrifuge). The cells were washed twice in 10 mM Tris-HCl (pH 8). The washed and 

centrifuged cells were extracted two times with organic solvent, a 1:2 mixture of 

chloroform/methanol in a proportion of 1 part cells and 5 to 8 parts chloroform/methanol. The 

duration of the extraction was about 3 hours at room temperature under stirring in a closed 

tube to avoid the loss of chloroform. Cells and chloroform/methanol solution were 

centrifuged for 15 minutes (10 000 rpm in Beckman J2-21M/E centrifuge). The pellet (cells) 

was discarded. The supernatant contained the channel-forming activity. It was mixed in a ratio 

of 1 part supernatant to 9 parts ether and kept over night at -20 °C. The precipitated protein 

was dissolved in a solution containing 0.4 % LDAO (NN-dimethyldodecylamine N-oxide) and 

10 mM Tris-HCl (pH 8) and inspected for channel-forming activity. The protein was 

subjected to fast protein liquid chromatography (FPLC) across a HiTrap-Q column 

(Amersham Pharmacia Biotech, Freiburg, Germany). The column was washed first with a 
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buffer containing 0.4 % LDAO and 10 mM Tris-HCl (pH 8), then the protein was eluted with 

0.4 % LDAO in 10 mM Tris-HCl (pH 8) using a linear gradient between 0 and 1 M NaCl. 

 

2.3.3 SDS-PAGE 

 

SDS-PAGE was performed with tricine containing gels (Schägger & von Jagow, 1987). The 

gels were stained with colloidal Coomassie brilliant blue (Neuhoff et al., 1988) or silver 

(Blum et al., 1987). Before separation, the samples were all incubated for 5 minutes at 100 °C 

with loading buffer (exempt preparative SDS-PAGE). Preparative SDS-PAGE was used for 

identification and purification of the channel-forming activity from the organic solvent 

extracts of whole C. efficiens cells. 

 

2.3.4 Peptide sequencing 

 

The precipitated protein pellet resulting from the active FPLC fractions or preparative SDS-

PAGE was dissolved in 100 µl 70 % (by vol.) formic acid containing 10 % (mass/vol.) CNBr 

(Merck), and incubated in the dark at room temperature for 14 hours (Gross, 1967). After 

lyophilisation the CNBr peptides were dissolved in 20 % (by vol.) formic acid and separated 

by Reversed-phase-HPLC (SYCAM, Fürstenfeldbruck, Germany) applying a Luna C-18 

column, 150 mm x 1 mm with a flow rate of 40 µl min-1 using a 120 min gradient from 100 % 

A (0.1 % trifluoroacetic acid/water (v/v)) to 80 % B (0.1 % trifluoroacetic acid in Acetonitril). 

Collected fractions were subjected to amino acid sequence analysis on a 492 protein 

sequencer (Applied Biosystems, Darmstadt, Germany) using the conditions recommended by 

the manufacturer. The major sequences for the precipitated protein pellet of C. callunae were 

DLSLLADNLDDYSTFGKNIGTAL and IPDLLKGIIAFFENFGDLAETT, the main 

sequence for the C. efficiens protein was DLSLLKDSLSDFATLGKN. 

 

2.3.5 Lipid bilayer experiments 

 

The methods used for black lipid bilayer experiments have been described previously (Benz et 

al., 1978; Benz, 2003). The experimental set up consisted of a Teflon cell with two water-
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filled compartments connected by a small circular hole. The hole had an area of about 0.4 

mm2. Membranes were formed across the hole using a 1 % solution of diphytanoyl 

phosphatidylcholine (PC; Avanti Polar Lipids, Alabaster, Ala.) dissolved in n-decane. The 

temperature was maintained at 20 °C during all experiments. All salts were obtained from 

Merck (Darmstadt, Germany, analytical grade). They were used unbuffered. The electrical 

measurements were performed using Ag/AgCl electrodes (with salt bridges) connected in 

series to a voltage source and a home-made current-to-voltage converter made with a Burr 

Brown operational amplifier. The amplified signal was monitored on a storage oscilloscope 

(Tektronix 7633) and recorded on a strip chart or tape recorder. 

 

The zero-current membrane potentials were measured as previously described (Benz et al., 

1979). The membranes were formed in a 100 mM KCl solution containing a predetermined 

protein concentration so that the membrane conductance increased about 100- to 1,000-fold 

within 10 to 20 minutes after membrane formation. At this time the instrumentation was 

switched to the measurements of the zero-current potentials and the salt concentration on one 

side of the membrane was raised by adding small amounts of concentrated salt solutions. The 

zero-current membrane potential reached its final value between 2 to 5 minutes. 

 

2.3.6 Effect of negatively charged groups attached to the channel mouth 

 

Negative charges at the pore mouth result in substantial ionic strength-dependent surface 

potentials at the pore mouth that attract cations and repel anions. Accordingly, they influence 

both, single-channel conductance and zero-current membrane potential. A quantitative 

description of the effect of point charges on the single-channel conductance may be given by 

the following considerations. The first one is based on the Debeye-Hückel-theory describing 

the effect of point charges in an aqueous environment. The second treatment was proposed by 

Nelson & McQuarrie (1975) and describes the effect of point charges on the surface of a 

membrane and does not consider charges attached to a channel. However, this does not 

represent a serious restriction of its use and we assume here that the point charges are 

localized at the PorH channel. In case of a negative point charge, q, in an aqueous 

environment a potential Φ is created that is dependent on the distance, r, from the point 

charge: 

 



CHAPTER 2 – C. efficiens, C. callunae PorH 
 

 35 

  Φ = ⋅
⋅ ⋅ ⋅

−
q e

r

r

lD

4 0π ε ε
   (1) 

 

ε0 (= 8.85 x 10
-12

 F m-1) and ε (= 80) are the absolute dielectric constant of vacuum and the 

relative constant of water, respectively, and lD is the so called Debeye length that controls the 

decay of the positive potential (and that of the accumulated positively charged ions) in the 

aqueous phase: 
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c is the bulk aqueous salt concentration, and R, T and F (RT F-1 = 25.2 mV at 20 °C) have the 

usual meaning. The potential Φ created by a negative point charge on the surface of a 

membrane is twice that of eqn. (1) caused by the generation of an image force on the opposite 

side of the membrane (Nelson & McQuarrie, 1975; Benz et al., 1994). The concentration of 

the monovalent cations near the point charge increases because of the negative potential. 

Their concentration is in both cases (Debeye-Hückel or Nelson-McQuarie) dependent on the 

potential Φ  and given by: 
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Similarly, the anion concentration c0
_
, near the point charge decreases according to: 

 

TR

F

ecc ⋅
⋅

⋅=−
φ

0
   (4) 

 

In the following we assume that the negative point charge is attached to the channel. In such a 

case its conductance is limited by the accumulated positively charged ions and not by their 

bulk aqueous concentration. The cation concentration +
0

c  at the mouth of the pore can now be 

used for the calculation of the effective conductance-concentration curve: 
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G0 is the concentration independent conductance of the channel.  

 

2.4 Results 

 

2.4.1 Purification of PorHC.call and PorHC.eff 

 

Proteins within the organic solvent extract of whole C. callunae and C. efficiens cells were 

precipitated with ether in the cold. The precipitate was dissolved in the detergent LDAO and 

inspected for channel-forming activity using the lipid bilayer assay. The detergent solution 

had a high channel-forming activity and channels with a conductance between 2 and 6 nS in 1 

M KCl were formed under these conditions. Purification of the channel-forming proteins from 

C. callunae and C. efficiens was performed by FPLC across a HiTrap Q column. Figure 1, 

lane 2 shows the protein composition of the organic solvent extract of C. callunae that was 

applied to the column.  

 
Figure 1. 10 % Tricine-SDS-PAGE according to (Schägger & von Jagow, 

1987) of the purification procedure of PorH of C. callunae. The gel was 

stained with colloidal Coomassie. 

Lane 1: Low Molecular mass marker 16.9 kDa, 14.4 kDa, 10.2 kDa and 6.2 

kDa.  

Lane 2: 15 µl of ether precipitated extract dissolved in 0.4 % LDAO, treated 

for 10 min at 100 °C with 5 µl sample buffer. 

Lane 3: 15 µl of the fraction 17 of the Hitrap-Q FPLC column, treated for 10 

min at 100 °C with 5 µl sample buffer. 

 

The column was first washed with buffer and then eluted with buffer supplemented with 

increasing concentration of NaCl. Pure 6 kDa protein was eluted at a NaCl-concentration of 

0.23 M. The 6 kDa protein of C. efficiens was not completely pure after FPLC across a 
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HiTrap Q column. Final purification was achieved by preparative SDS-PAGE of the 

precipitated organic solvent extract that contained the channel-forming activity (see Figure 2). 

 

Figure 2. 12 % Tricine-SDS-PAGE according to (Schägger & von 

Jagow, 1987) of PorH of C. efficiens obtained by elution of the 6 kDa 

band from preparative SDS-PAGE. The gel was stained with silver 

(Blum et al., 1987). 

Lane 1: Low Molecular mass marker: 26.6 kDa, 17.0 kDa, 14.2 kDa, 6.5 

kDa, 3.5 kDa and 1.0 kDa.  

Lane 2: 15 µl of ether precipitated extract dissolved in 0.4 % LDAO, 

treated for 10 min at 100 °C with 5 µl sample buffer. 

Lane 3: 3 µg of the pure 6 kDa protein was solubilized for 10 min at 100 

°C with 5 µl sample buffer. 

 

2.4.2 Single-channel analysis of PorHC.call and PorHC.eff 

 

Figure 3A shows a single-channel recording of a diphytanoyl phosphatidylcholine membrane 

in the presence of the pure 6 kDa protein of C. callunae, which was added to a black 

membrane in a concentration of about 10 ng ml-1. The single-channel recording demonstrates 

that PorHC.call formed defined channels. The single-channel conductance of most channels 

was about 3 nS in 1 M KCl.  

 

 

 

Figure 3. Single-channel recording of diphytanoyl phosphatidylcholine/n-decane membranes in the presence of 

the pure 6 kDa proteins from (A) C. callunae, and (B) C. efficiens. The aqueous phase contained 1 M KCl (pH 6) 

and 10 ng ml-1 cell wall protein. The applied membrane potential was 20 mV; T = 20 °C. 
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Only a minor fraction of channels with other conductance was observed (see Figure 4A). It is 

noteworthy that the channels formed by PorHC.call of C. callunae had a long lifetime similar to 

those that have been detected previously for porins of gram-negative (Benz, 1994) and gram-

positive bacteria (Lichtinger et al., 1999). All these porins form channels in lipid bilayer 

membranes with long lifetimes at small transmembrane potential (mean lifetime at least 5 

minutes). However, voltage-dependence closure was observed for PorHC.call of C. callunae for 

voltages higher than about 30 to 40 mV (see below). Channels fromed by PorHC.eff had a very 

similar single-channel conductance and lifetime compared to those formed by PorHC.call as the 

single-channel recording of Figure 3B clearly indicates. The only exception was the 

occurrence of two maxima in the histogram of the single-channel distribution (see Figure 4B). 

These two maxima (2.3 and 4.7 nS in 1 M KCl) reflect most probably the reconstitution of 

two channels at once, because the conductance of the right side maximum was always twice 

of that of the left side one. 

 

Figure 4. Histogram of the probability P(G) 

for the occurrence of a given conductivity unit 

observed with membranes formed of 

diphytanoyl phosphatidylcholine/n-decane in 

the presence of the pure cell wall proteins of 

(A) C. callunae, and (B) C. efficiens. P(G) is 

the probability that a given conductance 

increment G is observed in the single-channel 

experiments. It was calculated by dividing the 

number of fluctuations with a given 

conductance increment by the total number of 

conductance fluctuations. The aqueous phase 

contained 1 M KCl and 10 ng ml-1 cell wall 

proteins. The applied membrane potential was 

20 mV; T = 20 °C. The average single-channel 

conductances was 3.0 nS for 139 single-

channel events of PorHC.call and 2.3 nS for 126 

single-channel events (left-hand side 

maximum in Figure 4a) of PorHC.eff (steps 

similar as those of Figure 3). 
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Single-channel experiments were also performed with salts other than KCl to obtain some 

information on the size of the channels formed by PorHC.call and PorHC.eff and their ion 

selectivity. The results are summarized in Table 1. The conductance sequence of the different 

salts within the channel formed by PorHC.call was RbCl ≈ KCl > K acetate > NaCl > LiCl > 

N(CH3)4Cl > N(C2H5)4Cl, which means that the single-channel conductance followed 

approximately the aqueous mobility of the different cations in the aqueous phase. This means 

presumably that the influence of cations on the conductance of the channel in different salt 

solutions was more substantial than that of anions (see Table 1) suggesting a cation selectivity 

of the channel. Table 1 shows also the average single-channel conductance, G of PorHC.call as 

a function of the KCl concentration in the aqueous phase. Similarly, as in the case of many 

porin channels of gram-positive bacteria (Trias & Benz, 1993; 1994; Riess et al., 1998; 

Lichtinger et al., 1999) the conductance was not a linear function of the KCl-concentration, 

which is characteristic for the presence of point net charges in or near the channel (Trias & 

Benz, 1994; Lichtinger et al., 1999). 

The single-channel conductance of the channels formed by PorHC.eff was approximately the 

same as that measured for PorHC.call. However, it seems that the ion selectivity of PorHC.eff 

was somewhat different because the conductance of the channels in LiCl was higher than that 

in K-acetate (see Table 1). Furthermore, the conductance of salts containing 

tetraalkylammonium ions was more or less independent from the size of the cation. These 

results suggested that PorHC.eff could form anion selective channels. 
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Salt 
Concentration 

[M] 

PorHC.call 

Single-channel 

conductance G [nS] 

PorHC.eff 

Single-channel 

conductance G [nS] 
LiCl 1.0 1.25 1.50 

NaCl 1.0 1.75 n.m. 

KCl 0.01 n.m. 0.025 

 0.03 0.35 0.075 

 0.1 0.55 0.45 

 0.3 1.10 0.70 

 1.0 3.0 2.3 

 3.0 7.0 6.5 

RbCl 1.0 3.0 n.m. 

N(CH3)4Cl 1.0 1.0 1.8 

N(C2H5)4Cl 1.0 0.70 1.7 

KCH3COO (pH 7) 1.0 2.0 1.0 

 

Table 1. Average single-channel conductance, G, of PorHC.call and PorHC.eff in different salt solutionsa. 

aThe membranes were formed of diphytanoyl phosphatidylcholine dissolved in n-decane. The aqueous solutions 

were unbuffered and had a pH of 6 unless otherwise indicated. The concentration of PorHC.call and PorHC.eff was 

about 10 ng ml-1. Not that the average single-channel conductance of PorHC.eff corresponded always to the left 

side maximum of the histograms. The applied voltage was 20 mV, and the temperature was 20 °C. The average 

single-channel conductance, G, was calculated from at least 80 single events. n.m. means not measured. 

 

Zero-current membrane potential measurements were performed in presence of KCl gradients 

to check such a possibility. Fivefold KCl gradients (100 mM versus 500 mM) were 

established across lipid bilayer membranes, which contained about 100 to 1000 PorHC.eff or 

PorHC.call channels. The measurements with PorHC.eff resulted in an asymmetry potential of 

about -6 mV at the more dilute side (average of 4 measurements). This result indicated some 

preferential movement of chloride over potassium ions through the PorHC.eff channel at neutral 

pH. Similar experiments with PorHC.call resulted in an asymmetry potential of about 28 mV at 

the more dilute side. The zero-current membrane potentials were analyzed using the 

Goldman-Hodgkin-Katz equation (Benz et al., 1979; 1985). The ratio of the potassium 
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permeability, P
K
, divided by the chloride permeability, P

Cl
, was about 0.7 and 7 for PorHC.eff 

and PorHC.call, respectively, which indicated indeed a small anion selectivity for PorHC.eff and 

cation selectivity for PorHC.call (see also Discussion). 

 

2.4.3 Voltage dependence 

 

In single-channel recordings channels formed by PorHC.call and PorHC.eff exhibited some 

flickering at higher voltages, i.e. they showed rapid transitions between open and closed 

configurations. The voltage-dependent closure of the channels was studied in detail in multi-

channel experiments (see Figure 5 for a multi-channel experiment with PorHC.eff). 

 

 

 

Figure 5. Study of the voltage dependence of PorHC.eff 500 ng ml-1 of the cell wall channel protein was added to 

the cis-side of a diphytanoyl phosphatidylcholine/n-decane membrane and the reconstitution of the channels was 

followed for about 30 min. Then increasing positive (60 to 90 mV; upper traces) and negative voltages (-60 to -

90 mV; lower traces) were applied to the cis-side of the membrane, and the membrane current was measured as a 

function of time. The aqueous phase contained 1 M KCl; T = 20 °C. 

 

The channel-forming protein was added in a concentration of 500 ng ml-1 to one side of a 

black diphytanoyl phosphatidylcholine/n-decane membrane (to the cis-side). After 30 min 

about 50 channels were reconstituted into the membrane. At that time different potentials 

were applied to the cis-side of the membrane: first 60 mV (upper trace of Figure 5) and then -
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60 mV (lower trace of Figure 5). These experiments were repeated with 70, 80 and 90 mV. 

For both positive and negative potentials applied to the cis-side of the membrane the current 

decreased in an exponential fashion. This result indicated symmetric response of PorHC.eff to 

the voltage applied to the membranes. Similar experiments were performed with PorHC.call, 

there a symmetrical response to the applied voltage was also observed (data not shown). 

The experiment of Figure 5 and similar ones were analyzed in the following way: the 

membrane conductance (G) as a function of voltage, Vm, was measured when the closing of 

channels reached an equilibrium, i.e. after the exponential decay of the membrane current 

following the voltage step Vm. G was divided by the initial value of the conductance (Go, 

which was a linear function of the voltage) obtained immediately after the onset of the 

voltage. The data of Figure 6 (closed circles and squares, for PorHC.eff and PorHC.call, 

respectively) correspond to the symmetric voltage-dependence of the two cell wall channels 

(mean of four membranes) when the proteins were exclusively added to the cis-side. 

 

Figure 6. Ratio of the conductance G at a given 

membrane potential (Vm) divided by the conductance 

Go at 10 mV as a function of the membrane potential 

Vm. The closed squares indicate the measurements in 

which PorHC.call was added to the cis-side of a 

membrane. The closed circles show results of 

measurements in which PorHC.eff was added to the 

cis-side of membranes. The membrane potential 

refers always to the cis-side of the membrane. The 

aqueous phase contained 1M KCl, and 500 ng porin 

per ml. The membranes were formed from 

diphytanoyl phosphatidylcholine dissolved in n-

decane. T = 20 °C. Means of values obtained with 

four different membranes are shown. 

 

The results suggest that PorHC.eff exhibited a somewhat higher voltage-dependence than 

PorHC.call. The voltage-dependence of the data of Figure 6 was analyzed assuming a 

Boltzmann distribution between the number of open and closed channels, No and Nc, 

respectively (Ludwig et al., 1986). This analysis allowed the calculation of the number of 

gating charges n (number of charges involved in the gating process) and the midpoint 
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potential Vo (potential at which the number of open and closed channels is identical) from a 

semilogarithmic plot of the ratio No/Nc, which is given by: 

 

No/Nc = (G – Gmin)/(G0 –G)      (6) 

 

where G in this equation is the conductance at a given membrane potential Vm, G0 and Gmin 

are the conductance at zero voltage and very high potentials, respectively. The open to closed 

ratio of the channels, No/Nc, is given by: 

 

No/Nc = exp[–nF(Vm – V0)/RT]     (7) 

 

where F (Faraday’s constant), R (gas constant) and T (absolute temperature) are standard 

symbols, n is the number of gating charges moving through the entire transmembrane 

potential gradient for channel gating (i.e. a measure for the strength of the interaction between 

the electric field and the open channel), and V0 is the potential at which 50 % of the total 

number of channels are in the closed configuration (i.e. No/Nc = 1). Semilogarithmic plots of 

the data given in Figure 6 (see Figure 7) show that they could be fitted to straight lines with 

slopes of about 20 mV (for an e-fold change of Vm, because RT/F = 25 mV). This result 

suggests that the number of charges involved in the gating process is approximately 1.5 for 

PorHC.eff and PorHC.call (see Figure 6). Whereas the voltage-dependence (the slope of the lines 

of Figure 6) was approximately the same for both channels, the midpoint potential V0 (i.e. 

