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Class of Channel-forming Outer Membrane Proteins™
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Mycobacteria contain an outer membrane composed of
mycolic acids and a large variety of other lipids. Its protective
function is an essential virulence factor of Mycobacterium
tuberculosis. Only OmpA, which has numerous homologs in
Gram-negative bacteria, is known to form channels in the outer
membrane of M. tuberculosis so far. Rv1698 was predicted to be
an outer membrane protein of unknown function. Expression of
rv1698 restored the sensitivity to ampicillin and chloramphen-
icol of a Mycobacterium smegmatis mutant lacking the main
porin MspA. Uptake experiments showed that Rv1698 partially
complemented the permeability defect of the M. smegmatis
porin mutant for glucose. These results indicated that Rv1698
provides an unspecific pore that can partially substitute for
MspA. Lipid bilayer experiments demonstrated that purified
Rv1698 is an integral membrane protein that indeed produces
channels. The main single channel conductance is 4.5 = 0.3
nanosiemens in 1 M KCl. Zero current potential measurements
revealed a weak preference for cations. Whole cell digestion of
recombinant M. smegmatis with proteinase K showed that
Rv1698 is surface-accessible. Taken together, these experiments
demonstrated that Rv1698 is a channel protein that is likely
involved in transport processes across the outer membrane of
M. tuberculosis. Rv1698 has single homologs of unknown func-
tions in Corynebacterineae and thus represents the first mem-
ber of a new class of channel proteins specific for mycolic acid-
containing outer membranes.

Mycobacteria are classified as Gram-positive bacteria but
have evolved a complex cell wall, comprising a peptidoglycan-
arabinogalactan polymer with covalently bound mycolic acids
of considerable length (up to 90 carbon atoms) and a large vari-
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ety of extractable lipids (1, 2). Most of these lipids are constit-
uents of the cell envelope that provides an extraordinarily effi-
cient permeability barrier and is an essential part of the intrinsic
resistance of mycobacteria to many toxic compounds and anti-
biotics (3). To account for these observations, Minnikin (4) pro-
posed a model in which the mycolic acids form the inner leaflet
of an asymmetrical bilayer. Mutants and treatments affecting
mycolic acid biosynthesis and the production of extractable lip-
ids showed an increase in cell wall permeability and a drastic
decrease in virulence, underlining the importance of the cell
wall integrity for intracellular survival of Mycobacterium tuber-
culosis (1). Cryoelectron tomography revealed the native orga-
nization of the Mycobacterium smegmatis cell envelope. Fur-
ther, the three-dimensional data and the investigation of
ultrathin frozen-hydrated cryosections of M. smegmatis, M.
bovis BCG, and Corynebacterium glutamicum identified the
outermost layer as a lipid bilayer. Mycolic acids were shown to
be essential components of this bilayer, therefore providing the
first visualization of mycobacterial outer membranes in their
native state (5).

These findings raise the question of how the mycobacterial
outer membrane is functionalized for nutrient uptake, signal
transduction, and secretion of material to the cell surface and
the extracellular medium. To perform these functions, Gram-
negative bacteria such as Escherichia coli use more than 60
outer membrane proteins (6). However, only two mycobacte-
rial outer membrane proteins are known so far. The channel-
forming protein MspA is located in the outer membrane of M.
smegmatis (7) and functions as a classical porin by enabling
diffusion of small and hydrophilic solutes (8 —=10). MspA is an
octamer that forms one central channel of 10-nm length (11).
By contrast, porins of Gram-negative bacteria are trimeric pro-
teins of 4.5-nm length. Each monomer forms one channel (12).
These comparisons provided the proof of principle that myco-
bacterial outer membrane proteins have structures different
from their functional analogs in Gram-negative bacteria.

Both M. tuberculosis and Mycobacterium bovis BCG produce
channel-forming proteins that were assumed to be outer mem-
brane proteins (13—-15). Recombinant OmpA of M. tuberculosis
was purified from E. coli and showed channel activity in lipid
bilayer experiments (13). Recently, it was shown that OmpA
from M. bovis BCG has channel activity similar to the protein
produced in E. coli and that a central domain of ~150 amino
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acids is sufficient for channel formation (16). Surprisingly,
channel-forming proteins of M. tuberculosis other than OmpA
are not known, despite their perceived importance for the phys-
iology and pathogenicity of M. tuberculosis.

