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Introduction

Bacteria, like any other cells are containing a cell envelope, which protects the cell of the environment and builds a diffusion barrier for particles. Because of the cell envelope, bacteria are divided into two big groups, gram+ and gram- bacteria. The cell envelope of gram- is build as follows. There is an inner membrane, called cytoplasm membrane followed by a thin peptidoglycan layer. The most outward layer is a secondary membrane, called Outer membrane. Because bacteria are depending on nutrient-supply from the environment, the outer membrane is a less dense barrier to many substances. This is maintained by big water-filled channels called porins in the outer membrane, which are a subject of many investigations because of their properties and their complex transport way from the cytosole to the outer membrane. For a long time porins seemed to be just a feature of gram- bacteria, because gram+ bacteria are usually containing just an inner membrane and an overlaying peptidoglycan-layer but no second permeability barrier. But in 1993 for the first time channels were discovered in the bacteria Mycobacterium chelonae, which is a gram+ bacterium [29] (Trias and Benz 1993). 
Since that Mycobacterium chelonae and a lot of other members have been investigated by different techniques. 
Porins in Mycobacteria 
In the following years, porins were also found in further members of Mycobacteria which is a member of the suborder Corynebacterineae. The Corynebacterineae are also called Mycolata because they all are containing a common structural element, the mycolic acid layer (s. fig 1). 

The mycolic acid layer

The mycolic acids are 2-branched 3-hydroxylated fatty acids which are linked throw ester bonds to arabinogalactan which is attached to the murein of the cell wall (s. fig 1). The chain length of the mycolic acids varies considerably within the mycolic acid layer containing taxa. They are short in corynebacteria (22-38 carbon atoms), medium in gordonae (52 – 60 
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Fig. 1) Picture of the cell wall of the Mycolata

carbon atoms) and nocardia (46 – 58 
carbon-atoms) and long in mycobacteria 
(60 – 90 carbon-atoms) and tsukamurella (64 – 74 carbon-atoms).

This layer builds a second permeability barrier comparable to the outer membrane of gram- bacteria against high-molecular substances, which can only be bypassed by porins. [14] (Minnikin 1982)
Investigation of Porins in mycobacteria

A lot of members of the genus Mycobacterium are human pathogens like M. leprae which causes leprosy or M. tuberculosis which causes tuberculosis which is a disease rising in recent years [1] (Bloom and Murray, 1992). The special problem with mycobacterial infections is there naturally high resistance to antibiotics [1] (Bloom and Murray 1992), [4] (Ellner et al 1991, [6] Grosset 1992). This resistance is associated to the low mycobacterial cell wall permeability [8] Hui et al, 1977), [9] (Jarlier et al 1991). This is especially a problem for immune-suppressed patients like patients with AIDS-disease or immunosuppressant associated to transplantations. The investigation of porins of these bacteria is interesting, because they are the single pass of antibiotics into the cell and have special abilities to repel antibiotics.
For researching porins, they have to be extracted of the bacterial cells
Isolation of porins

There exist a lot of different techniques for isolation of porins. For example they are solubilised in different solvents like EDTA, Genapol [29] (Trias and Benz 1993) and LDAO [20] (Rieß et al 1998). After solubilisation they can be passed through an HTP column [23] (Schmid et. al 1992) ore use of organic solvent extracts [11] (Lichtinger et al 1998). After purification, the size of the protein can be estimated by SDS-page and the proteins can be characterised by the bilayer technique
SDS-page

SDS-page is a technique for the separation of different proteins. SDS-PAGE means sodium dodecylesulfate polyacrylamide gel electrophoresis. SDS superposes the charge of the proteins and provides a constant charge-distribution of the proteins. See [22] (Schägger, H. & von Jagow G. 1987) for further information. 
The Bilayer technique