No/Nc = 1) differed somewhat for PorHC.eff (V0 ≈ ± 50 mV) and PorHC.call (V0 ≈ ± 90 mV) (see 

Figure 7). 
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Figure 7. Semilogarithmic plot of the ratio, No/Nc as a 

function of the transmembrane potential Vm. The data 

were taken from Figure 6. The slope of the straight 

lines obtained by least squares fits is such that an e-fold 

change of No/Nc is produced by a change in Vm of about 

15 to 16 mV (PorHC.call) and about 14 mV (PorHC.eff). 

The midpoint potential of the No/Nc distribution (i.e. No 

= Nc) is about ± 80 mV for PorHC.call, and about ± 50 

mV for PorHC.eff. For further explanation see text. 

 

 

 

2.4.4 Partial sequencing of the 6 kDa channel-forming proteins of C. callunae and C. 

efficiens and identification of porHC.eff within the chromosome of C. efficiens 

 

The 6 kDa channel-forming proteins of C. callunae and C. efficiens were subjected to partial 

sequencing from the N-terminal end of the mature proteins after CNBr treatment using 

Edman-degradation. Three stretches of 22 and 23 amino acids (C. callunae) and 18 amino 

acids (C. efficiens) were resolved. Multiple sequence alignments were performed with the 

translated known nucleotide sequence of the complete C. efficiens genome (NCBI Reference 

Sequence accession number NC_004369). The NCBI BLAST-translation tool (Basic Local 

Alignment Search Tool, Zhang & Madden, 1997; Altschul et al., 1990) showed that the 18 

amino acids long stretch of C. efficiens is part of a 57 amino acid long hypothetical protein of 

C. efficiens (DDBJ/EMBL/GenBank accession number, AJ871586; see Figure 8), which we 

named PorHC.eff. Interestingly, it exhibits only the inducer methionine at the N-terminal end 

but no N-terminal extension, which suggests that translation and assembly of the protein 

could be very similar to that of PorAC.glut of C. glutamicum (Lichtinger et al., 2001). Its gene 

porHC.eff comprises 174 bp and encodes for a 57 amino acid long acidic polypeptide (6 

aspartic and glutamic acids as compared to 2 lysines). This means that PorHC.eff is not 

transported out of the cytoplasmic membrane using the Sec-apparatus as many other proteins 

from gram-positive bacteria but not the channel former PorA
C.glut 

(Freudl, 1992; Lichtinger et 

al., 2001). 
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Figure 8. Amino acid sequence of PorHC.eff and its comparison with the partial amino acid sequences of the N-

terminus after CNBr cleavage derived peptide of PorHC.call and PorHC.glut (see Discussion). The result of the 

amino acid sequencing after CNBr cleavage of PorHC.eff using Edman degradation of the N-Terminus is 

underlined. The charged residues of the proteins (+/-) are specified on the top line. Conserved residues in both 

homolog proteins are shown in bold. The sequences within the vertical bars are supposed to fold in α-helices as 

shown in Figure 11. The sequence of PorHC.eff has been submitted to the DDBJ/EMBL/GenBank databases under 

the accession number: AJ871586. 

 

Search within the chromosome of C. efficiens demonstrates that porHC.eff and the gene coding 

for PorAC.eff of C. efficiens are localized very close to one another (see Figure 9). The genes 

coding for both proteins were only separated by 77 bp and there was no indication for a 

transcription terminator between them. Thus it seems very likely that both proteins share a 

common way of export to the cell wall of C. efficiens and presumably also of C. glutamicum 

because the chromosome of the latter contains also a gene porHC.glut that has a high degree of 

homology to porHC.eff of C. efficiens. 

 

 

 

Figure 9. Overview of the porHC.eff gene locus and its flanking regions within the C. efficiens genome. Putative 

transcriptional terminators are shown by stem-loop structures, potential ribosome binding sites with the sequence 

AGGAG are shaded and a putative promoter is presented by a triangle. Gene names are specified, gene CE2561 

encodes for the putative chaperonin GroEL2, CE2562 and CE 2563 are encoding for hypothetical proteins. 

 

Comparison of the two amino acid stretches (22 and 23 amino acids) derived from sequencing 

of PorHC.call with the sequence of PorHC.eff and PorHC.glut suggests that the proteins are highly 
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homologous (see Figure 8). PorHC.call is also an acidic protein (8 aspartic and glutamic acids 

as compared to 2 lysines of the partial sequence). The interesting feature of the channels 

formed by the two homolog proteins is the observation, that one protein forms slightly anion-

selective channels (PorHC.eff) and the other one highly cation-selective channels (PorHC.call). 

This means presumably that their arrangement in the channel-forming complexes may be 

responsible for their selectivity (see Discussion). 

 

 

2.5 Discussion 

 

2.5.1 The cell walls of C. efficiens and C. callunae contain ion-permeable channels 

formed by the 6 kDa PorH proteins 

 

In previous studies we identified different cell wall channels in C. glutamicum (Lichtinger et 

al., 1998; 2001; Costa-Riu et al., 2003a; 2003b). PorAC.glut forms a highly conductive cation-

selective channel. Its deletion resulted in a much higher resistance of this bacterium versus 

neutral or positively charged antibiotics, which indicates a lower permeability of the cell wall 

of the deletion mutant (Costa-Riu et al., 2003a). Nevertheless, growth of the mutant strain 

was only little impaired, in particular in rich media. Search for another cell wall channel 

revealed the existence of the anion-selective PorBC.glut channel (Costa-Riu et al., 2003a; 

2003b). This result indicates that the cell wall of C. glutamicum contains several types of 

channels, as is the case in the outer membrane of gram-negative bacteria (Benz, 2001) and in 

the gram-positive Rhodococcus equi, which is also a member of the genus mycolata (Riess et 

al., 2003). In this study, we inspected the cell walls of C. efficiens and C. callunae, which are 

closely related to C. glutamicum for the presence of cell wall channels using the lipid bilayer 

technique. In organic solvent extracts of whole cells, channels were observed for both 

organisms that had a molecular mass of about 6 kDa but were not identical to the well-studied 

PorAC.glut channels. The channel-forming proteins of C. efficiens and C. callunae were 

purified to homogeneity and were named PorHC.call and PorHC.eff. Partial sequencing of the 

proteins from the N-terminus after CNBr cleavage resulted in three amino acid stretches that 

allowed the identification of the porH gene within the chromosome of C. efficiens. It codes 
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for a 57 amino acid long polypeptide without leader extension but starts with the inducer 

methionine, which is obviously cleaved during maturation. PorHC.call is highly homologous to 

PorHC.eff and the chromosome of C. glutamicum also contains the gene of a similar protein 

PorHC.glut (see Figure 8 and Chapter 3). The lack of an N-terminal leader extension suggested 

that PorHC.eff is not transported via the Sec-apparatus out of the cell to reach the cell wall. This 

is the same situation as for PorAC.glut and considering the genes within the flanking regions of 

porA and porH it seems likely that their gene products share the same way of translation, 

export and assembly, which represents a yet unknown secretion mechanism (Lichtinger et al., 

2001). 

 

2.5.2 Effects of negative point net charges on the channel properties of PorHC.call 

 

The channels formed by PorHC.call and by PorHC.eff differ somewhat in the ionic selectivity. 

PorHC.eff forms slightly anion-selective channels despite the fact that the protein is in total 

acidic (6 negative charges as compared to 2 positive ones). Thus it seems that the lysine in 

position 6 of the mature protein plays a crucial role in the selectivity of the channel because it 

is absent in the primary sequence of the highly homologous PorHC.call. The data of Table 1 

demonstrate that the single-channel conductance of the channels formed by PorHC.call is not a 

linear function of the bulk aqueous concentration. Instead, we observed a dependence of the 

single-channel conductance on the square root of the salt concentration in the aqueous phase. 

This means (i) that the cation specificity of PorHC.call is not related to the presence of a 

binding site because saturation would be expected and (ii) that negative point charges are 

involved in ion selectivity as we and others have demonstrated previously for a variety of 

membrane channels (Menestrina & Antolini, 1981; Benz et al., 1989; Benz, 1994), which 

includes also mycobacterial porins (Trias & Benz, 1993; 1994; Lichtinger et al., 1998). When 

we apply eqs. (1) to (5) to the conductance of PorHC.call we receive a reasonable fit of the data 

of Table 1 if the channel has a diameter of about 2.2 nm and that 1.6 negative point charges (q 

= 2.4 10-19 As) are attached to the channel mouth. The results of this fit are shown in Figure 

10. 
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Figure 10. Single-channel conductance of PorHC.call as a function the KCl concentration in the aqueous phase 

(filled squares). The solid line represents the fit of the single-channel conductance data with the Nelson and 

McQuarrie (1975) formalism (eqs. (1) to (5)) assuming the presence of negative point charges (1.6 negative 

charges; q = -2.85 10
-19

 As) at the channel mouth and assuming a channel diameter of 2.2 nm. c, concentration of 

the KCl solution in M (molar); G, average single-channel conductance in nS. The broken (straight) line shows 

the single-channel conductance of the cell wall channel that would be expected without point charges. It 

corresponds to a linear function between channel conductance and bulk aqueous concentration. 

 

The solid line represents the fit of the single-channel conductance versus concentration by 

using the Nelson and McQuarrie (1975) treatment and the parameters mentioned above 

together with a single-channel conductance, G0 = 2.8 nS at 1 M KCl. The broken line 

corresponds to the single-channel conductance of PorHC.call without point net charges, i.e. it 

shows a linear relationship between the aqueous salt concentration and single-channel 

conductance. It is noteworthy, that the properties of PorAC.glut from C. glutamicum are also 

controlled by point charges (2 negative point charges; q = -3.2 10
-19

 As) using the same 

treatment. Interestingly, the diameter of channels formed by PorAC.glut is very similar to those 

of PorHC.call. 

 

2.5.3 Arrangement of PorHC.call and PorHC.eff in the cell wall 

 

PorHC.call and PorHC.eff have a rather small molecular mass of about 6 kDa similar to that of 

PorAC.glut or PorBC.glut. In general, the molecular masses of cell wall porins are rather small as 
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compared to those of gram-negative bacterial porins, which range between 30 and 60 kDa 

(Benz, 1994; Riess et al., 1998). This suggests that the cell wall channels are formed by 

oligomers. This has been demonstrated for the subunit of the cation-selective channel of M. 

smegmatis, which has a molecular mass of about 20 kDa (Niederweis et al., 1999; Stahl et al., 

2001) and forms an octamer in the cell wall (Faller et al., 2004). The monomers within the 

3D-structure of the octamer are arranged in ß-sheet structure similar to that of gram-negative 

bacterial porins. However, such an arrangement is for the PorHC.call and PorHC.eff oligomers 

rather unlikely. Secondary structure predictions suggest, that a stretch of about 28 amino acids 

(see Figure 8) of both proteins form amphipathic α-helices with about 8 windings and a 

length of 4.2 nm in the mycolic acid layer (see Figure 11). The arrangement is such, that all 

hydrophilic amino acids are localized on one side of the helix and all hydrophobic ones on the 

other side. Comparison of the helical wheels from the two organisms indicate, that positively 

and negatively charged amino acids are balanced for PorHC.eff, whereas the monomer of 

PorHC.call contains an excess of two negatively charged amino acids. It is noteworthy that this 

agrees nicely with the selectivity of both channels (see above). 

 

 

 

Figure 11. Schematic prediction of the PorHC.eff and PorHC.call secondary structures. Both molecules can form α-

helices with 8 windings corresponding to an overall length of 4.2 nm based on secondary structure predictions of 

the primary sequence shown in Figure 8 between the two vertical bars. Residues of the heptameric repeats were 

labeled in the sequence as a-g. The hydrophobic residues are located at position a, e and d, indicating that they 

may be oriented towards the mycolic acids (indicated by oval rings). The hydrophilic residues are localized at 

the positions b, f, c and g and may face the channel lumen. Created with help of Helical Wheel Java Applet 

(http://www.site.uottawa.ca/~turcotte/resources/HelixWheel/). 
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This means that the arrangement of these cell wall channels is different to MspA of M. 

smegmatis (Faller et al., 2004). It is possible that the arrangement of PorHC.call and PorHC.eff 

has to do with the thickness of the cell wall and the length of the mycolic acids of different 

mycolata. Thus, especially long mycolic acids have been found in Mycobacteria and 

Tsukamurellae (60-90 carbon atoms); they are medium-sized in Gordonae, Nocardiae, and 

Rhodococci (about 36-66 carbon atoms), and small in Corynebacteria (22-38 carbon atoms) 

(Yano & Saito 1972; Minnikin et al., 1974; 1982; Minnikin 1987; 1991; Daffé et al., 1990; 

Holt et al., 1994; Ochi, 1995; Brennan & Nikaido 1995; Liu et al., 1995; 1996; Yassin et al., 

1997). This means presumably that the cell walls of Corynebacteria are much thinner than 

those of other mycolata, which is in agreement with structural studies (Marienfeld et al., 

1997; Puech et al., 2001). Smaller polypeptides arranged as α-helices are presumably 

sufficient to span the mycolic acid layer of Corynebacteria. However, this may be tentative 

and further investigation of the cell wall proteins of actinomycetes may be necessary to 

understand the structure and function of the cell wall channels of the mycolata.
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CHAPTER 3 
 

Identification and characterization of PorH, a new 

cell wall channel of Corynebacterium glutamicum 

 

3.1 Summary 

 

The cell wall of the mycolata Corynebacterium glutamicum contains the cation-selective 

channel (porin) PorAC.glut and the anion-selective channel PorBC.glut for the passage of 

hydrophilic solutes. Lipid bilayer experiments with organic solvent extracts of whole C. 

glutamicum cells cultivated in minimal medium suggested, that another cation-selective 

channel-forming protein, named PorHC.glut is present in C. glutamicum. The protein was 

purified to homogeneity by fast-protein liquid chromatography across a HiTrap-Q column. 

The pure protein had an apparent molecular mass of about 12 kDa on SDS-PAGE. Western 

blot analysis suggested, that the cell wall channel is presumably formed by protein oligomers. 

The purified protein forms cation-selective channels with a diameter of about 2.2 nm and an 

average single-channel conductance of about 2.5 nS in 1 M KCl in the lipid bilayer assay. The 

PorHC.glut protein was partially sequenced and based of the resulting amino acid sequence, the 

corresponding gene, which was designated as porHC.glut, was identified in the published 

genome sequence of C. glutamicum ATCC13032. It contains only the inducer methionine but 

no N-terminal extension, which suggests, that secretion of the protein could be very similar to 

that of PorAC.glut of C. glutamicum, which also does not contain a signal sequence. PorHC.glut is 

coded in the bacterial chromosome by a gene that is localized in the vincinity of the porAC.glut 

gene, within a putative operon of 13 genes. RT-PCR and immunological detection 

experiments revealed that both porins are cotranscribed. They coexist in the cell wall of C. 

glutamicum together with PorBC.glut and PorCC.glut. 
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3.2 Introduction 

 

In 1957 a bacterium was isolated, which was shown to excrete large quantities of L-glutamic 

acid into the culture medium (Kinoshita et al., 1957). This bacterium, Corynebacterium 

glutamicum, was described as an aerobic, nonsporulating, gram-positive rod, capable of 

growing on a variety of sugars or organic acids. C. glutamicum is widely used for industrial 

production of L-glutamate, L-lysine and other amino acids through fermentation processes 

(Udaka, 1960; Gutmann et al., 1992, Keilhauer et al., 1993, Sahm et al., 1996, Eggeling & 

Sahm, 1999). During the year 2002 about 1×106 tons of L-glutamate and 5.5×105 tons of L-

lysine were produced with C. glutamicum and used as a flavoring agent in food and as animal 

feed supplements (Leuchtenberger, 1996; Hermann, 2003). Little is known about the amino 

acid efflux properties of corynebacteria (Nikaido, 1995). Recently is has been shown that two 

genes are implicated in the efflux process of glutamate in C. glutamicum (Kimura et al., 1999; 

Hirasawa et al., 2000), but their function is still unknown. C. glutamicum is a member of the 

mycolic-acid containing actinomycetes, belonging to the mycolata. It was shown by 16S 

rRNA and in rpoB gene analysis that it is closed related to C. efficiens and C. callunae (Fudou 

et al., 2002; Khamis et al., 2004).  

 

The mycolata have in addition to a thick peptidoglycan layer a second surface layer, 

consisting of covalently bound mycolic acids and extractable lipids (Barksdale, 1981; 

Goodfellow et al., 1976; Ochi, 1995). Ester bonds link the mycolic acids to the 

arabinogalactan, which is attached to the murein of the cell wall (Minnikin, 1987). The chain 

length of the mycolic acids varies considerably in different taxa of the mycolata. In 

Corynebacteria it consists of 22-38 carbon atoms (Minnikin, 1987; Yano & Saito, 1972; 

Minnikin et al., 1974; Daffé et al., 1990; Holt et al., 1994; Brennan & Nikaido, 1995; Yague 

et al., 2000; Ioneda, 1993). The outer layer of the mycolata functions as a permeability barrier 

(Nikaido et al., 1993; Liu et al., 1996), it affords for example resistance to cell lysis by egg 

white lysozyme (Hirasawa et al., 2001). This suggests that the cell wall of the mycolata has 

probably the same function as the outer membrane of Gram-negative bacteria. This membrane 

contains channel-forming proteins, the porins, which are required for the passage of 

hydrophilic solutes. Channels are also present in the mycolic acid layer of the mycobacterial 
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cell wall. With respect to transport of amino acids over this barrier it is of particular 

importance to understand the pathways present in the cell wall of Corynebacteria.  

 

So far several types of cell wall channels of the mycolata have been identified and 

characterized (Rieß et al., 1998; Lichtinger et al., 1999; Niederweis, et al., 1995; Lichtinger, 

et al., 1998; Lichtinger, et al., 2001; Costa-Riu, 2003a; 2003b). Similar to the porins of Gram-

negative bacteria, these channels allow the permeation of hydrophilic solutes (Trias et al., 

1992; Trias & Benz, 1993). Common to them is, that the channels are wide and water-filled 

and that they contain point charges, which results in ion selectivity. The research performed 

with C. glutamicum can be of a great value, because some of the features from these cell wall 

channel-forming proteins can be expected for other mycolata. The Corynebacterineae family 

comprises microorganisms that cause very important infections worldwide such as M. 

tuberculosis, M. leprae and C. diphtheriae. 

 

PorAC.glut from C. glutamicum was the first investigated pore-forming protein of 

corynebacteria. PorAC.glut is formed by an oligomer of a small 45 amino acid polypeptide and 

the channel is cation-selective with a single-channel conductance of about 5.5 nS in 1 M KCl 

(Lichtinger et al., 1998, 2001). By deleting the porAC.glut gene from the C. glutamicum 

chromosome, an anion-selective pore-forming protein was discovered, named PorBC.glut 

(Costa-Riu et al., 2003a; 2003b). It is a 99 amino acid long protein and forms anion-selective 

channels with a conductance of about 700 pS in 1 M KCl. Search for homologous genes 

showed, that the chromosome of C. glutamicum contained also another gene for a PorBC.glut-

like protein 138 bp downstream from porBC.glut, which codes for PorCC.glut. The arrangement 

of porBC.glut and porCC.glut suggested that both genes belong to the same cluster. RT-PCR from 

overlapping regions between both genes from wild-type C. glutamicum demonstrated that 

they are cotranscribed (Costa-Riu et al., 2003b). 

