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Abstract

Detergent extracts of whole cells of the Gram-positive bacterium Tsukamurella inchonensis ATCC 700082, which belongs to the

mycolata, were studied for the presence of ion-permeable channels using lipid bilayer experiments. One channel with a conductance of

about 4.5 nS in 1 M KCl was identified in the extracts. The channel-forming protein was purified to homogeneity by preparative SDS-

PAGE. The protein responsible for channel-forming activity had an apparent molecular mass of about 33 kDa as judged by SDS-PAGE.

Interestingly, the protein showed cross-reactivity with polyclonal antibodies raised against a polypeptide derived from MspA of

Mycobacterium smegmatis similarly as the cell wall channel of Mycobacterium phlei. Primers derived from mspA were used to clone and

sequence the gene of the cell wall channels of T. inchonensis (named tipA for T. inchonensis porin A) and M. phlei (named mppA for M.

phlei porin A). Surprisingly, both genes, tipA and mppA, were found to be identical to mspA of M. smegmatis, indicating that the

genomes of T. inchonensis, M. phlei and M. smegmatis contain the same genes for the major cell wall channel. RT-PCR revealed that

tipA is transcribed in T. inchonensis and mppA in M. phlei. The results suggest that despite a certain distance between the three

organisms, their genomes contain the same gene coding for the major cell wall channel, with a molecular mass of 22 kDa for the

monomer.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Tsukamurella inchonensis is a member of the genus

Tsukamurellae that belongs to the mycolata, a broad and

diverse group of mycolic-acid containing actinomycetes
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[1–5]. Common to all these bacteria is the mycolic acid

layer on the surface of the cells. The mycolic acids are

covalently bound to the peptidoglycan–arabinogalactan

skeleton of the cell wall, which contains also extractable

lipids [6–8]. Especially long mycolic acids have been

found in mycobacteria (60–90 carbon atoms) and tsuka-

murellae (64–74 carbon atoms); they are medium-sized in

gordonae (52–66 carbon atoms), nocardiae (46–58 carbon

atoms), and rhodococci (36–52 carbon atoms), and small

in corynebacteria (22–38 carbon atoms) [9,10,6,7,11–18].

Besides the mycolic acids, the cell wall of mycolata

contains also free lipids, such as trehalose dimycolates,

glycosyl monomycolates and peptidolipids [11,19,14,

20,21]. The mycolic acids and free lipids are arranged
cta 1667 (2004) 47–55
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perpendicular to the cell surface [11], which suggests that

they could form a membrane-like structure, which has also

been observed in freeze-fracture samples of mycobacteria

[22]. At least in mycobacteria the mycolic acid layer

clearly forms a considerable permeability barrier for the

diffusion of hydrophilic solutes [23,24,19,15].

Tsukamurellae are slow-growing mycolata mostly found

in the soil [25]. Some of them are either animal or human

pathogens such as T. inchonensis [1] or Tsukamurella

tyrosinosolvens [18]. Several infections with Tsukamurel-

lae were observed in immunosuppressed patients [26,27].

T. inchonensis was isolated from blood of a patient who

had ingested hydrochloric acid [28] and is resistant to

streptomycin, isoniazid, ethambutol, rifampin, p-amino-

salicylic acid, protionamide, capreomycin, and cycloserine

[1]. When the idea of the cell wall of Tsukamurellae being

an outer lipid permeability barrier for hydrophilic com-

pounds is accepted, the question arises how these

molecules cross the cell wall. This means that they must

contain cell wall channels similar to other members of the

group of mycolic acid-containing actinomycetes, such as

Nocardia [29,30], Mycobacteria [31–33] and Corynebac-

teria [34]. Channels have been identified in the cell wall of

all these bacteria, which do not form similar structures but

have a similar function as their gram-negative counterparts

[35,36].