Furthermore and as most important to mention is the bilayer technique. Needed is a cuvette with two chambers, connected by a small hole, further electrodes and lipids. There is also a current generator as well as measuring instruments for current needed. (s. Fig. 2)
With the lipids a bilayer is formed in the small hole connecting the two chambers. In each chamber there is an electrode. The electric circuit is connected throw the bilayer, but because of the high resistance of the double layer no current can be measured. By addition of channel-forming proteins the permeability of ions is rising jumpingly, so that single molecules can be detected with this technique.
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Characterisation of mycobacterial porins
By the bilayer technique, a lot of characteristics of porins of different mycobacteria were determined, like the single channel conductance, the conductance in different salts or concentrations, pH-dependence, reversal potential and voltage dependence.
The single channel conductance measurement showed, that the channel allows translocation over the cell wall and the beings of open and closed states of the channel.
By view of the conductance-measurements in different salt solutions a selectivity of the channels for cations or anions can be estimated, therefore ratio between the permeability of cations to anions is usually given. A ratio higher than 1 means cation-selectivity and a ratio less than 1 mean anion-selectivity. Furthermore these experiments showed that the conductance is associated with the hydrated radius of the ion [30] (Trias and Benz 1994). Also a calculation of the channel radii on the basis of conductance in different salts can be given by the renkin equation [19] (Nikaido 1981) and stocks equation [30] (Trias and Benz 1994).
By measuring the conductance in different concentrations of salt solutions it was detected, that the conductance was not a linear function of the bulk aqueous salt solution and that no saturation at high ion concentrations could be reached [30] (Trias and Benz 1994). While the unlinearity is indicating a specific porin, no reaching of saturation is indicating a general diffusion protein. This conflict was announced by negative point charges in the channel which means that porins of gram+ bacteria were a completely new type of channel because just general diffusion porins and specific porins were known before. The amount of point charges can be calculated by the Nelson and McQuarrie formalism (equations 1 to 3 of [29] Trias and Benz 1993).
The measurement of voltage dependence of the channel showed for example by M. phlei a flickering of the conductance at voltages higher than 10 mV and asymmetric voltage dependence. But it should be noted, that the physiological relevance of the channel is strongly questioned and this effect might just be an artefact [21] (Rieß et al 2001).
Many of the porins of the different mycobacteria had features in common, they are mostly cation-selective but also an anion-selective channel had been found in M. bovis [12] (Lichtinger et al 1999) and the conductance of the channels is between 0,7 and 4,6 nS [18] (Niederweis et al 2003) 
Porins in further members of the Corynebacterineae

After a lot of investigations of porins in different mycobacteria the idea rose, to search for porins in further gram+ bacteria. It was the consequential step to search in close relatives of Mycobacterium. So search was done in different members of the suborder Corynebacterineae which all are possessing mycolic acids as mentioned before. These suborder contains a lot of interesting genera like Nocardia farcinica which is the pathogen of nocardiosis [20] (Rieß et al 1998) or Corynebacterium glutamicum which is used for industrial production of glutamate. Furthermore a critical point by the industrial production of glutamate might be the transport of glutamate into the medium [10] (report of T. Knaf 2007).
As a result it could be summarized, that channels were found in nearly all genera of the suborder Corynebacterineae. Channel were found in Corynebacterium [16] (Niederweis 1995), [11] (Lichtinger 1998), Nocardia [20] (Rieß 1998), Rhodococcus [13] (Lichtinger 2000) and Tsukamurella [3] (Dörner 2004).

The porins of the different genera had some features in common. All of them had a similar conductance and also all of them are having negative point charges. Furthermore are a lot of them voltage-dependent.
After the characterisation of porins in bilayer-experiments, the next logical step was to localize the genes of the different proteins in the genome. 
Cloning of the mspA-gene
If the localisation of the porin in the genome is known, a lot of further features of the proteins can be investigated. Proteins can be over expressed to get the amount of proteins, needed for x-ray analysis, or deletion-mutants can be designed to investigate the nutrient flux through the porin specifically.

Cloning of mspA
The first identified gene of a porin was mspA (Mycobacterium smegmatis Porin A) [17] (Niederweis 1999). In this work the protein was solubilised from the cell wall by detergents and concentrated by two-phase precipitation. Afterwards the protein was analysed by SDS-page and transferred from the SDS-gel to PVDF-membrane. Interesting bands were excised and sequenced by Edman-Degradation. The resulting amino-acid-sequencing was translated into a DNA-sequence, according to the codon usage of Mycobacterium smegmatis, and used for modelling a primer. A 2nd primer was used binding to pOLYG. With these two primers a library of chromosomal DNA of Mycobacterium smemgatis in the plasmid pOLYG in Escherichia coli was tested for positive clones with a PCR.
Positive clones were sequenced and the resulting DNA-sequence was compared to the sequence derived from the Edman-degradation.
Next the gene was cloned into the expression vector pMN501 and used for transformation of E. coli BL21 (DE3).