 

In this study we report the search for an additional cell wall channel of C. glutamicum. The 

organic solvent extract of whole cells cultivated in minimal medium contained another 

channel, which was found to be cation-selective. The channel-forming protein was purified to 

homogeneity and biophysical properties were studied in detail. The protein was partially 

sequenced and multiple sequence alignments search within the known chromosome 

demonstrated, that it contained a gene that fitted to the partial amino acid sequence of 

PorHC.glut. Interestingly porHC.glut can be found in the C. glutamicum chromosome next to the 
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porAC.glut. RT-PCR experiments from overlapping regions between porAC.glut and porHC.glut 

demonstrated that they are cotranscribed. 

 

 

3.3 Materials and methods 

 

3.3.1 Bacterial strain and growth conditions 

 

C. glutamicum ATCC 13032 (DSMZ; Deutsche Sammlung von Mikroorganismen und 

Zellkulturen, Braunschweig, Germany) was routinely grown at 30 °C in minimal medium 

composed of 40 g glucose, 20 g (NH4)2SO4, 5 g urea, 1 g KH2PO4 and 1.6 g K2HPO4, 42 g 

MOPS, 15 mg CaCl2 2 H2O, 0.25 g MgSO
4
 7 H2O, 10 mg FeSO4, 10 mg MnSO4 2 H2O, 1 

mg ZnSO4 7 H2O, 0.2 mg CuSO4 5 H2O, 0.02 mg NiCl 6 H2O and 0.2 mg biotin per 1 l 

distilled water, adjusted with NaOH to pH 7.0. For RT-PCR and immunological experiments 

C. glutamicum ATCC 13032 cells were routinely grown in BHI-medium (Brain Heart 

Infusion, Difco Laboratories). 

 

3.3.2 Isolation and purification of the channel-forming proteins 

 

For the isolation of the channel-forming proteins a method was used that has been previously 

devised for isolation and purification of PorAC.glut of C. glutamicum (Lichtinger et al., 1999). 

This method uses the extraction of whole cells with organic solvents or detergents and avoids 

the substantial loss of material caused by sucrose density centrifugation of the cell envelope to 

separate the cytoplasmic membrane from the cell wall fraction. 200 ml cells were grown to an 

OD of 10 and harvested by centrifugation (10,000 rpm for 10 min in Beckman J2-21M/E 

centrifuge). The cells were washed twice in 10 mM Tris-HCl (pH 8). The final pellet (5 ml) 

was extracted with a 1:2 mixture of chloroform:methanol in a proportion of 1 part cells and 5 

to 8 parts chloroform/methanol. The duration of the extraction was about 3 hours at room 

temperature under stirring in a closed tube to avoid loss of chloroform. Cells and 

chloroform/methanol solution were centrifuged for 15 minutes (10,000 rpm in Beckman J2-
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21M/E centrifuge). The pellet (cells) was discarded. The supernatant contained the channel-

forming activity. It was mixed in a ratio of 1 part supernatant to 9 parts ether and was kept 

over night at -20 °C. The precipitated protein was dissolved in a solution containing 0.4 % 

LDAO (NN-dimethyldodecylamine N-oxide) and 10 mM Tris-HCl (pH 8) and inspected for 

channel-forming activity. The protein was subjected to fast protein liquid chromatography 

(FPLC) across a HiTrap-Q column (Amersham Pharmacia Biotech, Freiburg, Germany). The 

column was washed first with a buffer containing 0.4 % LDAO and 10 mM Tris-HCl (pH 8) 

and the protein was eluted with 0.4 % LDAO in 10 mM Tris-HCl (pH 8) using a linear 

gradient between 0 and 1 M NaCl. 

 

3.3.3 SDS-PAGE 

 

SDS-PAGE was performed with tricine containing gels (Schägger & von Jagow, 1987). The 

gels were stained with colloidal Coomassie (Neuhoff et al., 1988) or silver stain (Blum et al., 

1987). Before separation, the samples were all incubated for 5 min at 100 °C with loading 

buffer (exempt preparative SDS-PAGE). Preparative SDS-PAGE was used for identification 

and purification of the channel-forming activity from the organic solvent extracts of whole C. 

glutamicum cells. 

 

3.3.4 Peptide sequencing 

 

The precipitated protein pellet resulting from the extraction was dissolved in 100 µl 70 % (by 

vol.) formic acid containing 10 % (mass/vol.) CNBr (Merck), and incubated in the dark at 

room temperature for 14 h (Gross, 1967). After lyophilisation the CNBr peptides were 

dissolved in 20 % (by vol.) formic acid and separated by reversed - phase - HPLC (SYCAM, 

Fürstenfeldbruck, Germany) applying a Luna C-18 column, 150 mm x 1 mm with a flow rate 

of 40 µl/min using a 120 min gradient from 100 % A (0.1 % TFA in water) to 80 % B (0.1 % 

TFA in acetonitril). Collected fractions were subjected to amino acid sequence analysis on a 

492 protein sequencer (Applied Biosystems, Darmstadt, Germany) using the conditions 

recommended by the manufacturer. The major sequence was DLSLLKETLGNYE beside 

small subsequences. 
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3.3.5 RT-PCR 

 

Total mRNA was isolated from disrupted cells grown until mid-exponential growth phase 

using the RNeasy Kit according to the instructions of the manufacturer for the isolation of 

total RNA from bacteria (Qiagen, Hilden, Germany). Purified RNA was eluted with 50 µl of 

RNase-free water and treated with 2U of DNase I (Ambion, Huntingdon, Cambridgeshire, 

UK) in 0.1 volumes of 10x DNase buffer for 30 min at 37 °C to remove the DNA. After this 

treatment, DNase was inactivated with the inactivation reagent and 5 µl of the treated RNA 

were loaded in a 0.8 % agarose gel to test the integrity. Two sharp bands (both rRNA, 23S 

and 16S) were visible in each one of the samples. These samples reported A260/A280 ratios 

in the range of 1.7, as measured in unbuffered water. The reverse transcription (RT) was 

performed in a two-step reaction with the Enhanced Avian HS RT-PCR kit (Sigma, 

Deisenhofen, Germany). Random nonamers were used with 4 µg from total DNase-treated 

RNA to transcribe it into cDNA for 50 min at 45°C. The cDNA product was used for PCR 

reaction (Kohler et al., 1995) with all primers used for amplification of overlapping regions 

between genes of the porAC.glut and porHC.glut containing cluster (see Table 1). This putative 

cluster comprises the region between 2886331 and 2907251 of the chromosomal DNA of C. 

glutamicum. (NCBI Reference Sequence accession number NC_003450). The minus strand 

encodes for all genes inside this 20920 bp long fragment, which suggest that they could 

belong to the same transcription unit. The annealing temperature was 64 °C and elongation 

time with Taq polymerase was 2 min at 72 ºC. For negative control, 5µl of the DNase treated 

RNA was used for direct PCR with both specific primers for porAC.glut and porHC.glut and the 

same program used for PCR after RT reaction. 
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Oligonucleotide 
Position in the C. 

glutamicum genome 

Sequence 

5’-                                                        -3’ 

Operon0-5’ 2886331-2886351 AGCATGCTCGACGTCTTGCTC 

Operon0-3’ 2887096-2887116 GCGCTAAGGAAGAGCAGTTCC 

Operon1-5’ 2887601-2887621 CTTCAGCAGCTCGATCTGGAG 

Operon1-3’ 2887999-2888020 CGGCTACGTCTTCGACTTCCTC 

Operon2-5’ 2888040-2888060 GGACATCAAGGTTTCCAAGGA 

Operon2-3’ 2888289-2888311 CCTCGGCAACTACGAGACCTTC 

Operon3-5’ 2888260-2888280 CTCTGAAGAGCGGTACCGATG 

Operon3-3’ 2888950-2888970 TGCTGACAAGCCACAGCCTGC 

Operon4-5’ 2890501-2890521 CCACGACGTGCTTCCTCATCA 

Operon4-3’ 2890801-2890821 CTGGATCGGCACTGGCATTGC 

Operon5-5’ 2890890-2890910 AACCGCATCAAGCCTCACGCC 

Operon5-3’ 2892041-2892061 GATCCAGAAGCGACCTCATCA 

Operon6-5’ 2892117-2892137 GGGTAAACATCAGGAGCGGTC 

Operon6-3’ 2893079-2893099 GAACGTGATTCGACGGGATTG 

Operon7-5’ 2892971-2892991 CGGTTGGTTTCTGTGGAAGGA 

Operon7-3’ 2894000-2894020 CAGCACCTAAGGTGGAGCCTG 

Operon8-5’ 2894909-2894929 GGGTCACCGTTTCAATATGAG 

Operon8-3’ 2896201-2896221 CAGCACCGCGGCCGGGAGTAC 

Operon9-5’ 2897400-2897379 GTAGTCGCCGCCAGGTTTGAG 

Operon9-3’ 2898381-2898401 CAGCTCCGCATTCAAGTGGGC 

Operon10-5’ 2900301-2900321 GGTGTCCTGCGAATAGGCGGC 

Operon10-3’ 2901390-2901410 CTTTACGGCGATGAAGTCCGC 

Operon11-5’ 2903881-2903901 GCACCTGAACCACCACAGCCG 

Operon11-3’ 2904850-2904870 GTGCTCGGACTGGATAGCAG 

Operon12-5’ 2906491-2906511 TGACGCTCCGGCCTCAACTGC 

Operon12-3’ 2907088-2907108 GAATGGCTCGTTCGGCGGTTC 

 

Table 1. Oligonucleotides used in this study. Sequences of the 13 couples of primers used for the amplification 

of regions that are overlapping two neighboring ORF from the putative porAC.glut, porHC.glut cluster. The 
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sequences of the primers were derived from the region between 2886331 and 2907251 of the chromosomal DNA 

of C. glutamicum (NCBI Sequence accession number NC_003450). 

 

3.3.6 Lipid bilayer experiments 

 

The methods used for black lipid bilayer experiments have been described previously (Benz et 

al., 1978; Benz, 2003). The experimental set up consisted of a Teflon cell with two water-

filled compartments connected by a small circular hole. The hole had an area of about 0.4 

mm
2
. Membranes were formed across the hole using a 1 % solution of diphytanoyl 

phosphatidylcholine (PC; Avanti Polar Lipids, Alabaster, Ala.) dissolved in n-decane. The 

temperature was maintained at 20 °C during all experiments. All salts were obtained from 

Merck (Darmstadt, Germany, analytical grade). They were used unbuffered. The electrical 

measurements were performed using Ag/AgCl electrodes (with salt bridges) connected in 

series to a voltage source and a homemade current-to-voltage converter made with a Burr 

Brown operational amplifier. The amplified signal was monitored on a storage oscilloscope 

(Tektronix 7633) and recorded on a strip chart or tape recorder. Zero current membrane 

potentials were measured with a Keithley 617 electrometer 5-10 minutes after five-fold salt 

gradients were established across the membranes (Benz et al., 1979). 

 

3.3.7 Effect of negatively charged groups attached to the channel mouth 

 

Negative charges at the pore mouth result in substantial ionic strength-dependent surface 

potentials at the pore mouth that attract cations and repel anions. Accordingly, they influence 

both single-channel conductance and zero-current membrane potential. A detailed quantitative 

description of the effect of point charges on the single-channel conductance was given in 

previous publications (Trias & Benz, 1993; Costa-Riu et al., 2003b). 

 

3.3.8 Immunological techniques 

 

Synthetic polypeptides of part of the PorBC.glut sequence (KGEGFWTTQFPQIGD-WNEDQ), 

part of the PorCC.glut sequence (AHENSTRSELAANLRNSA) and part of the PorHC.glut 

sequence (DLSLLKETLGNYETFGGNIGTALQSIPTLL + SILNFFDNFGDLADTIGENL-
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DNFSS) were synthesized and polyclonal antibodies against this peptides were raised in 

rabbits using the GEBRU 100 (GERBU Biochemicals, Gaiberg) Adjuvant System. The pre-

immune serum was tested giving no reaction against cell extracts of C. glutamicum. The 

antiserum was used for Western blots of the extracted protein samples using standard 

procedures (Towbin et al., 1979). The blotting time was 5 minutes at 350 mA. The ECL 

Western Detection kit (Amersham Pharmacia Biotech) was used to detect binding of the 

antibody according to the instructions of the manufacturer. The exposure time was 30 

seconds. The antibodies were highly specific for PorBC.glut, PorCC.glut and PorHC.glut of C. 

glutamicum. The used PorAC.glut antibody was already described earlier (Lichtinger et al., 

2001). 

 

For electron microscopy analysis whole C. glutamicum ATCC 13032 cells were fixed 

overnight at 4 °C in freshly made 4 % formaldehyde in PBS, pH 7. After dehydration in a 

graded series of ethanol, the cells were embedded in LR White, filled in gelatin capsules and 

cured at 40 °C for 3 days. Ultrathin sections were obtained and incubated with antibodies 

against PorAC.glut, PorBC.glut, PorCC.glut, or PorHC.glut. After that 12 nm Colloidal Gold–

AffiniPure Goat Anti–Rabbit IgG antibodies were used in order to localize the porins. 

 

 

3.4 Results 

 

3.4.1 Identification of a new channel-forming protein in the cell wall extract of C. 

glutamicum ATCC 13032 

 

Membrane experiments with organic solvent extracts of C. glutamicum ATCC 13032, grown 

in minimal medium, suggested, that the extracts contained besides PorAC.glut that forms 

channels with a single-channel conductance of 5.5 nS in 1 M KCl also another channel-

forming protein that formed channels with a somewhat smaller conductance. To identify the 

protein, which is responsible for the additional channel-forming activity, the cell extracts were 

precipitated with ether in the cold. The pellet was suspended in 0.4 % LDAO, 10 mM Tris-

HCl (pH 7), and subjected to lipid bilayer studies. The precipitate that showed several bands 
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on SDS-PAGE (see lane 1, Figure 1) contained the channel-forming activity. The purification 

of the additional channel-forming protein from C. glutamicum ATCC 13032 was achieved by 

FPLC. The pellet from the ether precipitation of the organic solvent extract was dissolved in 2 

ml 0.4 % LDAO, 10 mM Tris-HCl (pH 8) and applied to a 1 ml HiTrap-Q FPLC column. The 

column was washed with 5 ml of the same buffer and then eluted with a linear NaCl-gradient 

between 0 and 1 M NaCl. The fraction eluted at 0.3 M NaCl showed a high channel-forming 

activity in black lipid bilayer membranes. SDS-PAGE of the corresponding fraction suggested 

that a 12 kDa protein could be responsible for the channel forming activity that was different 

to PorAC.glut (see lane 3, Figure 1).  

 

Figure 1. 12 % Tricine SDS-PAGE according to 

Schägger and von Jagow (1987) of the purification 

procedure of PorHC.glut of C. glutamicum. The gel was 

stained with silver. 

Lane 1: Molecular mass marker. 

Lane 2: 15 µl of ether precipitated organic solvent extract 

dissolved in 0.4 % LDAO, 10 mM Tris-HCl; pH 7 treated 

for 10 min at 100 °C with 5 µl sample buffer. 

Lane 3: 15 µl of the fraction 23 of the Hitrap-Q FPLC 

column, treated for 10 min at 100 °C with 5 µl sample 

buffer. 

 

 

To test whether the fraction containing the 12 kDa protein was really pure and did not contain 

another membrane active component, the pellet from the ether precipitation was subjected to 

preparative SDS-PAGE. The 12 kDa band was excised and eluted overnight at 4 °C with 1 % 

Genapol. Channel formation was found only in the band that corresponded to a molecular 

mass of 12 kDa indicating that no channel-forming impurities were present in the fraction of 

the HiTrap-Q column, eluted at 0.3 M NaCl. The channel forming protein was named 

PorHC.glut. 

 

3.4.2 PorHC.glut increases conductance of lipid bilayer membranes 

 

PorHC.glut mediated channel formation was studied in detail. Small amounts of the protein 

were able to induce a substantial increase of the specific membrane conductance. About two 
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minutes after addition of the protein, the membrane conductance started to rise and increased 

by several orders of magnitude in approximately 20 minutes (data not shown). Only a small 

further increase, as compared to the initial one, occurred after that time. The time course of 

the conductance increase was similar irrespective of whether the protein was added to one or 

both sides of the membrane. Single-channel experiments revealed that the membrane activity 

of PorHC.glut was caused by the formation of ion-permeable channels. Figure 2 shows a single-

channel recording of a diphytanoyl phosphatidylcholine/n-decane membrane where PorHC.glut 

was added to a black membrane in a concentration of about 10 ng/ml. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Single-channel recording of a PC/n-decane membrane in 

the presence of pure PorHC.glut of C. glutamicum. The aqueous 

phase contained 1 M KCl (pH 6) and 10 ng/ml PorHC.glut. The 

applied membrane potential was 20 mV; T = 20 °C. 

 

 

The recording demonstrates that the protein formed defined channels. Their conductance was 

on average about 2.5 nS in 1 M KCl. Only a minor fraction of channels with other 

conductance was observed (see the histogram, Figure 3). It is noteworthy that the channels 

formed by PorHC.glut had a long lifetime similar to those that have been detected previously 

for cell wall proteins (porins) of C. glutamicum (Lichtinger et al., 1998; Costa Riu et al., 

2003b) Mycobacterium chelonae (Trias & Benz, 1993) and M. smegmatis (Trias & Benz, 

1994). All these proteins formed channels in lipid bilayer membranes with a long lifetime at 

small transmembrane potential (mean lifetime at least 5 minutes). 
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Figure 3. Histogram of the probability P(G) for the occurrence of a given conductivity unit observed with 

membranes formed of PC/n-decane in the presence of PorHC.glut. P(G) is the probability that a given conductance 

increment G is observed in the single-channel experiments. It was calculated by dividing the number of 

fluctuations with a given conductance increment by the total number of conductance fluctuations. The aqueous 

phase contained 1 M KCl, pH 6. The applied membrane potential was 20 mV; T = 20 °C. The average single-

channel conductance was 2.5 nS for 115 single-channel events. 

 

Single-channel experiments also performed with salts other than KCl to obtain some 

information on the properties of the channels formed by PorHC.glut. The results summarized in 

Table 2 suggested that the channel is cation-selective. This can be derived from single-

channel experiments, which demonstrated that the influence of the mobility of cations on the 

conductance was more substantial. Table 2 shows also the average single-channel 

conductance, G, as a function of the KCl concentration in the aqueous phase. Similarly, as in 

the case of other cell wall channels (Trias & Benz, 1993; 1994; Lichtinger et al., 1998), the 

relationship between conductance and KCl-concentration was not linear. Instead, the slope of 

the conductance versus concentration curves on a double logarithmic scale was approximately 

0.5, which indicated the influence of point charges localized in or near the channel (see also 

Discussion and Figure 11). 
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Salt 
Concentration c 

[M] 

Single-channel conductance 

G [nS] 

LiCl 1.0 1.0 

KCl 0.01 0.15 

 0.03 0.35 

 0.1 0.4 

 0.3 0.9 

 1.0 2.5 

 3.0 7.0 

KCH3COO(pH 7) 1.0 1.5 

 

Table 2. Average single-channel conductance, G, of PorHC.glut in different salt solutions. The membranes were 

formed of diphytanoyl phosphatidylcholine dissolved in n-decane. The aqueous solutions were unbuffered and 

had a pH of 6 unless otherwise indicated. The applied voltage was 20 mV, and the temperature was 20 °C. The 

average single-channel conductance, G, was calculated from at least 80 single events. 