In this study we identified the permeability pathway in

the mycolic acid layer of T. inchonensis and characterized

its channel properties. The genes of this cell wall channel

and that of Mycobacterium phlei were cloned and

sequenced. The somewhat surprising result of the study

was that the two genes, tipA and mppA, coding for the cell

wall channels were found to be identical to mspA of

Mycobacterium 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 [33,37]. 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. [37] and Riess

et al. [38]. 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 [38].

Results of electrophysiological measurement presented here

indeed revealed that the cell wall channel of T. inchonensis

is wide and water-filled and has similar properties as MspA,

which are caused by the presence of negatively charged

groups at the channel mouth.
Fig. 1. 12% SDS-PAGE according to Laemmli [39] of the purification

procedure of TipA (the 33-kDa cell wall channel protein) of T. inchonensis.

The gel was stained with silver. Lane 1: Molecular mass marker 66, 45,

36, 29, 24, 20, 14.2 kDa. Lane 2: Purified TipA protein by preparative

SDS-PAGE.
2. Materials and methods

2.1. Bacterial strains and growth conditions

T. inchonensis ATCC 700082 [1] was routinely grown at

37 8C for 72 h in BHI-medium (3.7% Difco brain-heart
infusion). M. phlei ATCC 356 [38] was grown at 37 8C for

72 h in DYT medium (Double-Yeast-Trypton). Both strains

were grown using a shaker at 150 rpm.

2.2. Isolation and purification of the channel forming

proteins

The cells were harvested by centrifugation at 12,000 rpm

and 4 8C and washed twice in 10 mM Tris–HCl (pH 8).

Two-gram wet cell was treated overnight with a solution

containing 10-ml 10 mM Tris–HCl (pH 8) supplemented

with 0.4% N,N-dimethyldodecylamine N-oxide (LDAO) by

shaking at room temperature. Cells and detergent solution

were centrifuged for about 15 min at 6000 rpm. The cells

(pellet) were discarded. The supernatant contained the

channel forming activity. SDS-PAGE indicated that it

contained several bands. The protein was loaded and run

on preparative SDS-PAGE. The gel was cut in different

slices according to different molecular mass bands of the

proteins. The slices were eluted overnight in a solution

containing 10 mM Tris–HCl (pH 8) and 0.4% LDAO and

inspected for channel-forming activity. The cell wall

channel protein of M. phlei was purified as has been

described previously [38].

2.3. SDS-PAGE

SDS-PAGE was performed according to the Laemmli gel

system [39] (Fig. 1). The gels were stained with Coomassie

brilliant blue or with silver stain [40].

2.4. Lipid bilayer experiments

The methods used for the lipid bilayer experiments have

been described previously in detail [41]. Black lipid
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bilayer membranes were obtained from a 1% (w/v)

solution of diphytanoyl phosphatidylcholine (PC) and

diphytanoylphosphatidylserine (PS) (ratio of 4:1) in n-

decane. The temperature was maintained at 20 8C during

all experiments. Zero-current membrane potentials were

measured by establishing a salt gradient across membranes

containing 100 to 1000 channels as has been described

earlier [42].

2.5. Immunological detection of MspA

A synthetic polypeptide of part of the MspA sequence

(DRNRLTREWFHSGRA) was synthesized and polyclonal

antibodies against this peptide were raised in rabbits. The

pre-immune serum was tested giving no reaction against

cell extracts of M. smegmatis. The antiserum was used for

Western blots of the extracted protein samples using

standard procedures [43]. The blotting time was 30 min

by 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 s. The antibodies were highly

specific for MspA of M. smegmatis.

2.6. PCR analysis

Chromosomal DNA of T. inchonensis and M. phlei was

isolated as described previously [44]. Primers MspAnf and

MspK1 (see Table 1) were used for PCR amplification of

the tipA and mppA genes. Annealing was performed at 60

8C with 50-s extension at 72 8C by using Taq polymerase.

For this analysis, the PCR MasterTaq Kit (Eppendorf,

Hamburg, Germany) was used.