The cloned protein was again purified and investigated by SDS-page, Western-Blott, Edman-degradation and bilayer experiments. The cloned gene showed the same band and the sequence as the natural protein. In the bilayer experiments the same single channel conductance as by the natural protein was measured. All results strengthened the correlation between MspA and the investigated gene, named mspA.

Homologous genes to mspA in the genus mycobacterium

To investigate the relation between the porins of different Mycobacteria, which showed common features, chromosomal DNA was digested and analysed by southern-blotting with a dioxin-labelled probe of mspA.
Interestingly hybridisation was detected for all of the fast-growing mycobacteria like M. smegmatis, M. chelonae and M. furtiutum. But no hybridisation was detected for all of the slow-growing bacteria which contain all of the pathogenic mycobacteria like M. smegmatis and M. leprae.
Furthermore three further genes in the M. smegmatis genome, containing a few variations were detected and named mspB, mspC and mspD. These results suggested a whole family of related channels in some members of the mycobacteria, so it was logical to check the presence of related channels in other members of the Corynebacterineae too.
Occurrence of mspA in further members of the Corynbacterineae
Chromosomal DNA of further members was digested and southern hybridised with a primer derived from mspA.
Hybridisation was observed for Tsukamurella inchonensis at high stringency and for Nocardia farcinica and Rhodococcus equi at low stringency. [21] (Rieß et al 2001)

Primary structure of mspA
A further point which identified cloned mspA as a porin was the fact that it showed no transmembrane helices which is a typical feature of porins. In case the primary structure was amphiphatic means contains altering hydrophobic and hydrophilic amino residues. This is due to a water filled channel, in which the amino acid residues are altering pointing to the hydrophobic membrane outwards and the hydrophilic water inwards the porin. It was further detected, that MspA is with 184 amino acids a very small protein compared to porins of E. coli, whereby the outer membrane of M. smegmatis is twice as thick as the membrane of E. coli
So it was further an interesting step to get the whole structure of the MspA-channel.

Structure of MspA

The structure of MspA was cleared by X-Ray analysis in 2004 [5] (Faller et al 2004). 

Structure of MspA

The structure of the functional channel is a homoacetomeric goblet-like conformation with a single central channel. It is a homogeny octamer with eightfold rotation symmetry (s. Fig 3).
Each subunit consists of a 134-residue globular domain building up the thick rim of the goblet, and a 50-residue loop forms 
[image: image3]the stem and the base [5] (Faller et al 2004).

The rim-domain is a sandwich of two four-stranded completely anti-parallel β-sheets. [5] (Faller et al 2004)

The interface area between two rim domains is as large as 1050 Å2 and contains a short β-sheet connections between β10 and the neighbouring β12 [5] (Faller et al 2004)

The 50-residue loop participates in two 16-stranded conventional β barrels that have essentially circular cross-sections as a result of the eightfold rotation symmetry [5] (Faller et al 2004). 
The base of the goblet contains a second short 16-stranded β barrel, that forms a channel constriction, also called a pore eyelet with a diameter of 28 Å. [5] (Faller et al 2004). The pore-eyelet may fold back into the channel interior and restricts the area accessible for diffusion. This may be the reason for the flickering signals by single channel-measuring.
The outer surface of the goblet shows a clear subdivision in polar and no polar regions (s. Fig. 4). The globular rim domain has a polar surface and the surface ob the goblets stem and base is no polar. 
[image: image4]This suggested that the goblets stem and base sticks in the membrane, while the rim is out of the membrane. The polar region of the goblet is too narrow to fit the sickness of the mycobacterial outer membrane in contemptary models. This fact might be accounted by two oligomers connected to each outer, or the mycolic acids are folded and the outer membrane is more narrow than expected.
Furthermore no similar structure like MspA was found in Protein Data Bank, which means that MspA is a completely no type of protein. Therefore it is interesting to compare MspA to porins of gram- bacteria