 

3.4.3 Selectivity of PorHC.glut 

 

Zero-current membrane potential measurements allow the calculation of the permeability ratio 

Pcation divided by Panion in multichannel experiments. Membranes were formed in 100 mM KCl 

solution and concentrated PorHC.glut was added to the aqueous phase when the membranes 

were in the black state. After incorporation of 100 to 1000 channels into a membrane, five-

fold KCl gradients were established by addition of small amounts of concentrated KCl 

solution to one side of the membrane. For all experiments with PorHC.glut, the more diluted 

side of the membrane became positive, which indicated preferential movement of potassium 

ions through the channel. The zero-current membrane potential for KCl was on average about 

25 mV (mean of four measurements). Analysis of the zero-current membrane potentials using 

the Goldman-Hodgkin-Katz equation (Benz et al., 1979) revealed that PorHC.glut was cation-

selective. On one hand it is possible that chloride has also certain permeability through the 

PorHC.glut channels because the ratio of the permeability coefficient Pcation divided by Panion 

was 5.1. On the other hand, the negative point charges could influence the permeability ratio, 
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which means that cations could have a much higher permeability than anions through the 

PorHC.glut channels (see Discussion). 

 

3.4.4 Partial sequencing of PorHC.glut and identification of porHC.glut within the 

chromosome of C. glutamicum 

 

PorHC.glut of C. glutamicum was subjected to partial sequencing from the N-terminal end of 

the mature protein using Edman-degradation. One stretch of 13 amino acids was resolved. 

Multiple sequence alignment was performed with the translated known nucleotide sequence 

of the complete C. glutamicum genome (NCBI Reference Sequence accession number 

NC_003450). The NCBI BLAST-translation tool (Basic Local Alignment Search Tool, Zhang 

& Madden, 1997; Altschul et al., 1990) showed that the 13 amino acids long stretch of C. 

glutamicum is part of a 57 amino acid long hypothetical protein of C. glutamicum (see Figure 

4), which is encoded by the gene porHC.glut comprising 174 bp. It has only the inducer 

methionine at the N-terminal end but no N-terminal leader extension, which suggests that 

translation and assembly of the protein could be very similar to that of PorAC.glut of C. 

glutamicum (Lichtinger et al., 2001). The total mass of the polypeptide is 6.1 kDa, which led 

to the assumption that the apparent molecular mass of ~12 kDa that was determined by SDS-

PAGE (see Figure 4) may represent protein dimers. The mature protein contains 9 negatively 

charged residues (6 aspartic and 3 glutamic acids) and only 1 positively charged amino acid 

(lysine) and has a calculated pI of 3.5. Its overall charge agrees well with the cation selectivity 

of the channels formed by PorHC.glut. 

 

 

 

Figure 4. Amino acid sequence of PorHC.glut and its comparison with the amino acid sequence of PorHC.eff. The 

result of the amino acid sequencing of PorHC.glut using Edman degradation of the N-Terminus is underlined. The 

charged residues of the proteins (+/-) are specified on the top line. Conserved residues in both homologue 

proteins are shown in bold. The sequence of PorHC.glut has been submitted to the DDBJ/EMBL/GenBank 

databases under the accession number: AJ871585. 
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Search within the chromosome of C. glutamicum demonstrated that porHC.glut and porAC.glut 

are localized very close to one another (see Figure 5). Both genes are only separated by 83 bp; 

there is no indication for a transcription terminator between them. Thus it seems very likely 

that both proteins share a common way of export to the cell wall of C. glutamicum and 

presumably also of C. efficiens because the chromosome of the latter contains also a gene that 

has a high degree of homology to porHC.glut of C. glutamicum. Comparison of the amino acid 

sequence of PorHC.eff with the sequence of PorHC.glut suggests that the former protein is highly 

homologous to the latter (see Figure 4). 

 

 

 

Figure 5. Overview of the porHC.glut gene locus and its flanking regions within the C. glutamicum genome. 

Putative transcriptional terminators are shown by stem-loop structures, potential ribosome binding sites with the 

sequence AGGAG are shaded and a known promoter is presented by a triangle (Barreiro et al., 2004). Gene 

names are specified, gene Cgl2714 encodes for a putative RNA polymerase sigma factor, Cgl2713 encodes for a 

putative aldehyde dehydrogenase. Light-gray colored genes belong to the same putative operon. The lines are 

representing the regions amplified by the pair of primers 0-12 designed in between overlapping regions (see 

Table 1). 

 

3.4.5 RT-RCR 

 

Analysis of the gene region coding for PorHC.glut and PorAC.glut suggested that porHC.glut and 

porAC.glut of are part of a putative gene cluster that is responsible for the transcription and 
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translation of the channel-forming proteins in the cell wall. This putative cluster is localized 

within the region from bp 2886331 to bp 2907251 of the chromosomal DNA of C. 

glutamicum. (GenBank Accesion number NC_003450). Interestingly, all genes of this 20920 

bp long stretch are encoded by the minus strand. To see if the different genes are transcribed 

together, total RNA was isolated from C. glutamicum ATCC 13032 and treated with DNase to 

completely digest genomic DNA (data not shown). Via reverse transcription, the mRNA of C. 

glutamicum wildtype was converted into cDNA with random nonamers and afterwards 

amplified with the primers specific for the different genes within the putative cluster (see 

Table 1). As shown in Figure 6, the mRNA of C. glutamicum contained signals that indicated 

amplification of the overlapping regions between the genes of the putative porH cluster with 

the different primers. This result suggested that porHC.glut and porAC.glut could be part of a 

transcriptional unit that contains up to 13 genes. 

 

 

 

Figure 6. 0.8 % agarose gel from RT- PCR experiments. For each pair of primers from Table 1, a product is 

shown. The length of the products is: 0: 790 bp; 1: 410 bp; 2: 250 bp; 3: 710 bp; 4: 280 bp; 5: 1430 bp; 6: 1010 

bp;7: 1030 bp; 8: 1310 bp;  9: 1020 bp; 10: 1100 bp; 11: 1000 bp; 12: 630 bp. M: 100 bp ladder. Taken from 

Costa-Riu, N. (2003), unpublished data. 

 

3.4.6 Western blots of PorHC.glut indicate its oligomeric form 

 

PorHC.glut is probably too small to account alone for a transmembrane channel. To check 

whether PorHC.glut forms oligomers, we performed Western blots with different crude cell 

extracts of C. glutamicum. One of them was performed with 2 % LDAO; the other two 

consisted of extraction of the cells for three hours either with 8 M urea or with a 1:2 mixture 

of chloroform/methanol (see Material and methods). After extraction according to the 
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different methods the cells were centrifuged for 10 minutes at 14 000 rpm, and the 

supernatant was subjected to SDS-PAGE followed by Western blot with anti PorHC.glut 

antibodies. Figure 7 shows the results of the experiments. Lane 1 demonstrates that PorHC.glut 

could form oligomers, possibly hexamers and others if it is extracted with the detergent 

LDAO and solubilized at room temperature. Interestingly, the oligomers seem to resist boiling 

for 5 minutes in sample buffer (lane 2, Figure 7). Extraction of the cells with 8 M urea or 

organic solvent tends to destroy the oligomers and only monomers or dimers of PorHC.glut 

were detected on the Western blot (see lanes 3 and 4, respectively). 

 

Figure 7. Western Blot analysis of PorHC.glut. The 

samples were separated on a Tricine containing 10 % 

SDS-PAGE and blotted onto a nitrocellulose 

membrane. Proteins were visualized using anti-

PorHC.glut antibodies and a chemoluminescence 

reaction. 

Lane 1: 15 µl supernatant of 2 % LDAO extraction of 

whole cells were solubilized with 5 µl sample buffer 

without mercaptoethanol at room temperature;  

Lane 2: 15 µl supernatant of 2 % LDAO extraction of 

whole cells were solubilized with 5 µl sample buffer at 

100 °C; 

Lane 3: 15 µl supernatant of 8 M urea extraction 

treated for 5 min at 100 °C with 5 µl sample buffer; 

Lane 4: 15 µl of ether precipitated organic solvent 

extract dissolved in 0.4 % LDAO, 10 mM Tris-HCl; 

pH 7 treated for 10 min at 100 °C with 5 µl sample buffer. 

 

3.4.7 Immunological detection of PorAC.glut, PorHC.glut, PorBC.glut and PorCC.glut 

 

Immunological detection of the different cell wall channels was performed to check if they 

were all expressed in the cell wall of C. glutamicum. Whole cells, grown in BHI-medium, 

were fixed with formaldehyde and incubated with antibodies against PorAC.glut, PorHC.glut, 

PorBC.glut and PorCC.glut. Then the cells were treated with gold-labeled (12 nm diameter) goat 

anti rabbit antibodies. Figure 8 shows electron micrographs of cells treated with anti-PorAC.glut 

(A), anti- PorHC.glut (B), anti- PorBC.glut (C) and anti- PorCC.glut (D) antibodies. The immuno 

gold particles were in all cases only visible in the region of the envelope of C. glutamicum 
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cells. The results indicated that the channels coexist in the C. glutamicum cell wall. However, 

the labeling with immuno gold particles was different for the different pore-forming proteins. 

Whereas PorAC.glut (A) and PorHC.glut (B) were well labeled, only a few immuno gold particles 

were visible in the case of PorBC.glut (C) and PorCC.glut (B). Possibly, the antigenic 

determinants, chosen for the generation of the corresponding antibodies, were not well 

accessible from the surface of the cells. 

 

 

 

Figure 8. Electron micrograph of C. glutamicum cells, grown in BHI-medium, fixed with formaldehyde, treated 

with anti-PorAC.glut (A), anti-PorHC.glut (B), anti-PorBC.glut (C) and anti-PorCC.glut (D) antibodies and then with 12 

nm colloidal Gold–AffiniPure goat Anti–Rabbit IgG antibodies. Original magnification 63 000x. 

 

SDS-PAGE of total cell extracts using organic solvent followed by immunodecoration with 

antibodies against all four channel-forming proteins demonstrated that they all were present in 

the cells (see Figure 9). This provides evidence that PorCC.glut is also expressed in C. 

glutamicum besides the other porins because we could only show in a previous publication 

that the corresponding gene is transcribed (Costa-Riu et al., 2003b). 
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Figure 9. Western blot analysis of proteins obtained by 

organic solvent extract of whole C. glutamicum cells. 

The ether precipitates dissolved in 0.4 % LDAO were 

separated on a 10 % Tricin SDS-PAGE and blotted on a 

nitrocellulose membrane. Proteins were visualized using 

anti-PorBC.glut (lane 1) anti-PorCC.glut (lane 2), anti-

PorAC.glut (lane 3) and anti-PorHC.glut (lane 4) antibodies 

and a chemoluminescence reaction. 

 

 

 

3.5 Discussion 

 

3.5.1 The cell wall of C. glutamicum contains another cation-selective channel beside 

PorAC.glut 

 

PorAC.glut was the first pore-forming protein from the cell wall of C. glutamicum that was 

investigated in detail (Lichtinger et al., 1998; 2001). It is a small 45 amino acids long 

polypeptide forming an oligomeric, cation-selective channel of very high ion permeability. 

The deletion of PorAC.glut allowed the discovery of another cell wall channel, PorBC.glut, of 

much lower permeability that is anion-selective (Costa-Riu et al., 2003a; 2003b). This result 

indicated that the cell wall of C. glutamicum contains several types of channels similar to the 

situation in the outer membrane of gram-negative bacteria (Benz, 2001) and also in the gram-

positive Rhodococcus equi, which is likewise a member of the genus mycolata (Riess et al., 

2003). Here we were able to detect in organic solvent extracts of whole cells an additional 

cation-selective channel in the cell wall of C. glutamicum, PorHC.glut. PorHC.glut seems to be 

particularly frequent when the cells are cultivated in minimal medium; it has an apparent 

molecular mass of 12 kDa on SDS-PAGE and forms in the lipid bilayer assay highly cation-

selective channels with a single-channel conductance of about 2.5 nS in 1 M KCl. The 
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channel-forming protein was purified to homogeneity. Partial sequencing of the 12 kDa 

protein resulted in a stretch of 13 amino acids, which allowed the identification of the 

porHC.glut gene within the chromosome of C. glutamicum that codes for a 57 amino acid long 

polypeptide (molecular mass 6.1 kDa) without leader sequence at the N-terminus for protein 

sorting. This suggests that PorHC.glut is not transported via the Sec-apparatus out of the cell to 

reach the cell wall similar as in the case of PorAC.glut (Freudl, 1992; Lichtinger et al., 2001). 

 

The existence of two cation-selective channels of high permeability in the cell wall of C. 

glutamicum seems to be contradictory. So far the role of PorHC.glut and PorHC.glut is not clear. 

However, E. coli also exhibits two cation-selective porins and the expression of these major 

porins of E. coli is regulated through the OmpR-EnvZ system (Pratt et al., 1996; Walthers et 

al. 2004). Under high osmotic strength and high temperature conditions, OmpC is expressed 

and the OmpF expression is repressed whereas under low solute concentrations, OmpF is 

expressed. OmpF produces a slightly larger channel than OmpC, thus bigger substrates 

diffuse far better through the channel. In consequence of the increased production of OmpF 

under low-osmolarity conditions E. coli will benefit by facilitating the influx of scarce 

nutrients (Nikaido, 2003). 

The situation in C. glutamicum is somewhat different because PorHC.glut  and PorAC.glut seem 

to be cotranscribed and coexpressed, which means that they are coexisting in the cell wall. 

This has only qualitative significance. The quantitative ratio of the porins in the cell wall is 

not known and may change dependent on unknown regulatory mechanisms in C. glutamicum 

and growth conditions. It is conceivable, that the translation of the two porins and their 

channel-forming activity is linked to the modification of the proteins. For this we have to keep 

in mind that synthetically produced PorHC.glut possesses only very low pore-forming activity 

(see Chapter 4). 

 

3.5.2 The porHC.glut and porAC.glut genes belong to the same putative operon 

 

Interestingly, porHC.glut can be found next to porAC.glut in the C. glutamicum chromosome, 

both genes are separated by only 83 bp (see Figure 5). The results of the RT-PCR experiments 

suggests that they are cotranscribed and the immunological detection experiments present 

evidence, that the proteins are also expressed together. Another interesting result of the RT-

RCR experiments was, that porAC.glut and porHC.glut could be part of a gene cluster comprising 
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13 genes although putative transcriptional terminators may be localized within the cluster (see 

Figure 5 and Figure 6). It is possible that there exist different transcripts, one may correspond 

to the entire operon, and others related to the cluster containing only the groEL2, porAC.glut 

and porHC.glut genes, terminated at the stem loop structures. Barreiro et al. (2004) 

demonstrated in Northern blot analysis that there exists in C. glutamicum a groEL2 transcript 

of 1.8 kb that corresponds to the groEL2 open reading frame of 1647 nucleotides. The groEL2 

promoter is heat shock inducible because it can be induced by a temperature shift from 30 °C 

to 40 °C (Barreiro et al., 2004). This result provides some indication for another promoter in 

front of the porin genes. This stretch contains also a potential ribosome-binding site with the 

sequence AGGAG. Further investigation is needed to test which genes of this cluster are 

transcribed together into a single mRNA. Northern blot analysis with specific probes against 

porAC.glut, porHC.glut, groEL2 and the other gene transcripts of this putative cluster could 

provide more information about such a possibility.  

 

When the export of PorHC.glut and PorAC.glut to the cell wall is considered, it is possible that a 

similar export mechanism may exist in C. glutamicum as has been reported for the ESAT-

6/CFP10 gene families of Mycobacterium tuberculosis H37Rv (Pym et al., 2003). ESAT-6 

and CFP10 are low molecular weight antigens that also lack signal peptides, but are 

transported to the cell surface. The genes encoding the ESAT-6 and CFP10 proteins lie in a 

cluster of 12 other genes. Among them are genes coding for different proteins that could be 

involved in export, such as putative ABC transporters, ATP-binding proteins, subtilisin-like 

membrane-anchored cell-wall-associated serine proteases and other amino-terminal 

membrane-associated proteins. Pym et al. (2003) provide evidence that the flanking genes are 

required for the secretion of the antigens. The genome of M. tuberculosis H37Rv exhibits five 

copies of this cluster and this cluster is also conserved in other mycobacteria like in the 

genome of Corynebacterium diphteriae. It is possible that these membrane associated and 

energy-providing proteins may function to secrete members of the ESAT-6/CFP10 protein 

families, and the proteases may be involved in the procession the secreted peptides (Gey van 

Pittius et al., 2001). Lichtinger et al. (2001) described a modification for the serine at position 

15 of PorAC.glut, which could fit in a similar export mechanism. Synthetic PorAC.glut has almost 

no channel-forming activity (Costa-Riu et al., 2003a). Interestingly, we found also some 

evidence for a modification of PorHC.glut too. PorHC.glut synthesized by solid phase synthesis 

shows only low pore-forming activity in black lipid bilayer experiments (results not shown), 

which suggests that the mature protein could be modified. The possible functional similarity 
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of the ESAT-6 gene cluster with the PorHC.glut, PorAC.glut gene cluster is up to now only 

hypothetical, but it cannot be excluded that a similar way of protein export may exist. The 

putative gene cluster in C. glutamicum consists of totally 13 genes. PorAC.glut, PorHC.glut, 

GroEL2, a putative RNA polymerase sigma factor and a putative aldehyde dehydrogenase are 

known from the proteins coded by these genes, but the others remain still unknown. 

 

3.5.3 Arrangement of PorHC.glut in the cell wall 

 

PorHC.glut has a rather small molecular mass of about 6 kDa similar to that of PorAC.glut or 

PorBC.glut. In general, the molecular masses of corynebacterial cell wall porins are rather small 

as compared to those of Gram-negative bacterial porins, which range between 30 and 60 kDa 

(Benz, 1994; Lichtinger et al., 1998; Costa-Riu et al., 2003b). This suggests that the cell wall 

channels are formed by oligomers. A possibly hexameric form of PorHC.glut was found in 

Western blot analysis with anti-PorHC.glut antibodies (see Figure 7). Secondary structure 

predictions for PorHC.glut suggest that a stretch of about 42 amino acids forms amphipathic α-

helices with about 12 windings and a total length of 6.3 nm (see Figure 10). This should be 

sufficient to cross the mycolic acid layer. The arrangement of PorHC.glut in the putative 

oligomer is such that all hydrophilic amino acids are localized on one side of the helix and all 

hydrophobic ones on the other side. It is noteworthy that this agrees nicely with the selectivity 

of the channel, because the charged amino acids are located to the channel lumen (see below). 
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Figure 10. Scheme of the PorHC.glut secondary structure. The upper panel shows hydrophobicity indices of the 

individual amino acids according to Kyte and Doolittle (1982). The molecule can form, according to secondary 

structure predictions, α-helices with 12 windings corresponding to an overall length of 6.3 nm. Amino acid 

residues of the heptameric repeats were labeled in the sequence as a-g. The hydrophobic residues are located at 

position a, e and d, (presumably oriented towards the mycolic acids; indicated by the oval ring). The hydrophilic 

residues are localized at the positions b, f, c and g and may face the channel lumen, positive residues are 

encircled, negative residues are framed. 

 

It is noteworthy that the possible α-helical arrangement of PorHC.glut does not agree with the 

3D-structure of the cation-selective cell wall channel of M. smegmatis, which is formed by an 

MspA octamer (Faller et al., 2004). MspA monomers (molecular mass of about 20 kDa; 

Niederweis et al., 1999) contain in the mycolic acid layer spanning part ß-sheet structure 

similar to the structure of Gram-negative bacterial porins (Benz, 2001). On the other hand, the 

latter porins form trimers with three individual channels, whereas MspA forms an octamer 

with only one central channel. It is possible that the arrangement of PorHC.glut has to do with 

the thickness of the cell wall and the length of the mycolic acids of different mycolata. 

Mycobacteria contain rather long mycolic acids (60-90 carbon atoms; Minnikin 1987; 1991; 

Daffé et al., 1990; Ochi, 1995; Brennan & Nikaido 1995), whereas they are short in 

Corynebacteria (22-38 carbon atoms; Yague et al.; 2000, Ioneda, 1993). On the other hand, it 

is also possible that the arrangement of PorHC.glut has to do with its biosynthetic pathway and 
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its export to the cell wall. Export and assembly of the cell wall channels of Corynebacteria are 

not well understood and further investigation of the proteins are necessary to understand their 

structure and function. 