2.7. RT-PCR

Total mRNA was isolated from disrupted cells by using

an RNeasy kit according to the instruction of the

manufacturer (Qiagen, Hilden, Germany). Purified RNA

was treated with 2U of Turbo Dnase (Ambion, Hunting-

don, Cambridgeshire, United Kingdom) in 0.1 volume of

10� Turbo DNase buffer for 1 h at 37 8C to remove the

DNA. Reverse transcription (RT) was performed in a two-

step reaction with an enhanced avian HS RT-PCR kit

(Sigma, Deisenhofen, Germany) with random nonamers.

The cDNA product was used for a direct PCR with the
Table 1

Oligonucleotides used in this study

Oligonucleotides Position

MspAnf 1–20 downstream

MspK1 700–681 upstream

MspK3 512–491 upstream

MspN2 329–350 downstream

The sequences of the primers were derived from mspA [37].
specific mspA primers MspA1, MspN2, MspK1 and

MspK3 (see Table 1) and the same PCR program.
3. Results

3.1. LDAO extracts of T. inchonensis cells contain a

channel-forming protein

The channel-forming activity was isolated from T.

inchonensis using a protocol, which has been applied

previously to Nocardia species [29,30] and also to M.

phlei [38]. This protocol started from detergent extracts of

whole cells. T. inchonensis cells were treated with 10 mM

Tris–HCl pH 8 supplemented with 0.4% LDAO. The

supernatant of the extraction procedure showed channel-

forming activity in the lipid bilayer assay. The channels

had a single-channel conductance of about 4.5 nS in 1 M

KCl. The extracts contained always several molecular mass

bands, which included a major band of about 33 kDa.

Similar bands have been found in cell extracts of M.

smegmatis [37] and M. phlei [38] when the samples were

boiled.

3.2. Purification of the channel-forming protein

Further purification of the channel-forming protein was

achieved by preparative SDS-PAGE. Several molecular

mass bands were excised from the gel and were extracted

overnight with a buffer containing 0.4% LDAO. Addition

of the extract of the 33-kDa band to a planar lipid bilayer

resulted in a very fast reconstitution of channels. When

different molecular mass regions were excised from the

same SDS-PAGE, highest channel-forming activity was

always observed for the 33-kDa band (despite the fact that

the nucleotide sequence predicts a 22-kDa protein; see

below). It is noteworthy, however, that some small

channel-forming activity was also observed, when gel

slices were extracted in the region between 30 and 80

kDa. This result indicated that the 33-kDa band may

represent one subunit of the channel-forming oligomer. It

is noteworthy that high molecular mass complexes of the

cell wall channels have been observed for M. smegmatis

[37,45] and M. phlei [38]. The monomer of about 22 kDa

predicted by the nucleotide sequence could not be

observed when the protein was boiled in sample buffer.
Sequence

5V-GGGGCCGCCGGCGATACAGT-3V
5V-AAGCGGTCTCAGCGACCGAA-3V
5V-TCGACCGAGAACGTTGCGACTT-3V
5V-CGCTGGGTGTGGGCATCAACTT-3V



Fig. 3. Histogram of the probability P(G) for the occurrence of a given

conductivity unit observed with membranes formed of PC/PS (molar ratio

4:1)/n-decane in the presence of TipA of T. inchonensis. 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 8C. The average single-

channel conductance was 4.5 nS for 132 single-channel events.
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3.3. Analysis of the channels formed by the 33-kDa protein

Fig. 2 shows a single-channel recording of a PC/PS

membrane in the presence of the 33-kDa protein, which

was added to a black membrane in a concentration of

about 10 ng/ml. The single-channel recording demon-

strates that the protein formed defined channels. The

single-channel conductance of most channels formed by

the 33-kDa protein was about 4.5 nS in 1 M KCl. Only

about 30% of total number of channels with other

conductance was observed, which represent presumably

substates of the channel (see the histogram of Fig. 3). It is

noteworthy that the channels formed by the 33-kDa

protein of T. inchonensis had a long lifetime similar to

those that have been detected previously for porins of

gram-negative [36] and gram-positive bacteria [33]. All

these porins formed channels in lipid bilayer membranes

with a long lifetime at small transmembrane potential

(mean lifetime at least 5 min).