Comparison of porins in gram+ and gram- bacteria 

The most noticeable difference between porins of gram+ and gram- bacteria is the role of the monomer. While in gram- bacteria one monomer forms a channel and three monomers stick together to build a channel the oligomer of MspA forms a channel. One monomer of MspA is not able to form a channel, what is explaining the fact of the small size of MspA compared to porins of gram- bacteria.
Furthermore there are no sequence similarities between the porins of gram+ and gram- bacteria and also both contain a completely different b-structure [13] (Niederweis et al. 2003).
Also MspA is longer than porins of gram- bacteria, as it is expected according to the thicker outer membrane of Mycobacterium smegmatis compared to E. coli.
Investigation of transport in msp-mutants
As mentioned before, the identification of mspA (and also mspB, mspC, mspD) allows investigate the transport properties of the channels in detail. Therefore consecutive gene deletions in Mycobacterium smegmatis using the yeast FLP recombinase were produced [5] (Stephan et al 2004). These mutants were used to investigate the nutrient uptake, as well as the diffusion of different antibiotics.
Nutrient uptake

It was discovered, that the growth rate of Mycobacterium smegmatis depends on sufficient porin-mediated influx of nutrients [27] (Stephan et al 2005).
Also the uptake rates of mutants and wild type for Glucose were identified and the role of MspA clarified [27] (Stephan et al 2005). 

Furthermore MspA was identified as the main hydrophilic pathway through the cell wall of Mycobacterium smegmatis [25] (Stahl et al 2001). The permeability of the cell wall for glucose decreased fourfold and just a slightly higher expression of other porins like MspB and MspC could be observed to restore the deficit.
There are further results, which connect MspA for the transport of phosphate [31] (Wolschendorf et al 2007). That’s a more or less confusing result, because MspA is a cation selective channel. Therefore the role of MspA as main-transporter of phosphate has to be questioned strongly.
Transport rates of antibiotics

Also a lower transport-rate for antibiotics like a seven-fold decrease in the mspA-mutant were observed in different mutants of Mycobacterium smegmatis [27] (Stephan et al 2005), [24] (Stahl et al 2001).
Furthermore, it was shown that the mspA deletion-mutant of Mycobacterium smegmatis showed multidrug-resitance [26] (Stephan et al 2004). This is due to the expectations of the high resistance of natural resistance of mycobacteria against antibiotics. This observation further strengthened the theory of the mycolic acid barrier to antibiotics.

This result also shows the important role of MspA and the other channels for the transport of antibiotics. Further knowledge about these channels might allow the production of a drug which supports the transport of antibiotics through the cell wall, what is a fact often unaccounted by drug-designing.

A further way to increase the permeability through the cell wall could be a drug which increases expression of mspA. This is especially interesting by according the fact of a 45-fold lower concentration of porins in the cell wall by M. smegmatis compared to E. coli.
As mentioned above, the identification of the gene mspA, mspB, mspC and mspD allows further investigation of regulation of mspA. Further knowledge of mspA-regulation might also show the physiological role in more detail.

Regulation of mspA
The identification of regulator-elements of mspA was done by [7] (Hillmann et al 2007). Used were primer extension experiments, as well as β-Galactosidase as reporter-gene and two constitutive mycobacterial promoters named Pimic and Psmyc.
Regulation of mspA-transcription
It was possible to identify the promoter of mspA. The -10 and -35 regions were identified with the sequences TATGTT and TTGCTG 125 base-pairs upstream of mspA start-codon.
Furthermore a very long upstream activator region was identified up to 1000 base-pairs upstream of mspA. Experiments with different fusions of fragments behind lacZ showed dependence of the upstream activation region of the phasing of the DNA.

After investigating transcriptional regulation of mspA also post-transcriptional regulation had been investigated.
Post-transcriptional regulation of mspA

Defining the length of the mspA-transcript revealed a total length of 900 bases and showed ending of the transcript 130 bases after the stop-codon of mspA. This position is within the intergenic region between mspA and msmeg0956 and indicates that mspA is transcribed independently and no part of an operon. A U-trail following a hairpin structure is an essential component of intrinsic transcription terminators in other bacteria but was not detected within this region [7] (Hillmann et al 2006). It was proposed that terminators of transcription in mycobacteria are not needing a U-trail when they have RNA hairpins with a stem length exceeding 27 bp [7] (Hillman et al 2006). With RNA Structure software a secondary structure at position -70 to -120 was detected which might play this role and is also able so stabilize the mspA-transcript allowing posttranscriptional regulation.