 

3.5.4 Effects of negative point net charges on the channel properties of PorHC.glut 

 

Possible arrangement of PorHC.glut in the cell wall and the data of Table 2 suggest, that point 

charges influence the conductance of the PorHC.glut channel because the single-channel 

conductance of PorHC.glut is not a linear function of the bulk aqueous concentration. This 

means, that the cation specificity of PorHC.glut is caused by negative point charges and not by a 

binding site, which has been demonstrated in a number of studies (Menestrina & Antolini, 

1981; Benz et al., 1989; Benz, 1994) including mycobacterial porins and PorAC.glut of C. 

glutamicum (Trias & Benz, 1993; 1994; Lichtinger et al., 1998). A quantitative description of 

the effect of point charges on the single-channel conductance may be given with the 

considerations of Nelson and McQuarrie (Nelson & McQuarrie, 1975), as previously 

described (Trias & Benz, 1993; Costa-Riu et al., 2003b). A best fit of the data of Table 2 was 

obtained by assuming that 2 negative point charges (q = -3.2×10-19 A·s) are attached to the 

channel mouth and if the channel has a diameter of about 2.2 nm. The results of this fit are 

shown in Figure 11. 
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Figure 11. Single-channel conductance of PorHC.glut of C. glutamicum as a function the KCl-concentration in the 

aqueous phase (full squares). The solid line represents the fit of the single-channel conductance data (see Costa-

Riu et al., 2003b for details) assuming the presence of negative point charges (2.0 negative charges; q = -3.2 x 

10-19 A s) at the channel mouth on both sides of the membrane and assuming a channel diameter of 2.2 nm 

(radius r = 1.1 nm). c, concentration of the KCl-solution in M (molar); G, average single-channel conductance in 

nS. The broken (straight) line shows the single-channel conductance of PorHC.glut without the effect of point 

charges and corresponds to a linear function between channel conductance and bulk aqueous concentration. 

 

The solid line represents the fit of the single-channel conductance versus concentration by 

using the Nelson and McQuarrie (1975) treatment and the parameters mentioned above 

together with a single-channel conductance, G0 = 2.3 nS at 1 M salt. The broken line 

corresponds to the single-channel conductance of the cell wall channel without point net 

charges, i.e. it shows a linear relationship between the cation concentration in the aqueous 

phase and single-channel conductance. 
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CHAPTER 4 
 

Heterologous expression of corynebacterial   

channel-forming proteins  

 

4.1 Summary 

 

The cell wall of the Gram-positive bacterium Corynebacterium glutamicum contains the 

cation-selective porins PorAC.glut and PorHC.glut as well as the anion-selective channel 

PorBC.glut for the passage of hydrophilic solutes. In C. efficiens the PorHC.glut homologue porin 

PorHC.eff was identified and characterized in this work (see Chapter2). 

Multiple sequence alignments search within the known chromosomes of C. glutamicum and 

C. efficiens demonstrated that both organisms contain the genes for PorA, PorH and PorB. 

Further search for homologous genes showed, that the chromosome of C. glutamicum 

contains also another gene for a PorB-like protein 138 bp downstream from porB, this protein 

is called PorCC.glut. The arrangement of porB and porC as well as porA and porH suggested 

that both genes belong to the same cluster. 

The aim of this work was to establish an heterologous expression system for corynebacterial 

channel forming proteins. We could demonstrate with recombinant expression experiments in 

E. coli that porBC.eff and porCC.eff encode for channel forming proteins. They are, like 

PorBC.glut, anion selective with a similar single-channel conductance of 1 nS in 1 M KCl. A 

more precise characterization of the channel forming properties was not accomplishable 

because of the low channel forming activity of the heterologous expressed porins. Lipid 

bilayer experiments with PorHC.glut synthesized by solid phase synthesis were in accordance 

with this results, only low channel-forming activity was observed. It is conjecturable that the 

recombinant, and the synthetic porin respectively, are not right folded, perhaps because of a 

missing translational modification, that is not proceeded in E. coli. 
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4.2 Introduction 

 

4.2.1 Cell wall channels of mycolic-acid containing actinomycetes 

 

A part of the actinomycetes of particular interest is called the mycolata. That is a broad and 

diverse group of actinomycetes and encloses, the genera Rhodococcus, Gordona, 

Tsukamurella, Dietzia, Mycobacterium, Nocardia and a part from the genera 

Corynebacterium. The relationship between these genera is further established by the 

chemical analysis of the cell wall and lipid structures (Minnikin et al., 1978; Daffé & 

Drapper, 1998; Minnikin & Goodfellow, 1980; Minnikin et al., 1984; Sutcliffe, 1997; Puech 

et al., 2001). 

 

The mycolic acid layer on the surface of mycolata represents a permeability barrier (Jarlier & 

Nikaido, 1990, Brennan & Nikaido, 1995) so that water-filled channels will be needed to 

allow the permeation of hydrophilic solutes. In agreement with this, channels have been 

identified in the cell wall of mycolata. Till present the channel-forming proteins of the 

organisms listed in Table 1 are identified and characterized. Among the displayed 

microorganisms are ones that cause dangerous infections like Mycobacterium tuberculosis 

and Corynebacterium diphtheriae and such that are potent producers of amino acids on 

industrial scale like C. glutamicum, C. callunae and C. efficiens. M. smegmatis is used as 

model-system for the research on pathogenisis of tuberculosis. These channels are wide, 

water-filled and contain point charges, which results in selectivity of the cell wall channels. 

Our observations could mean that cell wall porins may be present in all members of the 

mycolata. Whereas some cell wall channels have been characterised on functional basis by 

reconstitution experiments in lipid bilayer membranes, relatively little is known about the 

proteins forming the channels. 
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Cell wall porin; 

MW  

monomer/oligomer 

G 

[nS] 

in 1 

M 

KCl 

Selectivity 

Pc/Pa in 

KCl 

0.05/3 Mb 

Point 

charges 

at the 

channel 

mouth 

Channel 

Diameter 

[nm] 

Reference 

C. glutamicum 

PorAC.glut; 

5 kDa/n.d. 

5.50 8.10 -2.0 2.2 
1,2

 
Lichtinger et al., 

1998 

C. glutamicum 

PorBC.glut; 

10 kDa/n.d. 

0,7 0,12 +1.5 1.4 
1
 

Costa-Riu et al., 

2003b 

C. glutamicum 

PorHC.glut; 

6 kDa/36 kDa 

2.50 5.10 -2 2.2 2 
Hünten et al., 2005 

this work 

C. efficiens 

PorHC.eff; 

6 kDa/n.d. 

2.25 0.7 n.d. n.d. 
Hünten et al., 2005 

this work 

C. callunae 

PorHC.call; 

6 kDa/n.d. 

3.0 7.1 -1.6 2.2 2 
Hünten et al., 2005 

this work 

C. diphteriae 

6 kDa/67 kDa 
2.2 1.2 n.d. n.d. unpublished data 

M. chelonae; 

n.d./59 kD 
2,7 6.3 -2.5 

2.0 1 

2.2 a 

Trias and Benz, 

1992; 1993 

M. smegmatis 

MspA; 

20 kDa/100 kDa 

4.1 9.7 -4.0 
1.8 

1
 

3.0 
2
 

Trias and Benz, 

1994 

Niederweis et al., 
1999 
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M. bovis BCG 

PorAM.bo; 

n.d./100 kDa 

PorBM.bo; 

10 kDa/60 kDa 

 

4.30 

 

 

0.78 

 

>1 

 

 

<1 

 

n.d. 

 

 

n.d. 

 

n.d. 

 

 

n.d. 

 
Lichtinger et al., 

1999 

M. phlei 

MppA; 

22 kDa/135 kDa 

4.5 14.9 -2.2 
1.8 

1
 

2.0 
2
 

Rieß et al., 2001 

Dörner et al., 2004 

N. farcinica; 

20 kDa/87 kDa 
3.0 8.2 -1.3 

1.4 
1
 

1.6 
2
 

Rieß et al., 1998 

N. asteroides 

n.d./84 kDa 
3.0 20.0 -1.0 1.3 

1
 Rieß et al., 1999 

N. corynebacteroides; 

23 kDa/134 kDa 
5.50 3.80 -2.7 

2.0 
1
 

2.2 
2
 

Rieß and Benz, 

2000 

R. erythropolis; 

8 kDa/67 kDa 
6.00 11.80 -2.7 2.0 

1,2
 

Lichtinger et al., 

2001 

R. equi 

PorAR.eq; 67 kDa 

PorBR.eq; 11 kDa 

4.00 

 

0.30 

9.0 

 

0.16 

-1.5 

 

+1.5 

1.8 
1 

2.0 
2
 

1.4 
1,2

 

 
Rieß et al., 2003 

 

T. inchonensis 

33 kDa/n.d. 
4.5 4.0 -2.2 2.0 1 

Dörner et al., 2004 

 

Table 1. Comparison of the channel properties of the cell wall channels from the mycolata that are known to 

date. aThe channel diameters were estimated from liposome swelling assay. The channel diameters were 

estimated from the single-channel conductance as a function of the hydrated ion radii
1
 or the effect of negative 

point charges on single-channel conductance
2
; b concentration from the beginning and at the end of the 

experiment; n.d. not determined. 

 

MspA, found in M. smegmatis (Niederweis et al., 1999), is the best characterized and 

analysed outer membrane protein of Corynebacterineae. The protein was cloned and the 

mspA gene sequenced. It is encoding a 184 amino acid protein with an N-terminal signal 

sequence. MALDI mass spectrometry of the purified porin revealed a mass of 19 406 Da, in 

agreement with the predicted mass of mature MspA. Three important drugs, isoniazide, 
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ethambutol, and pyrazinamide can easily permeate the channel MspA which leads to the 

assumption, that porins influence the drug efficiency (Lambert, 2002). A general cylindrical 

shape of MspA was established by electron microscopy (Engelhardt et al., 2002). The atomic 

structure of this protein shows a β-structure (Faller et al., 2004) that differs completely from 

its counterparts in Gram-negative bacteria (Weiss et al., 1990; Schulz, 2002). The porin 

represents a tightly interconnected octamer with eightfold rotation symmetry. It is described 

as a goblet consisting of a thick rim at the top, a stem consisting of the wide β-barrel, and a 

base at the bottom. There is no significant sequence similarity between MspA and other 

known porins from different Corynebacterineae. 

In the cell wall of the fast growing mycobacterium, M. phlei and in the slow growing 

Tsukamurella inchonensis channel forming proteins were isolated and characterised with 

similar properties to MspA (Rieß et al., 2001; Dörner et al., 2004). The genes of both cell 

wall channels were cloned and sequenced. The somewhat surprising result was that the two 

genes tipA and mppA coding for the cell wall channels were found to be identical to mspA of 

M. smegmatis. This means that the major cell wall channel of T. inchonensis and M. phlei are 

identical to MspA, which has previously been identified in M. smegmatis (Trias & Benz, 

1994; Niederweis et al., 1999). This means that the mspA gene appears to be specific for 

mycolata with long mycolic acids as has already been discussed by Niederweis et al. (1999) 

and Riess et al. (2001). This has already been suggested by the observation that chromosomal 

DNA of other mycolata, such as T. inchonensis or Nocardia farcinica contains genes that are 

very closely related to mspA of M. smegmatis (Riess et al., 2001). 

Channel-forming proteins have also been identified in C. glutamicum (Lichtinger et al., 1998; 

Costa-Riu et al., 2003b), C. efficiens and C. callunae (see Chapter 2). In this case the channel 

subunits have a molecular mass of about 5-10 kDa, and channel-forming oligomers have been 

observed for PorHC.glut of C. glutamicum (see Chapter 3). Since these values are unusually 

small for a transmembrane channel this argues for an oligomerisation. The proteins were 

cloned and their genes sequenced. The sequences of the cation selective porins PorAC.glut, 

PorHC.glut, and PorHC.eff are not containing any signal peptide that allows the mature proteins 

to be exported by the Sec-system. This means that the export of the proteins over the 

cytoplasmic membrane and the insertion in the cell wall follows an other way as it takes place 

in M. smegmatis. Whereas the anion selective PorBC.glut protein exhibits an N-terminal 

extension of 27 amino acids, and is, as a result, exported by the Sec system. While sequencing 

the PorAC.glut protein problems in detecting position 15 assumed, only the 

phenylthiohydantoin derivate of dehydroalanine was determined (Lichtinger et al., 2001). 
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The knowledge of the primary sequence of PorAC.glut, PorHC.glut,, PorHC.call and PorHC.eff 

allowed also secondary structure predictions for the proteins (Lichtinger et al., 2001; Chapter 

2 and 3). The search for α-helical structures and for amphipathic β-strands suggested that 

both are possible for PorAC.glut. Amino acids 9 to 37 can form a transmembrane helix and 

amino acids 8 to 15 and 27 to 35 can form amphipathic β-strands. But they are probably not 

long enough to cross the mycolic acid layer of C. glutamicum, because its thickness is 6.2 ± 

1.7 nm according to electron microscopy analysis (Marienfeld et al., 1997). So far it is not 

known how many PorAC.glut monomers are needed to form a cylinder with an inner diameter 

of 2.2 nm (Lichtinger et al., 1998), but in correlation to Gram-negative bacterial porins about 

16 monomers would be sufficient to form such a channel. Secondary structure predictions for 

PorHC.glut,, PorHC.call and PorHC.eff suggest that part of the proteins forms amphipathic α-

helices with a length sufficient to cross the mycolic acid layer (see Chapter 2 and 3). 

PorAC.glut, PorHC.glut and PorBC.glut from C. glutamicum show no homology to the first cloned 

mycobacterial cell wall channel OmpATb from M. tuberculosis (Senaratne et al., 1998) or the 

subunit MspA of the cell wall channel from M. smegmatis (Niederweis et al., 1999). There 

the cell wall channel proteins have considerably higher molecular masses than PorAC.glut, 

PorHC.glut and PorBC.glut. Furthermore, also no homology exists to the partial amino acid 

sequence of the subunit of the cell wall channel of R. erythropolis (Lichtinger et al., 2000), 

although this protein has a similarly small molecular mass as PorAC.glut and the thickness of 

the mycolic acid layers of both bacteria are also very similar as judged from the length of their 

mycolic acids.  

Multiple sequence alignments search within the known chromosomes of C. glutamicum and 

C. efficiens demonstrated that both organisms contain the genes for PorA, PorH and PorB. 

Further search for homologous genes showed that the chromosome of C. glutamicum 

contained also another gene for a PorBC.glut-like protein 138 bp downstream from porB, this 

protein is called PorCC.glut (see Figure 2; Costa-Riu et al., 2003b). The arrangement of porB 

and porC as well as porA and porH suggested that both genes belong to the same cluster . An 

alignment of the genes is shown in Figure 1 and 2. 

 

C.glut.       TTTCTTTG CTGGTCCTCT CAAGGAGATT TCTCATGGAT CTTTCCCTTC TCAAG 
C.eff.        CTTATTTG CTGGTCCTCT CTAGGAGATT TCTCATGGAT CTTTCCCTTC TCAAG 
 
C.glut.     GAAACCCTCG GCAACTACGA GACCTTCGGT GGCAACATCG GTACCGCTCT TCAGA 
C.eff.      GACTCCCTGT CCGACTTCGC TACCCTCGGC AAGAACCTGG GACCTGCTCT CCAGG 
 
C.glut.     GCATCCCAAC CCTGCTCGAT TCCATCCTTA ACTTCTTCGA CAACTTCGGA GATCT 
C.eff.      GCATCCCGAC CCTGCTGAAC AGCATCATCG CCTTCTTCCA GAACTTCGGT GACCT 
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C.glut.     CGCTGACACC ACCGGCGAGA ATCTGGATAA CTTCTCTTCC TAAGAGAAAT CCGAT 
C.eff.      CGCTGAGACC ACCGGCGACG CTGCTGGCAA CCTGTCCTCT TAA----TCC CCATT 
 
C.glut.     TTGGCTGATT GGCTAAAATC CACAGCCTTC CCCCTTCCCC CTCATCTCAA CTCTT 
C.eff.      CTTGCTGCTA GGGGATAAAC CTAGAAGCTG AGATTCCAAA CTTTTTCTTA ATCTC 
 
C.glut.     AATAGGAGAA TTTAAAATGG AAAACGTTTA CGAGTTCCTT GGAAACCTTG ATGTC 
C.eff.      TGAAGGAGAA CATAA--TGG AAAGCATCAC TGACTTCCTG GCCAACGTTT CCAAC 
 
C.glut.     CTTTCCGGCT CCGGCCTCAT CGGCTACGTC TTCGACTTCC TCGGCGCTTC CAGCA 
C.eff.      CTTTCCTCCA CCGGTCTTGT CGGTACCGTT TTCGGTCTGC TGAAGACCGC TGGCG 
 
C.glut.     AGTGGGCTGG CGCAGTTGCT GACCTCATCG GTCTGCTTGG CTAATTAACT TCGCC 
C.eff.      ACTGGGCTGA CAACGTCGCC AAGCTGCTCG GCCTCCTGGG CTAATTCCCA CCACG 
 
C.glut.     CACGGGCAAA 
C.eff.      CTCCGGCGTA 

 

Figure 1. Alignment of the porH (shown in yellow) and porA (shown in green) gene cluster of C. glutamicum 

(NCBI Reference Sequence accession number NC_003450, region 2887853-2888368) and C. efficiens (NCBI 

Reference Sequence accession number NC_004369, region 2727449-2727840). The NCBI accession numbers of 

the protein genes are: porAC.glut.: AJ238703; porHC.glut.: AJ871585; porAC.eff. is up to now not listed; porHC.eff.: 

AJ871586; Homologues are shown in red. 