Single-channel experiments were also performed with

other salts than KCl to obtain some information on the size

and selectivity of the channels formed by the 33-kDa

protein of T. inchonensis. The results are summarized in

Table 2. The conductance sequence of the different salts

within the channel was KClNK-acetateNLiCl, which means

that the channel could be cation-selective similar to many

other channels from the cell wall of mycolata. Table 2

shows also the average single-channel conductance, G, as

a function of the KCl concentration in the aqueous phase.

Similarly, as many cell wall channels of gram-positive

bacteria [38,46] the relationship between conductance and
Fig. 2. Single-channel recording of a diphytanoyl-phosphatidylcholine/

phosphatidyl-serine (molar ratio 4:1)/n-decane membranes in the presence

of 20 ng/ml of the TipA protein of T. inchonensis. The aqueous phase

contained unbuffered 1 M KCl (pH 6). The applied voltage was 20 mV;

T=20 8C.
KCl concentration was not a linear function, which

suggests that the cell wall channel of T. inchonensis

contains point net charges similar to those of M.

smegmatis [33], M. chelonae [32] and C. glutamicum

[34,46].

Experiments at higher voltages demonstrated that the

cell wall channel of T. inchonensis was voltage-dependent

in an asymmetric manner. The voltage dependence could

be demonstrated for single- and multi-channel experiments

when the protein was added to the cis-side of the

membrane. In the latter experiments the membrane current

started to decrease already at �50 mV in an exponential

fashion whereas it was stationary when the potential was

positive at the cis-side (data not shown). For �50 mV at

the cis-side the current showed a stronger decrease but

only a minor decrease was observed at +50 mV. This result

indicated oriented insertion of the cell wall porin into the
Table 2

Average single-channel conductance, G, of the cell wall channel of T.

inchonensis in different salt solutionsa

Salt Concentration

[M]

Single-channel

conductance G [nS]

LiCl 0.1 0.3

KAc pH 7 0.1 0.7

KCl 0.003 0.07

0.01 0.02

0.03 0.4

0.1 0.8

0.3 1.6

1.0 4.5

3.0 10

a The membranes were formed of PC/PS (molar ratio 4:1) dissolved in

n-decane. The applied voltage was 20 mV, and the temperature was 20 8C.
The average single-channel conductance, G, was calculated from at least 80

single events.



Fig. 5. 1.5% agarose gels from PCR. DNA from M. phlei was used as a

template for PCR reaction performed with the couple of primers MspAnf

and MspK1 (see Table 1) for the 700-bp fragment. The PCR products were

run on a 1.5% agarose gel. Lane 1: 100-bp ladder. Lane 2: PCR product

using M. phlei DNA.
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membranes, when it was added to only one side of the

membrane. It is noteworthy that the voltage dependence of

TipA was very similar if not identical to that of MppA [38]

and that of MspA [33].

Further information about the structure of the channel

formed by the 33-kDa protein of T. inchonensis was

obtained from zero-current membrane potential measure-

ments in presence of KCl gradients. A fivefold KCl

gradient (100 versus 500 mM) across a lipid bilayer

membrane, in which a sufficient number of channels were

reconstituted, resulted in an asymmetry potential of about

20 mV at the more dilute side (mean of five measure-

ments). This result indicated little preferential movement

of potassium ions over chloride through the channel at

neutral pH. The zero-current membrane potentials were

analyzed using the Goldman–Hodgkin–Katz equation

[41,47]. The ratio of the potassium permeability, PK,

divided by the chloride permeability, PCl, was about four,

which indicated indeed a certain selectivity of the channel

formed by the 33-kDa protein of T. inchonensis (see also

Discussion).