Besides the identification of regulator-elements also the effects of different signals on mspA-expression were investigated.
Signals regulating mspA
It was shown, that the amount of mspA-RNA decreased 25-fold in stationary phase, which is due to the lower nutrient requirement by less growth.

Furthermore decrease of mspA regulation on high temperature increased osmolarity, hydrogen peroxide, ethanol and low pH was observed. This means that Mycobacterium smegmatis decreases the flux of substances of the exterior into the cell at threatening conditions. This result also supported the role of the mycolic acid layer as a very strong diffusion barrier and also explains the problems with the therapy of mycobacterial diseases with antibiotics.
Testing with different nutrient showed decreasing of the mspA-expression at carbon-limitation and phosphate-limitation, but increase of expression at nitrogen-limitations. The results of carbon- and phosphate-limitation are confusing, because one might expect an up-regulation of nutrients by limitation of nutrients. Up-regulation should increase the flux of nutrients between interior and exterior and further adhering nutrient supply and growth, as it is the case for porins of gram- bacteria by the way. The explanation for down regulation of mspA could eventually be explained by expecting a higher amount of harmful substances from other micro-organisms. If this would be the case it cleared out the preferences of mspA-regulation by prevention more than for nutrient supply.  
Porins in further members of the Actinomycetales
After detecting porins in nearly all members of the Corynebacterineae the question rose if there are also porins in further gram+ bacteria, which are not containing mycoclic acids but other lipids in their cell wall.
So other suborders of Actinomycetales were investigated for porins in their cell wall. Porins were so far found in different members of Stremtomyces of the suborder Streptomyceneae. This work was done by [2] (Bong Hui Kim 2001).

In this work the property of the cell wall of Streptomyces griseus as permeability barrier was tested and a porin was found and characterised.

The second permeability barrier of Streptomyces griseus
The cell wall was analysed by sucrose-density gradient centrifugation and different fractions were investigated. In cell wall fractions different lipids were found by one-dimensional thin layer chromatograms in a huge manner. These were different phospholipids, including cardiolipin and phosphatidylethanolamine as major lipids and the most abundant lipid in the cell wall a lipid with a high Rf-value. Lipids are always a signal for a dense barrier.
To verify this idea, cells of Streptomyces griseus were treated with lysozyme in the medium. No lyses of cells could be obtained in incubation of a lysozyme-concentration of 20 mg /ml for 6 hours, what supports the theory of the cell wall permeability barrier. 

The cell wall fragments of the sucrose-density gradient centrifugation were used for extraction of cell wall proteins.
The cell wall channel of Streptomyces griseus

Single channel measurements in different salt solutions characterised a channel with a conductance of 850 pS in a 1 M KCl-solution. The channel showed with a value pcation/panion of 1.0 or 1.5 (according to the anions and cation accounted) just a moderately selectivity for anions and cations and is therefore thought to contain positively as well as negatively charged groups in the channel interior. As most of the porins also this one represents a wide water filled channel.
Streptomyces griseus is industrially used for the production of Streptomycin, so titration experiments were done with streptomycin. In titration experiments is a decrease of the current assumpted if the channel has a binding site for an added substance. 
A decrease of the current to 40 % of the current at open state was observed by the addition of very high concentrations of streptomycin.  

Out of titration experiments the binding constant K can be estimated as it was 161 1/M in this case. Because the channel is not completely blocked the binding is thought to be ion-ion depending.

Prospects

A lot of research has now be done in the characterisation of channels of mycobacteria and showed the problem with antibiotic transport into the cell but also showed the porins as a possible target for drugs. So a new and more effective treatment of mycobacterial disease may rise in near future.
Furthermore porins were identified in Streptomyces griseus and are involved in transport of streptomycin. Better knowledge of these porins might be used for a more profitable production of streptomycin.

Also there are further bacteria in other suborders of the Actinomycetales whit further biotechnological potential, like propionic acid bacteria which are involved in the production of biogas or bacteria of the genus frankia which are nitrogen fixing bacteria of many trees.
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Fig. 2) bilayer measuring apparatus
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Fig. 3) Structure of the octameric porin MspA. One monomer is emphased red.
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Fig. 4) Surface of the octameric porin MspA. Polar groups are emphased in green and no polar groups are emphased yellow.
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