 

 
C.glut.     GTGAGTTATT CATATTACCC AAGGACTTAA ACCTTAA--- AAGGAGCCCT AAAAA 
C.eff.      CGCAGTCATC CAGCCAACCA TCCACCTGGA ACCACTACCG AAGGAGCCC- CTCCA 
 
C.glut.     TCATGAAGCT TTCACACCGC ATCGCAGCAA TGGCAGCAAC CGCAGGCATC ACAGT 
C.eff.      TCATGAAGAT CTCAACCCGT GTCGCAGCCA TCGGCGCAGC CGCAGCCCTC GGACT 
 
C.glut.     GGCAGCATTC GCAGCACCTG CTTCCGCATC CGACTTCGCA AACCTATCCT CCACC 
C.eff.      GACCGCCTTC GCCGGACCGG CATCCGC--- ---------- --CGTGTCAT CCTCA 
 
C.glut.     AACAAAGAAC TGTCCCCTCA GTACAACTGG GTTGCTTGCG GCATCCTTGA GGGTG 
C.eff.      GA---TGAAC TGTCTGACCG TTTCGACTGG GTCGGATGTC CCATAGTCGA GGCCT 
 
C.glut.     GCCTCAAAGC AGCTGGCGTC CTTGAAGAAG GCCAGTACAA CCGCGAGCTC GCAGA 
C.eff.      CCCTCGCCTT CTATGGACTG CCGGAGGAGG GCATGCGCAA CAATCAGCTC GCCGC 
 
C.glut.     AGCAATCGCC GCAAAGGGTG AAGGCTTCTG GACCACTCAG TTCCCACAAA TCGGT 
C.eff.      GGCCCTCGAG GAGAAGAACG CGAACTTC-- -GCAGCCTAC TTTGAAGGTG GCGGG 
 
C.glut.     GATTGGAACG AAGATCAGGC AGCAGCACTT GCCGACCGCG CACAAACCTG TGGCC 
C.eff.      GATTGGAACG CCCAGGCATC GGCCGACTAC GCCGACCGTG CACAGAAGTG CGGGA 
 
C.glut.     TAGTTAAGGC TGACACC--- ---------- ----TACCTT TCTGAGC--- -TGTC 
C.eff.      TCGTCGAGCC GAACACCGCG ATCGAGAACG CCAGCTCCAA CCTGAACGAC TTCTT 
 
C.glut.     CTCCAACTTC TCTTCCTAAA AGGTTC---- ---------G GGGGTAACCC CAAA- 
C.eff.      CGCAGGCCTT TCCTCCTAAC TGGAAGCGAT GAGGAGGGGG GGGATCACCC CCTCC 
 
C.glut.     --AATCACTT AAGTCACAAC AGTCACATAA ATCACTTCAG TAACGTATGA TTTTG 
C.eff.      CCAGTCGAAT GA-TCACAAA CGCCACACCA GTCACATCAA TAACATATGA TGT-- 
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C.glut.     GACTGTTGTG GCTTTTGCCA T--------A TTTATTTCAT TTCCATCTCA GTGAT 
C.eff.      GGCGGGTGTG GCGTTGGTCA TCCACCGGCA CCCCACGCAA CCCCGACCCG TCAAA 
 
C.glut.     CTCTTAAGGA AACCC-ATGA AGAAACTACG TTTCGCCACC ATCGCTGCCG CTACC 
C.eff.      CAATCAAGGA CACCCCATGA ACCTCCGTCG CACCCTCGCT GTCGCCGCCG CCTCC 
 
C.glut.     GTT---GCCC TGACTGCGAG CCTTACCCC- -------CTC AGCTTCCGCA CAG-- 
C.eff.      GTCATGGCCC TCACCGCCAC CATCGCGCCT GCGCAGGCTC AGAATGCGGA CATCG 
 
C.glut.     -----GATTT CAACCAAATC ATCGACAACT TTGATTGCGG CATCCTTCAG ACCGC 
C.eff.      TCAGCGGCAT CAACAACCTC ATCGACACCT TCGACTGCGA TCTTCTTCGC ACCGG 
 
C.glut.     TATCTACACC ACCGGCCTGG CTCACGAGAA CTCCACTCGC TCAGAGCTCG CCGCT 
C.eff.      CCTGACCCAG ACCGGTCTGG TCACCCCGGA GACCACCCGC TCCGAGCTCG CCGCC 
 
C.glut.     AATCTGCGCA ACTCCGCAGC TGTCGGCCAA CTAGACTTCC CATTGAATAT CGCGG 
C.eff.      ACTCTGCGGA CCACCGCCAA CCTCGGTGAG ATCGACGTTG CCTTCGCCTT CGTGG 
 
C.glut.     CTACCGGCTA CTCCGAGCGC ATCGCTAACC GCGCACTGAC CTGCGGAATC GTGAA 
C.eff.      GTTCCGCCTA CGCAGGACGC ATCGCAGACC GCGCGCAGAC CTGTGGGATC GTCCA 
 
C.glut.     GGAAGATCCA ---CAGGACT TCCTCTCCCA GCTGCAGCTT CTGTCCTCTA ACCTA 
C.eff.      GCCAGACCCG GAGCAGGACA TCCTCACCCA GCTGCAGAAC CTCTCCAGCA ACCTG 
 
C.glut.     TCTTCTTCCT TCTTCACTGC TTAGTTTCTC TTGGGCTTTT CCTTGAGCCC ACAGC 
C.eff.      TCCTC----- -CTAAGC-GC ACCGACACCC C---GCCTTT CATTAA-CCC AGAGA 

 

Figure 2. Alignment of the porB (shown in blue) and porC (shown in grey) gene cluster of C. glutamicum 

(NCBI Reference Sequence accession number NC_003450, region 1032726-1033619) and C. efficiens (NCBI 

Reference Sequence accession number NC_004369, region 1099197-1100062). The NCBI accession numbers of 

the protein genes are: porBC.glut.: BK001251; porCC.glut.: BK001268; porBC.eff.: AJ555471; porCC.eff.: AJ555472; 

Homologues are shown in red. 

 

The aim of this work was to establish an heterologous expression system for corynebacterial 

channel forming proteins. It would provide the opportunity to investigate the channel forming 

properties of the up to now only hypothetical porins PorAC.eff, PorBC.eff, PorCC.eff from C. 

efficiens and PorCC.glut from C. glutamicum. On the basis of the homologies, identifiable in 

Figure 1 and 2, it may be expected that the homologue genes of the C. glutamicum porins vote 

also for pore-forming proteins in C. efficiens. Furthermore structural analyses would be 

possible by the construction and expression of point mutants, or if high amounts of the porins 

are producible, by X-ray structure analysis. 



CHAPTER 4 – Heterologous porin expression 
 

 85 

4.3 Materials and methods 

 

4.3.1 Bacterial strains and growth conditions 

 

E. coli Top 10F’ (Invitrogen, Karlsruhe, Germany) were used for all cloning experiments. For 

expression of the recombinant porins E. coli BL21(DE3)Omp8 and E. coli Top10F’ 

(Invitrogen, Karlsruhe, Germany) cells were used. These strains were routinely grown in LB 

(Luria Bertani) medium at 37 °C. Ampicillin was used when required at a concentration of 25 

µg/ml. 

 

4.3.2 Construction of the expression vector 

 

The porin gene sequences were obtained by polymerase chain reaction (PCR) with the 

corresponding primers (see Table 2) using a proof reading polymerase, Easy-A (Stratagene, 

Heidelberg, Germany). The assembling reaction was carried out in a volume of 50 µl using 

the following temperature profile: 3 minutes denaturation at 95 °C followed by 35 cycles 1 

minute 95 °C, 1 minute annealing at Ta, 2 minutes elongation at 68 °C completed with 10 

minutes extension at 68 °C. The annealing temperature Ta is different for each primer-couple. 

 

Oligonucleotide 
Position in the C. efficiens 

and C. glutamicum 
genome respectively 

Sequence 
5’-                                                               -3’ 

PorAC.eff  - fwd 2727543-2727578 
ATGGAAAGCATCACTGACTTCCTGGC

CAACGTTTCC 

PorAC.eff  - rev 2727441-2727470 
TTAGCCCAGGAGGCCGAGCAGCTTGG

CGAC 

PorBC.eff  - fwd 1100006-1100038 
GTGTCATCCTCAGATGAACTGTCTGA

CCGTTTC 

PorBC.eff  - rev 1099739-1099766 
TTAGGAGGAAAGGCCTGCGAAGAAGT

CG 

PorCC.eff  - fwd 1099472-1099501 
CAGAATGCGGACATCGTCAGCGGCAT

CAAC 

PorCC.eff  - rev 1099202-1099232 
TTAGGAGGACAGGTTGCTGGAGAGGT

TCTGC 

PorHC.eff  - fwd 2727806-2727829 ATGGATCTTTCCCTTCTCAAGGAC 
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PorHC.eff  - rev 2727656-2727679 TTAAGAGGACAGGTTGCCAGCAGC 

PorBC.glut - fwd 1033536-1033565 
TCCGACTTCGCAAACCTATCCTCCACC

AAC 

PorBC.glut - rev 1033266-1033303 
TTAGGAAGAGAAGTTGGAGGACAGCT

CAGAAAGGTAGG 

PorCC.glut - fwd 1033030-1033050 CAGGATTTCAACCAAATCATC 

PorCC.glut - rev 1032757-1032779 CTAAGCAGTGAAGAAGGAAGAAG 

PorHC.glut - fwd 2888315-2888336 ATGGATCTTTCCCTTCTCAAGG 

PorHC.glut - rev 2888163-2888184 TTAGGAAGAGAAGTTATCCAGA 

 

Table 2. Sequences of the 7 couples of primers used for the amplification of the porin genes porA, porB, porC 

and porH from C. glutamicum and C. efficiens. 

 

Two different plasmids were used for the following cloning of the genes. First the PCR 

products were cloned with the TOPO TA Cloning® Kit into the pCR2.1 vector (Invitrogen, 

Karlsruhe, Germany). Then these plasmids were used as a template for a second PCR with the 

following primers (see Table 3). 

 

Oligonucleotide 
Sequence 

5’-                                                                                             -3’ 

PorAC.eff  - fwd + 

BamH1 

GCTGGAATGGATCCTTATGGAAAGCATCACTGACTTCCTG

GCCAACG 

PorAC.eff  - rev + 

EcoR1 
GATATCTGCAGAA TTCGCCCTTTTAGCCCAGGAGG 

PorBC.eff   - fwd + 

BamH1 

GCTGGAATGGATCCTTGTGTCATCCTCAGATGAACTGTCT

GACCG   

PorBC.eff  - rev + 

EcoR1 
GATATCTGCAGAATTCGCCCTTTTAGGAGGAAAGGC 

PorCC.eff   - fwd + 

BamH1 

GCTGGAATGGATCCTTCAGAATGCGGACATCGTCAGCGG

CATC 

PorCC.eff  - rev + 

EcoR1 
GATATCTGCAGAATTCGCCCTTTTAGGAGGACAGGTTGC 

PorHC.eff  - fwd + 

BamH1 

GCTGGAATGGATCCTTATGGATCTTTCCCTTCTCAAGGAC

TCCCTG 
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PorHC.eff  - rev + 

EcoR1 
GATATCTGCAGAATTCGCCCTTTTAAGAGGACAGGTT G 

PorBC.glut - fwd + 

BamH1 

GCTGGAATGGATCCTTTCCGACTTCGCAAACCTATCCTCC

ACCAAC 

PorBC.glut - rev + 

EcoR1 
GATATCTGCAGAATTCGCCCTTTTAGGAAGAGAAGTTGG 

PorCC.glut - fwd + 

BamH1 

GCTGGAATGGATCCTTCAGGATTTCAACCAAATCATCGAC

AAC 

PorCC.glut - rev + 

EcoR1 
GATATCTGCAGAATTCGCCCTTCTAAGCAGTGAAG 

PorHC.glut - fwd + 

BamH1 

GCTGGAATGGATCCTTATGGATCTTTCCCTTCTCAAGGAA

AC 

PorHC.glut - rev + 

EcoR1 

GATATCTGCAGAATTCGCCCTTTTAGGAAGAGAAGTTATC 

C 

 

Table 3. Sequences of the 7 couples of primers used for the amplification of the porin genes porA, porB, porC 

and porH from C. glutamicum and C. efficiens with restriction sites (bold letters). 

 

The primers provide BamHI and EcoRI cloning sites (italic) for cloning the PCR products in 

frame with the glutathione S-transferase (GST) of the pGEX-3X (Amersham Pharmacia 

Biosciences, Freiburg, Germany) expression vector. 

With the pGEX-3X vector, fusion proteins of the 26 kDa glutathione S-transferase and the 

respective porin are produced. The expression is under control of the tac promoter, which is 

induced by isopropyl β-D thiogalactoside (IPTG). In addition an internal lacIq gene is 

engineered which encodes for a repressor protein that binds to the operator region of the tac 

promoter, preventing expression until induction by IPTG. The vector encodes a recognition 

sequence for a specific protease, Factor Xa (Amersham Pharmacia Biosciences, Freiburg, 

Germany), that allows the removal of the affinity tags from the synthesized proteins. 

After digesting the PCR fragments and the pGEX-3X vector with the restriction enzymes 

BamHI and EcoRI, the porin genes were ligated with T4DNA ligase (MBI Fermentas, St. 

Leon-Roth, Germany) at 16 °C overnight into the expression vector. The obtained product 

was transformed in E. coli Top 10F’ cells and plated on LB agar plates containing ampicillin 

at a concentration of 25 µg/ml. Some of the grown colonies were picked, grown in LB 
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medium and the plasmid was isolated (Miniprep Kit, Qiagen, Hilden, Germany). The 

presence of correct inserts was confirmed by sequence analysis (Seqlab, Göttingen, Germany). 

 

 

 

Figure 3. pGEX-3X expression vector (Amersham Pharmacia Biosciences, Freiburg, Germany). The fusion-

proteins are transcribed from the tac promoter under control of the lac operator. The lacI gene encodes for the 

lactose repressor. The vector offers resistance to ampicillin. 

 

4.3.3 Porin-expression in E. coli 

 

E. coli BL21(DE3)Omp8 and E. coli Top10F’ (Invitrogen, Karlsruhe, Germany) cells were 

transformed with the expression vector pGEX-3X + porin and grown in LB medium 

containing ampicillin at a concentration of 25 µg/ml. At OD600 of 0.8 the cells were induced 

with a final concentration of 0.1 mM isopropyl β-D-thiogalactoside (IPTG). At different times 

samples were withdrawn from the culture. After growing overnight at 30 °C the cells were 

harvested by centrifugation (6,000 rpm for 15 min in Beckman J2-21M/E centrifuge) and 

washed twice in 10 mM Tris-HCl (pH 8.0). The cell pellet was resuspended in 5 ml 10 mM 

Tris pH 8 and passed three times through a French pressure cell at 900 psi. Unbroken cells 

were removed by centrifugation at 12,000 rpm for 15 minutes. The supernatant contained the 

expressed GST-fusion protein. 
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4.3.4 Purification and cleavage of the GST-fusion protein 

 

Two different purification methods were used to obtain the fusion protein. Either the GST-

fusion protein containing supernatant was applied to fast protein liquid chromatography 

(FPLC) for loading onto a 1 ml GSTrap FF (Amersham Pharmacia Biosciences, Freiburg, 

Germany) column, or the fusion protein was cleaned by batch purification with Glutathione 

Sepharose 4B (Amersham Pharmacia Biosciences, Freiburg, Germany). The following buffers 

were used for both methods: 

• Binding buffer: 1 × PBS (140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM 

KH2PO4, pH 7.3) 

• Elution buffer: 50 mM Tris HCL, 10 mM reduced gluthathione, pH 8 

 

For column purification the following procedure was applied: The column was equilibrated 

with five column volumes of binding buffer, then 5 ml of the centrifuged supernatant 

(resulting from 200 ml cell culture) was loaded. Next the column was washed with binding 

buffer until no protein appeared in the flow-through, and finally the bound fusion protein was 

eluted with 5–10 volumes of elution buffer. The fractions containing the fusion protein were 

afterwards enzymatically cleaved with factor Xa protease, to remove the GST carrier protein 

from the fusion protein. 

 

The following protocol was used for the batch purification: 1.5 ml of the Glutathione 

Sepharose medium was prepared by washing it 3 times with binding buffer. Then 10 ml 

supernatant (resulting from 200 ml cell culture) were added and incubated gently shaking 30 

minutes at room temperature. The medium was washed again 5 times using binding buffer (1 

% Genapol added), the supernatant was discarded. To proceed, the GST carrier protein must 

be removed from the fusion protein by enzymatic cleavage with factor Xa. The sepharose was 

washed before with factor Xa cleavage buffer (50 mM Tris HCL, 150 mM NaCl, 1 mM 

CaCl2, pH 7.5), and then incubated for 2 hours at room temperature with 4 µl factor Xa 

protease added to 200 µl cleavage buffer. The protein of interest was found in the supernatant 

together with factor Xa. 20 µl of the supernatant were charged with loading buffer and 

incubated 5 minutes at 100 °C before gel electrophoresis. 
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Preparative SDS-PAGE was used for separation of the expressed porins, the GST-carrier 

protein and the factor Xa protease. 

4.3.5 SDS-PAGE 

 

SDS-PAGE was performed with tricine containing gels (Schägger & von Jagow, 1987). The 

gels were stained with Coomassie brilliant blue (Neuhoff et al., 1988) or silver (Blum et al., 

1987). Before separation, the samples were all incubated for 5 minutes at 100 °C with loading 

buffer. 

 

4.3.6 Immunological techniques 

 

Western blots of the expressed protein samples using the Anti GST antibody (Amersham 

Pharmacia Biosciences, Freiburg, Germany) were performed following standard procedures 

(Towbin et al., 1979). The blotting time was 5 minutes at 350 mA. The ECL Western 

Detection kit (Amersham Pharmacia Biotech, Freiburg, Germany) was used to detect binding 

of the antibody according to the instructions of the manufacturer. The exposure time was 10 

seconds. 

 

4.3.7 Lipid bilayer experiments 

 

The methods used for black lipid bilayer experiments have been described previously (Benz et 

al., 1978; Benz, 2003). The experimental set up consisted of a Teflon cell with two water-

filled compartments connected by a small circular hole. The hole had an area of about 0.4 

mm
2
. Membranes were formed across the hole using a 1 % solution of diphytanoyl 

phosphatidylcholine (PC; Avanti Polar Lipids, Alabaster, Ala.) dissolved in n-decane. The 

temperature was maintained at 20 °C during all experiments. All salts were obtained from 

Merck (Darmstadt, Germany, analytical grade). They were used unbuffered. The electrical 

measurements were performed using Ag/AgCl electrodes (with salt bridges) connected in 

series to a voltage source and a home-made current-to-voltage converter made with a Burr 

Brown operational amplifier. The amplified signal was monitored on a storage oscilloscope 

(Tektronix 7633) and recorded on a strip chart or tape recorder. 
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4.3.8 Cell wall protein extraction of C. efficiens 

 

For the preparation of cell wall extracts from C. efficiens a method was used that has been 

previously devised for isolation and purification of PorAC.glut of C. glutamicum (Lichtinger et 

al., 1999). This method uses the extraction of whole cells with organic solvents or detergents 

and avoids the substantial loss of material caused by sucrose density centrifugation of the cell 

envelope to separate the cytoplasmic membrane from the cell wall fraction. For this extraction 

200 ml cell suspension was washed twice in 10 mM Tris-HCl (pH 8). The final pellet (5 ml) 

was extracted with a 1:2 mixture of chloroform:methanol in a proportion of 1 part cells and 5 

to 8 parts chloroform/methanol. The duration of the extraction was about 3 h at room 

temperature  under stirring in a closed tube to avoid loss of chloroform. Cells and 

chloroform/methanol solution were centrifuged for 15 minutes (10,000 rpm in Beckman 

LH20). The pellet (cells) was discarded. The supernatant contained the channel-forming 

activity. It was mixed in a ratio of 1 part supernatant to 9 parts ether and was kept over night 

at -20 °C. The precipitated protein was dissolved in a solution containing 0.4 % LDAO and 10 

mM Tris-HCl (pH 8) and inspected for channel-forming activity. 

 

4.3.9 Preparation of synthetic C. glutamicum PorH for the lipid bilayer assay 

 

The PorH peptide of C. glutamicum synthesized by solid phase synthesis was produced by 

Prof. Dr. Palm (Rudolf-Virchow-Zentrum, Würzburg, Germany). For the lipid bilayer 

experiments, the peptide was treated in different conditions to allow the right folding of the 

protein and obtain channel forming. 1 mg was resuspended in: 

• 1 M NaCl, 10 mM Tris and 0.4 % LDAO  

• 1 M NaCl, 10 mM Tris, 1 % mycolic acids from Mycobacterium tuberculosis (Sigma 

Aldrich, Steinheim, Germany) and 0.4 % LDAO 

• 1 M NaCl, 10 mM Tris and 0.4 % LDAO, incubated at 80 °C for 5 min 

and stored at 4 °C over night before the measurements. 
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4.4 Results 

 

4.4.1 Constructed expression vectors 

 

Figure 4 displays the pGEX-3X expression vector with the inserted porin gene. The following 

porin genes have been cloned and transformed in E. coli BL21(DE3)Omp8 and E. coli 

Top10F’ cells: 

 

• C. glutamicum:  pGEX-3X + porH 

    pGEX-3X + porB 

    pGEX-3X + porC 

• C. efficiens:  pGEX-3X + porA 

    pGEX-3X + porH 

    pGEX-3X + porB 

    pGEX-3X + porC 

 

 

 

Figure 4. Map of glutathione S-transferase fusion vector pGEX-3X showing the main features and the inserted 

porin gene. 

porin gene 

glutathione S-transferase 

Ampr 

lac Iq 
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4.4.2 Expression analysis in E. coli 

 

To express the porins from C. glutamicum and C. efficiens in E. coli the porin genes without 

signal sequence were cloned into the pGEX-3X expression vector. In order to see whether the 

porin expression took place, E .coli BL21(DE3)Omp8 and E. coli Top10F’ (Invitrogen, 

Karlsruhe, Germany) cells containing the plasmid were induced with 0.1 mM IPTG at OD600 

of 0.8 and harvested after growth over night at 30 °C. In Figure 5 the expression of PorHC.eff 

(A) and PorCC.glut (B) in E. coli Top10F’ is demonstrated, the expression pattern of the other 

porins look similar (data not shown). To achieve similar amounts of protein, the cells were 

diluted with loading buffer, depending on the reached OD600, and incubated at 100 °C for 5 

minutes, to be analyzed by SDS page. 