3.4. Western blots of the cell wall channel proteins of T.

inchonensis and M. phlei with antibodies against MspA of

M. smegmatis

In a previous study we have demonstrated that a DNA

probe derived from the mspA gene of M. smegmatis

(sequence position 166–196) hybridized with 9-, 6- and

4.5-kb bands of M. phlei and also with a 2-kb band of T.

inchonensis as obtained by BamHI digestion of the

corresponding chromosome [38]. These hybridizations

were observed as clear bands at a high stringency. Here

we checked if the cell wall channels of M. phlei and T.

inchonensis cross-reacted with the highly specific poly-
Fig. 4. Western blot of purified cell wall channel proteins of T. inchonensis

(lane 1), M. phlei (lane 2) [lane 3 is free] and MspA of M. smegmatis (lane

4). Lane 5 shows molecular mass markers stained with Ponceau S. The

proteins were loaded onto a 12% SDS-PAGE and blotted onto a

nitrocellulose membrane. Rabbit antiserum obtained against a synthetic

polypeptide derived from MspA was used in a dilution of 1:100.
clonal anti-MspA antibodies (lane 1 and 2). The results

are shown in Fig. 4. Pure cell wall channel protein from

T. inchonensis (lane 1) and from M. phlei (lane 2)

showed cross-reactivity with the antibodies. Interestingly,

three bands corresponding to molecular masses of 33, 45

and 52 kDa were observed for T. inchonensis (lane 1)

and M. smegmatis (lane 4), again indicating the cell wall

channel is presumably formed by a protein oligomer as

has been found for MspA of M. smegmatis [45,35] and

M. phlei [38]. Faint 22-kDa bands were observed for M.

phlei and M. smegmatis, whereas in the case of the cell

wall channel protein of T. inchonensis there was no

reaction in the range of 20 kDa.

3.5. Cloning and sequencing of the cell wall channel protein

of T. inchonensis and M. phlei

Western and Southern blots suggested a high homology

between MspA of M. smegmatis and the cell wall channel

proteins of T. inchonensis and M. phlei. Primers were

derived from the DNA-sequence of mspA because of this

high homology to identify and clone the genes of the cell

wall channels from T. inchonensis and M. phlei. These

primers (MspAnf and MspK1) were used to clone the

putative gene of the cell wall channels of these two

bacteria using PCR. The result of the PCR is shown in

Fig. 5. The PCR products were cloned into TOPO 2.1

from Invitrogen and amplified for sequencing. Primer

M13 reverse and forward from Invitrogen were used for

sequencing the PCR product of both T. inchonensis and

M. phlei. The interesting result of the sequencing of the

genes for the cell wall channels of both bacteria [named

tipA (EMBL Nucleotide Sequence Database accession
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number AJ812029) and mppA (EMBL Nucleotide

Sequence Database accession number AJ812030)] was

that their whole nucleotide sequences were identical to

mspA. The genes code in all three cases for 22-kDa

proteins.

3.6. RT-PCR

To see whether the tipA and mppA genes are translated

in T. inchonensis and M. phlei, total RNA was isolated

from both organisms. No PCR products were detected in

both cases after 20 cycles of PCR for specific primers

using the DNase-treated RNA, indicating that the genomic

DNA from the strains present in the samples was

completely digested (data not shown). Via reverse tran-

scription, the total mRNA of T. inchonensis and M. phlei

was converted into cDNA with random nonamers and

afterwards amplified with the mspA-specific couple of

primers (MspAnf, MspK1, MspK3, MspN2). The mRNA

of T. inchonensis and M. phlei contained signals that

indicated amplification with the primers listed above. Fig.