Because subcellular fractionation experiments often lead to
mixing of inner and outer membrane proteins (17), we have
used a bioinformatic approach as an alternative to predict outer
membrane proteins of M. tuberculosis (18). In this study, we
present conclusive evidence that one of the these proteins,
Rv1698, is a protein that forms water-filled channels in lipid
membranes. Expression of rv1698 in M. smegmatis increased
both uptake rates for nutrients and the susceptibility to small
antibiotics. Protease digestion showed that Rv1698 is surface-
accessible. All of the mycolic acid-containing bacteria have a
single homolog of unknown function. Thus, Rv1698 represents
the first member of a new class of proteins specific for the
unusual outer membranes of Corynebacterineae.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions—All of the bacte-
rial strains used in this study are listed in supplemental Table
S1. Mycobacterial strains were grown at 37 °C in Middlebrook
7H9 liquid medium (Difco Laboratories) supplemented with
0.2% glycerol, 0.05% Tween 80 or on Middlebrook 7H10 agar
(Difco Laboratories) supplemented with 0.2% glycerol unless
indicated otherwise. E. coli DH5a was used for all cloning
experiments and was routinely grown in Luria-Bertani medium
at 37 °C. The following antibiotics were used when required at
the following concentrations: ampicillin (100 ug ml~* for
E. coli), kanamycin (30 ug ml~* for E. coli; 30 ug ml~* for M.
smegmatis), and hygromycin (200 pug ml~ ' for E. coli, 50 ug
ml ™" for M. smegmatis).

Antibiotic Sensitivity Assay—M. smegmatis strains were
grown in a 4-ml culture for 2 days at 37 °C to an A4, 0£0.6 - 0.8.
The cultures were diluted in Middlebrook 7H9 medium to yield
~5,000 colony-forming units (cfu)/ml.*> Approximately 500 cfu
were streaked out on plates containing the appropriate antibi-
otic concentrations. As a reference 500 cfu were also plated
onto plates without any antibiotic. The number of surviving
cells was normalized to the number of cells counted on plates
without antibiotic for each strain and expressed as relative col-
ony forming units (% cfu). Colony counts were carried out after
3 days of incubation at 37 °C. The concentrations of the antibi-
otics were: ampicillin, 32 ug/ml; cephaloridin, 3 ng/ml; and
chloramphenicol, 6 pwg/ml.

Outer Membrane Permeability for Glucose—The experi-
ments were carried out as previously described (7). To reduce
aggregation and clumping, M. smegmatis strains were grown
first in 4-ml cultures for 2 days at 37 °C and then filtered
through a 5-um pore size filter (Sartorius). The filtrates were
grown for 2 days at 37 °C and then used to inoculate 100-ml
cultures that were grown to an A, of 0.5. The cells were har-

3The abbreviations used are: cfu, colony-forming unit(s); DPhPC,
diphytanoylphosphatidylcholine; OPOE, n-octylpolyethylene oxide; PIPES,
piperazine-1,4-bis(2-ethanesulfonic acid); PBS, phosphate-buffered saline;
RT, reverse transcription; MES, 2-(N-morpholino)ethanesulfonic acid; nS,
nanosiemans.
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vested by centrifugation (4 °C, 3000 rpm, 10 min), washed once
in 2 mMm PIPES, pH 6.5, 0.05 mm MgCl,, and resuspended in the
same buffer. The **C-labeled compounds and their nonlabeled
analogs were mixed and added to the cell suspensions to obtain
afinal concentration of 20 um with 10° cpm. The mixtures were
incubated at 37 °C, and 1 ml-samples were removed at the indi-
cated times. The cells were filtered through a 0.45-um pore size
filter (Sartorius) and washed with 0.1 M LiCl, and their radioac-
tivity was determined using a liquid scintillation counter. The
mean dry weight of the cells in these samples was 1.4 * 0.4 mg.
The uptake rate was expressed as nmol/mg cells.