 

 

 

Figure 5. Tricine SDS PAGE demonstrating the expression of PorHC.eff and PorCC.glut in E. coli Top10F’. (A) 12 

% Tricine SDS PAGE; Vector pGEX-3X + porHC.eff, growth at 37 °C. Lane M: molecular mass marker; Lane 1: 

before induction; Lane 2: after 2 hours induction; Lane 3: after 3 hours induction; Lane 4: after 4 hours 

induction; Lane 5: after 5 hours induction; (B) 10 % Tricine SDS PAGE; Vector pGEX-3X + porCC.glut. Lane M: 

molecular mass marker; Lane 1: before induction; Lane 2: induction over night at 30 °C. The gels are stained 

with Comassie blue G 250. Similar amounts of protein were loaded in all lanes. 

 

The expected molecular weight for the fusion proteins are about 32 kDa for PorH–GST and 

about 36 kDa for the PorC-GST protein, this values become apparent in Figure 5. 
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4.4.3 Purification and cleavage of the GST-fusion protein 

 

The method of fast protein liquid chromatography (FPLC) was applied first for the 

purification of the fusion proteins. The cells were disrupted by french press and the 

supernatant after centrifugation was loaded onto a 1 ml GSTrap FF (Amersham Biosciences, 

Freiburg, Germany) column. The fractions containing the fusion protein were likewise 

analysed by SDS PAGE, the results are demonstrated in Figure 6. 

 

 

 

Figure 6. Tricine SDS PAGE illustrating the expression of PorAC.eff, PorBC.eff PorHC.eff and PorAC.glut in E. coli 

Top10F’ cells (exept C, in this experiment E. coli BL21(DE3)Omp8 cells were used) after FPLC purification 

with a 1 ml GSTrap FF column. To 15 µl of the fractions containing the fusion protein 5µl loading buffer were 

added, incubated 5 min at 100 °C. (A) 10 % Tricine SDS PAGE; Vector pGEX-3X + porAC.eff, Lane M: 

molecular mass marker; Lane1: flow through; Lanes 2, 3, and 4: fractions containing PorA + GST; (B) 10 % 

Tricine SDS PAGE; Vector pGEX-3X + porBC.eff. Lane M: molecular mass marker; Lane 1: flow through; Lanes 

2, 3, and 4: fractions containing PorBC.eff + GST; (C) 12 % Tricine SDS PAGE; Vector pGEX-3X + porHC.eff, 

Lane M: molecular mass marker; Lane 4: flow through; Lanes 1, 2, and 3: fractions containing PorHC.eff + GST; 
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(D) 10 % Tricine SDS PAGE; Vector pGEX-3X + porHC.glut, Lane M: molecular mass marker; Lane 1: flow 

through; Lanes 2, 3, and 4: fractions containing PorHC.glut + GST; The gels are stained with Comassie blue G 

250. 

 

The presence of the expressed fusion proteins is readily identifiable. The molecular weight of 

the PorA- and PorH–GST fusion proteins is less than the PorB- and PorC–GST proteins, this 

is cognizable in Figure 6. 

To remove the glutathione S-transferase the vector encodes a recognition sequence for a 

specific protease, Factor Xa, that allows the removal of the affinity tags from the synthesized 

proteins. Hence the FPLC fractions containing the fusion protein were cleaved with Factor Xa 

protease, shown in Figure 7 for PorHC.eff and PorHC.glut. The expression was performed with E. 

coli Top10F’ cells, and after disrupting the cells with the French pressure cell, the supernatant 

was subjected to FPLC using a 1 ml GSTrap FF column. 1µl Factor Xa was added to 100µl 

FPLC fraction and incubated at 37 °C for 5.3 hours and over night. 

 

 

 

Figure 7. 10 % Tricine SDS PAGE displaying the 

cleavage with Factor Xa. Lane M: molecular mass 

marker; Lane 1: GST–PorHC.eff digested 5.3 hours 

at 37°C; Lane 2: GST–PorHC.eff digested over night 

at 37 °C; Lane 3: GST–PorHC.glut digested 5.3 

hours at 37 °C; Lane 4: GST–PorHC.glut digested 

over night at 37 °C. 

 

 

If large amounts of Factor Xa protease are used, two bands appear on the gel, at 17–20 kDa 

and 28-30 kDa, these can be observed in Figure 7. Beside these two bands the GST-fusion 

protein with about 32 kDa and the 26 kDa glutathione S-transferase can be found. The 

cleaved PorH porins are localized around 6 kDa, additional bands result from unspecific 

cleavage. Similar cleaving results were obtained with GST-PorB and GST-PorC fusion 

proteins. 

In Figure 8 the purification and cleavage using the batch method is shown. E. coli 

BL21(DE3)Omp8 cells have been used for the expression. After disrupting the cells, the 
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supernatant was purified as described (see Material and methods). The SDS-PAGE in Figure 

8 represents the cleavage of the C. efficiens porins PorBC.eff and PorCC.eff. 

 

Figure 8. 12 % Tricine SDS PAGE 

representing the recombinant expressed C. 

efficiens porins PorBC.eff and PorCC.eff. Lane 

M: molecular mass marker; Lane 1: Factor 

Xa protease 0.4 units; Lane 2: PorBC.eff 

cleaved over night at room temperature; 

Lane 3: first washing step of the sepharose 

with PBS; Lane 4: PorCC.eff cleaved over 

night at room temperature; Lane 5: first 

washing step of the sepharose with PBS; 

Lane 6: control, E. coli BL21(DE3)Omp8 

cells without expression vector, treated like 

transformed cells. 

 

The bands deriving from Factor Xa protease are clearly observable in lane 1 of Figure 8. 

These bands must be substrated in the following lanes, to recognise the clean purified 

recombinant C. efficiens porins PorBC.eff and PorCC.eff. 

 

4.4.4 Western blot experiments 

 

The GST-fusion proteins were recognized in Western-blot experiments using Anti-GST HRP 

Conjugate (Amersham Biosciences, Freiburg, Germany) and visualized using a 

chemoluminescence reaction (ECLplus detection system, Amersham Biosciences, Freiburg, 

Germany). In the following Western-blot (see Figure 9) the detection of the glutathione S-

transferase tagged porins is visible. 
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Figure 9. Western-blot of whole E. coli 

Top10F’ cells after 5 hours induction 

transformed with: 

Lane 1: pGEX-3X + porAC.eff ; Lane 2: pGEX-

3X + porBC.eff; Lane 3: pGEX-3X + porCC.eff; 

Lane 4: pGEX-3X + porHC.eff; 10 % Tricine SDS 

PAGE, blotted onto a nitrocellulose membrane, 

Anti-GST HRP Conjugate concentration 1:5000. 

In all lanes similar amounts of protein were 

loaded. 

 

In previous studies we have demonstrated that polyclonal anti-PorBC.glut antibodies bound 

highly specific to PorBC.glut (see Chapter 3). In this study we checked if organic solvent cell 

wall extract of C. efficiens contains protein that cross-reacts with the anti-PorBC.glut 

antibodies, to do the same experiment with the recombinant expressed PorBC.eff from C. 

efficiens. The results are shown in Figure 10, both, the cell wall extracts of C. efficiens and the 

recombinant expressed PorBC.eff from C. efficiens shows cross-reactivity with the anti-

PorBC.glut antibodies. 

 

 

Figure 10. Western blot of organic solvent extract of C. 

efficiens and recombinant PorBC.eff. 

Lane 1: PorBC.eff, isolated from E. coli BL21(DE3)Omp8 + 

pGEX-3X + porBC.eff; Lane 2: organic solvent extract of C. 

efficiens; 10 % Tricine SDS PAGE blotted onto a 

nitrocellulose membrane, anti-PorBC.glut antibody concen-

tration 1:200. 

 

 

4.4.5 Single-channel experiments 

 

Single-channel experiments have been performed with the recombinant expressed porins. 

After purification and cleavage of the GST-fusion proteins, preparative SDS-PAGE was used 

for separation the GST-carrier protein, the factor Xa protease and the expressed porins. 1 % 

genapol was added to allow the refolding of the proteins and to keep them soluble. 
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Expression experiments with E. coli Top10F’ cells resulted in channel forming activity, but 

most of the observed channels resulted from E. coli membrane proteins. This was verified in 

control experiments done with in E. coli BL21(DE3)Omp8 and E. coli Top10F’ cells without 

the expression plasmids. The cells were passed through a French pressure cell, 1 % genapol 

was added to the supernatant and subjected to black lipid bilayer experiments. The most 

frequent observed single-channel conductance was about 2.8 nS for E. coli Top10F’ cells and 

2 nS for E. coli BL21(DE3)Omp8 cells. These pore-forming activity of E. coli Top10F’ cells 

overlaied the channel-forming of the expressed porins. E. coli BL21(DE3)Omp8 cells, which 

lack all major porins, exhibited less activity in lipid bilayer experiments and were therefore 

used for the following expression. 

Channels deviating from the control experiments have been observed for PorBC.eff and 

PorCC.eff expressed in E. coli BL21(DE3)Omp8 cells. For PorHC.glut, PorCC.glut , PorAC.eff and 

PorHC.eff no single-channel conductance could be determined. 

Figure 11 shows a single-channel recording of PorBC.eff, expressed in E. coli 

BL21(DE3)Omp8 cells, added to a black membrane in a concentration of about 10 ng/ml. The 

single-channel recording demonstrates that the protein formed defined channels. 

 

 

 

 

 

 

Figure 11. Single-channel recording of a diphytanoyl 

phosphatidylcholine/n-decane membrane in the presence of 20 ng/ml 

expressed cell wall protein PorBC.eff. The aqueous phase contained 1 M 

KCl. The applied membrane potential was 20 mV; T: 20 °C. 

 

The average single-channel conductance of most of the channels formed by the cell wall 

protein was 1 nS in 1 M KCl. Only a minor fraction of channels with other conductance was 

observed (see Figure 12). 
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Figure 12. Histogram of the occurrence probability of certain conductivity units observed with membranes 

formed of PC dissolved in n-decane in the presence of 20 ng/ml of the recombinant cell wall protein PorBC.eff. 

P(G) is the probability that a given conductance increment G is observed in the single-channel experiments. It 

was calculated by dividing the number of fluctuations with a given conductance increment by the total number of 

conductance fluctuations. The aqueous phase contained 1 M KCl. The applied membrane potential was 20 mV; 

T: 20 °C. The average single-channel conductance was 1 nS for 149 single-channel events. 

 

It is important that the channels formed by the recombinant expressed cell wall protein 

PorBC.eff had a long lifetime similar to those that have been detected previously for cell wall 

proteins (porins) of C. glutamicum (Lichtinger et al., 1998), Mycobacterium chelonae (Trias 

& Benz, 1993) and M. smegmatis (Trias & Benz, 1994). All these proteins formed channels in 

lipid bilayer membranes with a long lifetime at small transmembrane potential (mean lifetime 

at least 5 minutes). 

Single-channel experiments were therefore performed with salts other than KCl to obtain 

some information on the selectivity of the channels formed by the recombinant expressed cell 

wall protein PorBC.eff of C. efficiens. Measurements with 1 M LiCl and 1 M KCH3COO have 

been performed, the results are summarized in Table 4. 
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Table 4. Average single-channel conductance, G, of 

PorBC.eff in different salt solutions. The membranes 

were formed of PC dissolved in n-decane. The 

aqueous solutions of KCl and LiCl were unbuffered 

and had a pH of 6, the KCH3COO solution was 

adjusted to pH 7. The applied voltage was 20 mV, 

and the temperature was 20 °C. The average single-

channel conductance, G, was calculated from at least 80 single-channel events. 

 

The replacement of potassium by the less mobile lithium ion had no influence on the 

conductance of the channels. The influence of the anion on the single-channel conductance in 

KCH3COO was more substantial, which suggests that the cell wall channel was anion-

selective. The conductance of 250 pS in KCH3COO is equivalent to the value of PorBC.glut 

(Costa-Riu et al. 2003b), the 1.75 nS peak results assumedly from E. coli porin 

contamination.  

Zero-current membrane potential measurements, which allow the calculation of the 

permeability ratio Pcation divided by Panion in multichannel experiments, were not realisable. 

There was no incorporation of channels into the membrane, formed of PC dissolved in n-

decane, in 100 mM KCl solution. The pore-forming activity of PorBC.eff was generally low 

thereby single-channel experiments were not easily accomplishable. 

Expressed PorCC.eff in E. coli BL21(DE3)Omp8 cells subjected to lipid bilayer experiments 

also resulted in pore-forming activity, but the activity of PorCC.eff was even worse than the 

pore formation of PorBC.eff. The obtained single-channel conductances are shown in Table 5. 

 

Table 5. Average single-channel conductance, G, of 

PorCC.eff in different salt solutions. The membranes 

were formed of PC dissolved in n-decane. The 

aqueous solutions of KCl was unbuffered and had a 

pH of 6, the KCH3COO solution was adjusted to pH 

7. The applied voltage was 20 mV, and the temperature was 20 °C. The average single-channel conductance, G, 

was calculated from at least 90 single events. 

 

The measurable single-channel conductances for KCl and KCH3COO (see Table 5) indicate 

that PorCC.eff behaves like PorBC.eff. More experiments to proof this assumption were 

Salt 
Single-channel 

conductance G[nS] 

1 M KCl 1 

1M LiCl 1 

1M KCH3COO 0.25/1.75 

Salt 
Single-channel 

conductance G[nS] 

1 M KCl 1 

1M KCH3COO 0.5/1.25 
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conducted, but because of the low channel-forming activity of PorCC.eff no more expedient 

datas could be obtained. 

 

4.4.6 Interaction of PorHC.glut of C. glutamicum synthesized by solid phase synthesis with 

lipid bilayer membranes 

 

The measurements with the synthetic produced PorHC.glut are in accordance with the results of 

the single-channel experiments described before. 

The channel-forming activity of PorHC.glut synthesized by solid phase synthesis with lipid 

bilayers was studied by the addition of small amounts of peptide to the aqueous phase bathing 

black PC membranes. In these experiments we observed a substantial increase of the specific 

membrane conductance in the presence of the synthetic PorHC.glut peptide. About one minute 

after addition of the protein, the membrane conductance started to rise and increased by 

several orders of magnitude (see Figure 13). In all approaches the increase of conductance 

could be observed, but defined channels were infrequent to notice, in Figure 14 the channel 

formation is demonstrated. The single-channel conductance from PorHC.glut, isolated from C. 

glutamicum, is about 2.5 nS in 1 M KCl (see Chapter 3), this value is agreeing with this 

results. A histogram of the occurrence probability was impossible to create, because of the 

undefined channels distinguishable in Figure 13 B. It is important that the channels formed by 

the synthetic PorHC.glut peptide had a long lifetime if the concentration was low, similar to 

those that have been detected previously for cell wall proteins (porins) of C. glutamicum 

(Lichtinger et al., 1998), M. chelonae (Trias & Benz, 1993) and M. smegmatis (Trias & Benz, 

1994). All these proteins formed channels in lipid bilayer membranes with a long lifetime at 

small transmembrane potential (mean lifetime at least 5 minutes). 
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Figure 13. Single-channel recording of a diphytanoyl 

phosphatidylcholine/n-decane membrane in the presence of synthetic 

PorHC.glut. The aqueous phase contained 1 M KCl. The applied membrane 

potential was 20 mV; T: 20 °C. A: 1 µg/ml synthetic PorH dissolved in 1 M 

NaCl, 10 mM Tris, 1 % mycolic acids from M. tuberculosis (Sigma 

Aldrich, Steinheim, Germany) and 0.4 % LDAO; B: 10 µg/ml synthetic 

PorH dissolved in 1 M NaCl, 10 mM Tris and 0.4 % LDAO, incubated at 

80 °C for 5 min. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.5 Discussion 

 

With the heterologous expression of corynebacterial porins we wanted to tap new possibilities 

in porin research. Because of the biotechnological relevance of C. glutamicum and C. efficiens 

in amino acid production, it is important to understand, how the export across the outer 

membrane takes place. It is speculated, that the transport across the cell wall is the limiting 

step in industrial amino acid production (Eggeling & Sahm, 2001). Understanding the 

molecular basis of the pore-forming proteins in the corynebacterial cell wall is the clue for a 

more effective production of amino acids. 

A 

B 
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Since overexpression systems are not available for Corynebacteria, heterologous production 

of corynebacterial proteins seem to be the only alternative. To achieve this goal, the porin 

genes were cloned into the expression vector pGEX-3X. Expression in E. coli yielded fusion 

proteins with the Glutathione S-transferase (GST) moiety at the amino terminus, and the pore-

forming proteins at the carboxyl terminus. GST is a naturally occurring 26 kDa water soluble 

protein and we expected that the fusion proteins still remain water soluble, in spite of the 

hydrophobe porin part. The fusion proteins accumulated in the cell’s cytoplasm and could be 

purified from bacterial lysates by affinity chromatography using immobilized glutathione. It is 

noticeable, that in Western blot experiments with Anti-GST antibodies different amounts of 

expressed proteins are present. In all our experiments the amounts of expressed PorA and 

PorH fusion proteins were less than PorB and PorC. It is possible that the expression is 

hampered by the different codon usages of Corynebacteria and E. coli as reflected by their 

G+C contents of about 51 % for E. coli (Blattner et al. 1997), 63.4 % for C. efficiens and 53.8 

% for C. glutamicum (Nishio et al., 2003). Differences in codon usage among organisms can 

lead to a variety of problems concerning heterologous gene expression. The percentage of 

codons of the porin genes with a usage of less than 20 % in E .coli is displayed in Table 6. It 

is cognizable that the porB and porC genes are more suitable for the heterologous expression 

in E. coli. 

 

 

 

Table 6. The porin sequences have been splitted in codons 

and the fraction of codon usage in E. coli has been 

calculated. Represented is the percentage of codons with a 

usage of less than 20 % in E. coli. 

 

 

Similar problems have been described by Heinz et al. 2003. They demonstrate the 

overexpression of mspA from M. smegmatis in E. coli after synthesis of the gene with codons 

preferentially used in highly expressed E. coli genes. Lakey et al. 2000 also achieved an 

enhanced production of recombinant M. tuberculosis antigens in E. coli by replacement of 

low-usage codons (Lakey et al. 2000). To attain higher amounts of expressed pore-forming 

proteins it is possible that this codon usage adaptation would also be a promising attempt. 

 C. glutamicum C. efficiens 

PorA 30 % 22 % 

PorH 28 % 31 % 

PorB 22 % 19 % 

PorC 30 % 17 % 
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In our approach we wanted to investigate the pore-forming activity of the heterologous 

expressed pore-forming proteins, but single-channel experiments were not easily 

accomplishable. In all our black lipid bilayer experiments contaminations of E. coli porins 

were present, even while using E. coli BL21(DE3)Omp8 cells, which lack all major porins. 

By dint of control experiments we could distinguish the E. coli porins from the expressed 

porins. In Table 7 the acquired single-channel datas are summarized and compared to the 

known datas. 

 

Salt solution 1 M KCl 1 M LiCl 1 M KCH 3COO (pH 7) 

 Single-channel conductance G [nS] 

PorBC.glut 
1 0.7 0.7 0.25 

recombinant PorBC.eff 1.0 1.0 0.25/1.75 

recombinant PorCC.eff 1.0 - 0.5/1.3 

 

Table 7. Average single-channel conductance, G, of PorBC.glut (taken from 1 Costa Riu et al. 2003b), in E. coli 

BL21(DE3)Omp8 heterologous expressed PorBC.eff and PorCC.eff in different salt solutions. 