6 shows the amplification product of total cDNA of T.

inchonensis (data for M. phlei not shown). This result

suggested that both bacterial strains contained the mRNA

for MspA-like protein, which means that tipA and mppA

are both transcribed and the proteins are expressed as

suggested by the Western blot.
Fig. 6. Reverse transcription of total mRNA from T. inchonensis. Total

mRNAwas converted into cDNA and amplified with the primers MspAnf,

MspN2, MspK3, and MspK1, respectively (Table 1). Lane 1: 100-bp

ladder. Lane 2: result of RT-PCR amplification of T. inchonensis with the

tipA(mspA)-specific primers.
4. Discussion

4.1. The cell wall of T. inchonensis contains an ion-

permeable channel

Cell wall proteins of gram-positive bacteria, such as M.

chelonae [31,32], M. smegmatis [33,37] and C. gluta-

micum [34], have been shown in recent years to form

channels in lipid bilayer membranes and liposomes.

Common to all these bacteria is that they contain besides

the peptidoglycan layer a large amount of lipids in form

of mycolic acids in their cell wall, which forms a

permeability barrier [23,15]. T. inchonensis belongs also

to the broad and diverse group of mycolic acid containing

actinomycetes [1]. In agreement with the possible barrier

function of the cell wall, we were able to identify a

channel-forming protein (called TipA) with a molecular

mass of about 33 kDa for the channel-forming activity.

Western blots suggested that several bands showed cross-

reactivity with the antibodies, which indicated that the

protein forms aggregates. The monomers of TipA and

MppA have a molecular mass of 22 kDa according to

their genes although a 33-kDa protein was identified to be

responsible for channel formation. The channels are

presumably formed by oligomers and the smear of

channel-forming activity was observed across a consid-

erable molecular mass range. This agrees well with

observations that were made previously with MspA and

MppA, which both form aggregates [37,38]. This has to

do with the close relationship to MspA of M. smegmatis,

which has recently been crystallized and forms octamers

[35]. It is noteworthy that the formation of channels by

the cell wall protein of T. inchonensis was not a rare

event. The addition of 100 ng/ml of this protein to the

aqueous phase bathing lipid bilayer membranes was able

to increase their conductance considerably and more than

1000 channels were formed under these conditions.

Higher protein concentration led to the formation of even

more channels. The single-channel conductance of the cell

wall channel from T. inchonensis was fairly homogeneous

(see Fig. 3). More than 70% of all observed channels had

a single-channel conductance within the range from 3.5 to

5.5 nS. The broad range may be caused by change of the

numbers of monomers in an oligomer (normally eight

[35]) Only about 30% of the channels had a smaller

single-channel conductance and represent presumably

substates.

4.2. The cell wall channel of T. inchonensis is wide and

water-filled

The T. inchonensis cell wall channel has a high

conductance, similar to those of the cell wall channels from

M. smegmatis [33], M. phlei [38], C. glutamicum [34], and

N. farcinica [29] (see Table 3). These channels share some

common features. All are wide and water-filled and have



Table 3

Comparison of the cell wall channel properties of different actinomycetes

Cell wall protein of G (nS) in

1 M KCl

Channel

diameter (nS)

T. inchonensis 4.5 2.0a,b

M. smegmatis 4.1 1.8a, 3.0b

M. phlei 4.5 1.8a, 2.0b

N. farcinica 3.0 1.4a, 1.6b

C. glutamicum 5.5 2.2a,b

a The channel diameter was estimated from the single-channel

conductance as a function of the hydrated ion radii.
b The channel diameter was estimated from the effect of negative point

charges on single-channel conductance.
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diameters of more than 1.6 nm. Using the Renkin correction

factor [48,49], it is possible to calculate the diameter of the

T. inchonenis cell wall channel from the conductance of the

channel in different salts [33]. For this the Renkin equation

(Eq. (1) of Trias and Benz [33]) times the aqueous diffusion

coefficient of the ions normalized to the one of rubidium

ions (i.e., relative permeability of rubidium ions=1) was

plotted as a function of the hydrated ion radii (Table 4 of

Trias and Benz [33]). The best fit of the relative perme-

ability was obtained with r=1.0 nm (diameter 2.0 nm). The

properties of the cell wall channel of T. inchonensis

resemble closely those of MspA of M. smegmatis [33]

and MppA of M. phlei [38].

It is noteworthy that there does not exist an apparent

contradiction between low cell wall permeability and

large pore size because the meanings of the two

parameters are different and not comparable. The pore

size defines the exclusion limit at the narrowest part of

the channel (see also the structure of the MspA channel

[35]) and the cell wall permeability represents a velocity

that is dependent on many characteristics of the channel

such as length, pore size, and number of open channels.

The latter may be controlled by cell wall properties such

as asymmetric distribution of lipids and charges because

of the asymmetric voltage dependence of the cell wall

channel. The asymmetric voltage dependence agrees with

the 3D structure of MspA of M. smegmatis, which

should be very similar if not identical to that of TipA of

T. inchonensis. The channel is formed by a hydrophobic

beta-barrel cylinder (length about 3.7 nm) and a big

more hydrophilic protrusion (length about 6 nm). Thus,

it is very likely that the beta-barrel cylinder is inserted

from the cis-side (the side of addition of TipA) into the

membrane and that protrusion faces the cis-side because

it is not very likely that the hydrophilic protrusion is

able to cross the hydrophobic interior of a lipid bilayer

membrane.

4.3. Effect of point charges at the channel mouth

General diffusion porins of gram-negative bacteria form

channels in which ions move in a fashion similar to the way
they move through the aqueous phase and which show a

linear relationship between single-channel conductance and

bulk aqueous conductivity [50]. This is not the case for the

channel investigated in this study, since the single-channel

conductance for KCl increased only about fivefold for an

increase of the KCl concentration by a factor of 20 (see

Table 1). A quantitative description of the effect of the point

charges on the single channel conductance may be given

with the considerations of Nelson and McQuarrie [51] by

using Eqs. (1) to (3) of Trias and Benz [32], assuming that

the channel has a diameter of 2.0 nm and that 2.2 negative

point charges (=�3.52 10�19 As) are attached to the channel

mouth (data not shown). It is noteworthy that the negative

potential at the mouth of the channel has important

implications on the function of the cell wall channel of T.

inchonensis because the concentration of cations is

increased at the channel mouth, while that of anions is

decreased [32]. This means that the channel, under

physiological conditions, conducts cations considerably

better than anions of the same aqueous mobility without

being really selective due to the presence of a selectivity

filter. Negative point charges have also been observed for

the cell wall channel of other actinomycetes, in particular for

MspA of M. smegmatis and for MppA of M. phlei with

almost identical parameters (diameter and number of point

charges) as derived here for TipA of T. inchonensis

[32,33,29,38].

4.4. The genes coding for the major cell wall channels of M.

smegmatis, M. phlei and T. inchonensis are identical

The somewhat unexpected and interesting result of

cloning and sequencing of the genes of the cell wall

channel proteins tipA and mppA was that these genes are

identical to mspA, the gene of the subunit of the cell wall

channel of M. smegmatis [37]. Southern blots have

demonstrated already previously that an mspA-derived

probe hybridized with three identical bands of the BamHI-

digested chromosomal DNA of M. phlei and T. incho-

nensis at high stringency conditions (60 8C) [38]. This

result indicated already that the chromosomes of M.

smegmatis, M. phlei and T. inchonensis contain highly

conserved regions in the genes of their different porin

subunits. Here, we could show that the genes are identical,

despite some phylogenetic distance between both organ-

isms. It is noteworthy that the results of the 16S rRNA

sequencing suggest that a sequence similarity of 98.2%

exists between the chromosomes of M. smegmatis and M.

phlei [52]. Similar data are not available for a comparison

between T. inchonensis and M. smegmatis, but the

phylogenetic distance between these bacteria is presum-

ably even higher. The results of this study suggest that the

genes coding for the major cell wall channels of fast-

growing members of the mycolata related to M. smegma-

tis are very closely related or even identical to mspA of

M. smegmatis.
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