The membranes were formed of PC dissolved in n-decane. The aqueous solutions were unbuffered and had a pH 

of 6 unless otherwise indicated. The applied voltage was 20 mV, and the temperature was 20 °C. The average 

single-channel conductances, G, were calculated from at least 80 single events. 

 

A contamination of E. coli porins is visible in the single-channel experiments of recombinant 

PorBC.eff and PorCC.eff in 1 M KCH3COO. There two values are mentioned, the expected 

conductance for the C. efficiens porins should be 0.25 nS, respectively 0.5 nS. We suggest 

that the cell wall channels are anion-selective, so that the influence of the anion on the single-

channel conductance is more substantial. The higher conductances argue for E. coli porin. In 

control measurements in 1 M KCl solution we detected channel forming activity with a 

average single-channel conductance of 2 nS in detergent extracts of E. coli BL21(DE3)Omp8 

cells. The conductances of 1.75 nS and 1.3 nS in 1 M KCH3COO solution argue for a cation 

selective channel, because the anion has no substantial effect on the single-channel 

conductances. 

 

On the basis of the homology of 42.4 % between the amino acid sequence of PorBC.glut and 

PorBC.eff we expected similar single-channel conductances. This assumption could be 
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evidenced in our experiments, the comparison of the amino acid sequences is shown in Figure 

15. 

 

                      10        20        30        40        50        60 
                      |         |         |         |         |         | 
PorBC.glut     MKLSHRIAAMAATAGITVAAFAAPASASDFANLSSTNKELSPQYNWVACGILEGGLKAAG 
PorBC.eff      MKISTRVAAIGAAAALGLTAFAGPASAV------SSSDELSDRFDWVGCPIVEASLAFYG 
PorCC.eff      MNL-RRTLAVAAASVMALTATIAPAQAQN-ADIVSGINNLIDTFD---CDLLRTGLTQTG 
 
                     70        80        90       100       110       120 
                      |         |         |         |         |         | 
PorBC.glut     VLEEGQYNRELAEAIAAK-GEGFWTTQFPQIGDWNEDQAAALADRAQTCGLVKADTYLSE 
PorBC.eff      LPEEGMRNNQLAAALEEK-NANF-AAYFEGGGDWNAQASADYADRAQKCGIVEPNTAIEN 
PorCC.eff      LVTPETTRSELAATLRTTANLGEIDVAFAFVG---SAYAGRIADRAQTCGIVQPDPE-QD 
                    130     
                      |     
PorBC.glut     LSSNFSS------- 
PorBC.eff      ASSNLNDFFAGLSS 
PorCC.eff      ILTQLQNLSSNLSS 

 
 
Identity: 

PorBC.glut : PorBC.eff: 42.4 % 

PorBC.eff : PorCC.eff: 31.3 % 

PorBC.glut : PorCC.eff: 32.8 % 

 

Figure 15. Amino acid sequence of PorBCglut and its comparison with PorBC.eff and PorCc.eff . The signal sequence 

is underlined, the conserved residues in at least three of the four homologues are specified in red. The conserved 

residues in two of the four homologues are marked in green. The NCBI GenBank Accesion numbers are: 

porBC.glut.: BK001251; porBC.eff.: AJ555471; porCC.eff.: AJ555472. 

 

The homology between PorBC.glut and PorBC.eff is higher than between PorBC.eff and PorCC.eff, 

but in our single-channel experiments we determined for both the same single-channel 

conductance. porCC.glut is localized only 138 bp downstream of porBC.glut, they are 

cotranscribed, and porCC.glut is presumably the result of a gene duplication (Costa Riu et al., 

2003b). The same gene arrangement is present in C. efficiens, porCC.eff is localized 160 bp 

downstream of porBC.eff (see Figure 2) and they are presumably cotranscribed too. PorCC.eff 

forms anion-selective channels similar to PorBC.eff, and it is probable that PorCC.glut also 

represents an anion selective channel. It is noteworthy that both proteins, PorB and PorC, are 

acidic and contain a smaller number of positively charged amino acids than negatively 

charged ones. It seems that the organization of PorB and PorC in secondary, tertiary and 

quaternary structure is responsible for its function. 
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One major problem was the low channel forming activity of the heterologous expressed 

corynebacterial porins. This leads to the assumption, that the recombinant porins are not right 

folded, perhaps because of a missing translational modification, that is not proceeded in E. 

coli. Lichtinger et al. described 2001 a similar attribute for PorAC.glut from C. glutamicum. 

While sequencing the PorAC.glut protein there have been problems in detecting position 15, 

there only the phenylthiohydantoin derivate of dehydroalanine was determined (Lichtinger et 

al., 2001). This supposition would also be in agreement with the obtained results from the 

channel forming experiments of synthetic PorHC.glut. In all our approaches the increase of 

conductance could be observed, but defined channels were infrequent to notice. 

 

The problems we had, caused by the different codon usage and the presumably missing 

translational modification, resulted in the decision to look for other possibilities of the 

expression of corynebacterial porins. To create porin deficient mutants of C. glutamicum and 

C. efficiens to express the pore-forming proteins in their host organism would probably be the 

best way to overcome the discussed problems. On the other hand succeeded Heinz et al. 2003 

in the high-level expression of the mycobacterial porin MspA in E .coli by using a designed 

E. coli adapted gene of MspA. This, in E. coli expressed MspA protein, was used by Faller et 

al. 2004 for X-ray analysis and the first structure of a mycobacterial outer membrane protein 

was demonstrated. It seems that the porin is in the right conformation but the evidence of 

pore-forming activity is missing. It could be possible that the presumably translational 

modification is not necessary for the right folding, but for the channel forming activity and 

thus for the functionality of the porin. 
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CHAPTER 5 
 

Summary 
 

5.1 Summary 

 

Corynebacterium glutamicum is together with C. callunae and C. efficiens a member of the 

diverse group of mycolic-acid containing actinomycetes, the mycolata. These bacteria are 

potent producer of glutamate, lysine and other amino acids on industrial scale. But beside 

these microorganisms of industrial importance the Corynebacterineae family comprises also 

microorganisms which cause the most dangerous infections worldwide like Mycobacterium 

tuberculosis (TBC, at present 3 millions deaths/a), M. leprae (lepra), Nocardia farcinica 

(nocardiosis) and C. diphteriae (diphtheria). The cell walls of most actinomycetes contain 

besides an arabinogalactan-peptidoglycan complex large amounts of mycolic acids. This 

three-layer envelope is called MAP (mycolyl-arabinogalactan-peptidoglycan) complex and it 

represents a second permeability barrier beside the cytoplasmic membrane similar to the outer 

membrane of Gram-negative bacteria. In analogy to the situation in the outer membrane of 

Gram-negative bacteria, channels are present in the mycolic acid layer of the mycobacterial 

cell wall for the passage of hydrophilic solutes. 

Molecular studies have provided far-reaching findings on the amino acid flux and its balance 

in C. glutamicum in general, but the L-glutamate export still remains unknown. The properties 

of the outer layers, typical of mycolata, seem to be of major importance in this process, and 

diffusion seems to play a key role for this part of the cell wall. With respect to transport of 

amino acids over this barrier it is of particular importance to understand the pathways present 

in the cell wall of Corynebacteria. Some of the features from the cell wall channel-forming 

proteins investigated in this thesis can be expected for other mycolata and improve strategies 

for example in antimicrobial drug design. Due to their heterogeneity, that on one hand 

microorganisms which cause the most dangerous infections worldwide and on the other hand 

organisms of high industrial interest are members of the Corynebacterineae, they have 

evolved to an interesting and challenging research object. 
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The major aim of this thesis was to identify and study novel channel-forming proteins of the 

amino acid producers C. glutamicum, C. callunae and C. efficiens. Cell wall extracts of the 

organisms were investigated and a novel pore-forming protein, named PorH, that is 

homologue in all three organisms, was detected and characterized. 

PorHC.glut was isolated from C. glutamicum cells cultivated in minimal medium. The protein 

was identified in lipid bilayer experiments and purified to homogeneity by fast-protein liquid 

chromatography across a HiTrap-Q column. The purified protein forms cation-selective 

channels with a diameter of about 2.2 nm and an average single-channel conductance of about 

2.5 nS in 1 M KCl in the lipid bilayer assay. 

Organic solvent extracts were used to study the permeability properties of the cell wall of C. 

callunae and C.efficiens. The cell extracts contained channel-forming activity, the 

corresponding proteins were purified to homogeneity by fast-protein liquid chromatography 

across a HiTrap-Q column and named PorHC.call and PorHC.eff. Channels formed by PorHC.call 

are cation-selective with a diameter of about 2.2 nm and an average single-channel 

conductance of 3 nS, whereas PorHC.eff forms slightly anion selective channels with an 

average single-channel conductance of 2.3 nS in 1 M KCl in the lipid bilayer assay. 

The PorH proteins were partially sequenced and the corresponding genes, which were 

designated as porH, were identified in the published genome sequence of C. glutamicum and 

C. efficiens. The chromosome of C. callunae is not sequenced, but PorHC.call shows a high 

homology to PorHC.eff and PorHC.glut. The proteins have no N-terminal extension, only the 

inducer methionine, which suggests that secretion of the proteins could be very similar to that 

of PorAC.glut of C. glutamicum. PorHC.glut is coded in the bacterial chromosome by a gene that 

is localized in the vincinity of the porAC.glut gene, within a putative operon formed by 13 

genes that are encoded by the minus strand. Both porins are cotranscribed and coexist in the 

cell wall, which was demonstrated in RT-PCR and immunological detection experiments. The 

arrangement of porHC.glut and porAC.glut on the chromosome is similar to that of porBC.glut and 

porCC.glut and it was found that PorAC.glut, PorHC.glut, PorBC.glut and PorCC.glut coexist in the cell 

wall of C. glutamicum. 

The molecular mass of about 6 kDa of the PorH channel forming proteins is rather small and 

suggests that the cell wall channels are formed by oligomers. A possibly hexameric form was 

demonstrated for PorHC.glut in Western blot analysis with anti- PorHC.glut antibodies. 

Secondary structure predictions for PorHC.glut, PorHC.call and PorHC.eff predict that a stretch of 

about 42 amino acids of PorHC.glut and 28 amino acids of PorHC.call and PorHC.eff forms 



CHAPTER 5 – Summary 
 

 109 

amphipathic α-helices with a total length of 6.3 nm and 4.2 nm respectively. This should be 

sufficient to cross the mycolic acid layer. 

 

Another objective of this work was to establish an heterologous expression system for 

corynebacterial channel-forming proteins, to investigate the channel-forming properties of the 

up to now only hypothetical porins PorA, PorB, PorC from C. efficiens and PorC from C. 

glutamicum. We could demonstrate with recombinant expression experiments in E. coli that 

porBC.eff and porCC.eff encode for channel-forming proteins. They are, like PorBC.glut, anion-

selective with a similar single-channel conductance of 1 nS in 1 M KCl. 

 

It is demonstrated in this thesis, that the pore-forming proteins PorHC.glut, PorHC.eff and 

PorHC.call of the closely related Corynebacteria C. glutamicum, C. efficiens and C. callunae 

have similar properties and are highly conserved. Translation of PorH, and also of PorA, is up 

to now not known, but there is evidence that the flanking genes are required. The presumptive 

secondary structure of the PorH channel is α-helical, what is likewise a novelty for porins. 

The mycolic acid layer spanning part of MspA of M. smegmatis and gram-negative bacterial 

porins feature ß-sheet secondary structure. It could be furthermore confirmed in recombinant 

expression experiments, that PorBC.eff and PorCC.eff of C. efficiens represent like PorBC.glut of 

C. glutamicum anion-selective channel-forming proteins, with similar single-channel 

conductance. 
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5.2 Zusammenfassung 

 

C. glutamicum gehört zusammen mit C. efficiens und C. callunae zu den bedeutensten 

Aminosäureproduzenten weltweit. Industriell werden hauptsächlich Glutamat und Lysin 

produziert und als Geschmacksverstärker bzw. Futtermittelzusatz verwendet. Sie sind 

Mitglieder der heterogenen Gruppe der mykolsäurehaltigen Aktinomyceten, den Mycolaten. 

Neben Mikroorganismen von industrieller Bedeutung beinhaltet die Familie der 

Corynebacterineae auch solche, die weltweit die gefährlichsten Infektionskrankheiten 

auslösen, wie M. tuberculosis (TBC, 3 Millionen Tote pro Jahr), M. leprae (Lepra), N. 

farcinica (Nocardiose) und C. diphteriae (Diphtherie). Die Zellwände der meisten 

Aktinomyceten weisen neben einem Arabinogalactan-Peptidoglycankomplex große Mengen 

an Mycolsäuren auf. Diese MAP (Mycolyl-Arabinogalactan-Peptidoglycan) genannte 

dreischichtige Hülle stellt neben der Cytoplasmamembran eine zweite Permeabilitätsbarriere 

dar, und übernimmt somit die gleiche Funktion wie die äußere Membran der Gram-negativen 

Bakterien was zur Folge hat, dass für den Transport von hydrophilen Stoffen kanalbildende 

Proteine benötigt werden. Analog zur Situation in Gram-negativen Bakterien sind in der 

Mykolsäureschicht von C. efficiens, C. callunae und C. glutamicum porenbildende 

Transmembranproteine vorhanden. 

Es ist bisher vieles bekannt über den Aminosäurefluss über die Cytoplasmamembran und 

dessen Regulation in C. glutamicum, aber der Export von L-Glutamat ist noch ungeklärt. Die 

besondere Beschaffenheit der äußeren Membran von Mycolaten scheint in diesem 

Zusammenhang eine wichtige Rolle zu spielen, da man annimmt, dass die Diffusion im 

Bezug auf den Transport über die Mycolsäureschicht eine Schlüsselrolle einnimmt. Im Bezug 

auf den Transport von Aminosäuren über die Zellwand von Corynebakterien ist die 

Erforschung der Transportwege über diese Barriere von besonderem Interesse. 

 

Das Ziel dieser Arbeit war es neue porenbildende Proteine der Aminosäureproduzenten C. 

glutamicum, C. efficiens und C. callunae zu identifizieren und zu charakterisieren. Bei 

Untersuchungen von Zellwandextrakten wurde ein neuer, in allen drei Organismen 

homologer, Zellwandkanal, PorH, gefunden und charakterisiert. 

PorHC.glut wurde aus in Minimalmedium kultivierten C. glutamicum Zellen isoliert. Das 

Protein wurde in Lipid-Bilayer Experimenten gefunden und mit Hilfe der Ionenaustauscher-



CHAPTER 5 – Zusammenfassung 
 

 111 

chromotographie über eine HiTrap-Q Säule aufgereinigt. PorHC.glut bildet in Black-Lipid 

Bilayer Experimenten kationenselektive Kanäle mit einem Durchmesser von 2,2 nm und hat 

eine Einzelkanalleitfähigkeit von 2,5 nS in 1 M KCl. Aus organischen Zellwandextrakten von 

C. callunae und C. efficiens wurden PorHC.call und PorHC.eff isoliert. PorHC.call bildet einen 

kationenselektiven Kanal mit einem Durchmesser von 2,2 nm und einer Einzel-

kanalleitfähigkeit von 3 nS, PorHC.eff hingegen bildet einen leicht anionenselektiven Kanal mit 

einer Leitfähigkeit von 2,3 nS in 1 M KCl. 

Über die Sequenzierung der PorH Proteine wurden die entsprechenden porH Gene im Genom 

von C. glutamicum und C. efficiens identifiziert. Das Genom von C. callunae ist nicht 

bekannt, jedoch weisen die PorH Proteinsequenzen eine hohe Homologie untereinander auf. 

Es ist keine Signalsequenz vorhanden, so dass man annimmt, dass der Export über die 

Plasmamembran ähnlich funktioniert wie bei PorAC.glut aus C. glutamicum. Das Gen porHC.glut 

aus C. glutamicum befindet sich in unmittelbarer Nähe zu porAC.glut in einem möglichen 

Cluster das aus 13 Genen besteht. In RT-RCR Experimenten und immunologischen 

Reaktionen mit polyklonalen Antikörpern konnte gezeigt werden, dass die Gene porAC.glut und 

porHC.glut zusammen transkribiert werden und die Porine in der Zellwand coexistieren. Die 

Anordnung von porAC.glut und porHC.glut im Genom von C. glutamicum ist ähnlich der von 

porBC.glut und porCC.glut, und es konnte gezeigt werden, dass die vier Porine in der Zellwand 

gleichzeitig vorhanden sind. 

Das Molekulargewicht von PorH ist mit 6 kDa sehr klein für Kanalproteine und man nimmt 

an, dass die Kanäle von Oligomeren gebildet werden. In Western Blots wurde eine mögliche 

hexamere Form von PorHC.glut nachgewiesen. Sekundärstrukturvorhersagen für PorH sagen 

aus, dass 42 Aminosäuren von PorHC.glut und 28 von PorHC.eff und PorHC.call amphiphatische 

α-Helices mit einer Länge von 6,3 nm, bzw. 4,2 nm ausbilden. Diese Länge würde ausreichen, 

um die Mykolsäureschicht zu durchspannen. 

Ein weiteres Ziel dieser Arbeit war es, ein heterologes Expressionssystem für 

corynebakterielle Kanalproteine zu erstellen, um die kanalbildenden Eigenschaften von bisher 

nur hypothetischen Porinen wie PorAC.eff, PorBC.eff und PorCC.eff von C. efficiens, oder 

PorCC.glut von C. glutamicum zu bestimmen. In rekombinanten Expressions-Experimenten in 

E. coli konnte gezeigt werden, dass die Gene porBC.eff und porCC.eff für Proteine mit 

kanalbildender Aktivität kodieren. Die Kanäle sind anionenselekitv, mit einer 

Einzelkanalleitfähigkeit von 1 nS in 1 M KCl, vergleichbar mit den Eigenschaften von 

PorBC.glut aus C. glutamicum. 
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In dieser Arbeit konnte gezeigt werden, dass die Kanalproteine PorHC.glut ,PorHC.eff und 

PorHC.call der eng verwandten Corynebakterien C. glutamicum, C. efficiens und C. callunae 

hoch konserviert sind und ähnliche Eigenschaften haben. Der Exportmechanismus von PorH 

sowie von PorA über die Plasmamembran ist noch unklar, jedoch bestehen Hinweise darauf, 

dass möglicherweise die Gene, die in der Umbebung von porA und porH lokalisiert sind, an 

diesem beteiligt sind. Ein weiteres Novum ist die für Porine ungewöhnliche α-helikale 

Sekundärstruktur von PorH. Der die Mykolsäureschicht durchspannende Teil von MspA aus 

M. smegmatis, sowie die Porine aus Gram-negativen Bakterien weisen β-Faltblatt 

Sekundärstrukturen auf. Es konnte weiterhin mit Hilfe von rekombinanten 

Expressionsexperimenten bewiesen werden, dass es sich bei PorBC.eff und PorCC.eff aus C. 

efficiens ebenfalls um porenbildende Proteine handelt. 

 

Unter der Familie der Corynebacterineae befinden sich auch oben genannte pathogene 

Mikroorganismen, und man kann davon ausgehen, dass einige Eigenschaften der untersuchten 

Kanalproteine auch auf andere Proteine der mykolsäurehaltigen Bakterien übertragen werden 

können und so zu Fortschritten im Bereich der Entwicklung z.B. von neuen antimikrobiellen 

Substanzen führen. Diese Heterogenität der Familie der Corynebacterineae, dass sich 

einerseits Erreger der weltweit gefährlichsten Infektionskrankheiten und andererseits 

Bakterien von großem industriellen Interesse unter ihnen befinden macht sie zu einem sehr 

interessanten Forschungsgebiet. 
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