Construction of Overexpression Vectors for rv1698 for Myco-
bacteria and E. coli—The gene rv1698 of M. tuberculosis and its
homologous gene msmeg_ 3747 of M. smegmatis were amplified
by PCR using chromosomal DNA and the oligonucleotide pairs
1698fwd/1698rev and mpoS_SDopt_1/mspTSDrev (supple-
mental Table S1) introducing the restriction sites Pacl and
Swal. The genes were cloned into pMNO016 under the control of
the p,,,,. promoter by using those restriction sites (9) to give
the expression vectors pMNO035 and pMN451, respectively
(supplemental Table S1). To purify Rv1698 from mycobacteria,
the protein was C-terminally tagged with six histidine residues
by PCR using the primer 1698fwd and the 5’-phosphorylated
primer mpoTHis (supplemental Table S1). The resulting PCR
product was digested with Pacl and cloned into the backbone of
pMNO16 digested with Pacl and Swal to give pML911. To over-
express and analyze the pore forming activity of recombinant
Rv1698, the truncated gene lacking the putative signal sequence
of 30 amino acids was fused to a C-terminal His tag by cloning
it into the vector pET28+ (Novagen). The gene without its
putative leader sequence was amplified from pMNO35 by using
the oligonucleotides pMS-Seql and his_rv1698fwd (supple-
mental Table S1). Both, the PCR fragment and pET28b+ were
digested with restriction endonucleases Ndel and HindIII and
ligated to give pML122 (supplemental Table S1).

A vector for expression of untagged Rv1698 without the pre-
dicted signal peptide in E. coli was constructed using the oligo-
nucleotides mat-rv1698fwd and mat-rvrev introducing the two
restriction sites Ncol and Ndel (supplemental Table S1). The
digested fragment was cloned into the vector pET-16b, which
was treated with the same restriction endonucleases to obtain
pML141.

Overexpression, Purification, and Renaturation of Recombi-
nant Rv1698,,,. from E. coli— Cultures of E. coli Rosetta carry-
ing the overexpression vectors pML122 were grown at 37 °C.
When the culture reached an A, of 1, isopropylthio-3-p-ga-
lactosidase was added to a final concentration of 0.5 mMm to
induce gene expression. After a further 4 h of incubation, the
bacteria were harvested and resuspended in 20 ml of lysis buffer
(50 mm Tris-HCI, 100 mm NaCl, 0.5% Triton X-100). The cell
suspension was sonicated four times for 20 s with 12 watts in
30-s intervals. 0.01 mg/ml DNase and 0.1 mg/ml lysozyme were
added and incubated at room temperature for 20 min. The bro-
ken cells were harvested by centrifugation and resuspended in
lysis buffer followed by sonication as described above. This step
was repeated twice. Then the broken cells were resuspended in
washing buffer (50 mm Tris-HCI, 100 mm NaCl) and sonicated
again. Because rRv1698,;,. formed inclusion bodies, the pro-
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teins in the pellet were dissolved with 8 M urea, separated from
cell debris by centrifugation, and purified using nickel-nitrilo-
triacetic acid columns (nickel-nitrilotriacetic acid spin kit; Qia-
gen). The bound proteins were washed and eluted from the
column by using a four-step pH gradient with TPU buffer (6 m
urea, 0.1 m NaH,PO,, 0.01 m Tris) at different pH levels (pH
6.3/5.9/4.8/4.5) according to the recommendations of the man-
ufacturer. The protein fraction at pH 4.5 contained most of
the rRv1698,;,, protein. Purified rRv1698,;,. (180 ug/ml) was
diluted 100-fold in 25 mm sodium-phosphate buffer (pH 7.5)
containing 0.5% n-octylpolyethylene oxide (OPOE) at room
temperature to remove urea and renature the protein. The
resulting protein was directly used in black lipid bilayer exper-
iments to determine single channel conductance and ion selec-
tivity of the pore as described below. The BCA kit (Pierce) was
used routinely to determine protein concentrations.

Purification of Rv1698,,,, from M. bovis BCG—M. bovis BCG
carrying the plasmid pML911 was grown in Middlebrook 7H9
liquid medium supplemented with 10% oleic acid albumin dex-
trose complex, 0.05% Tween 80, and hygromycin. At an A, of
1, the bacteria were harvested, incubated in a rotatory shaker
(200 rpm) with lysozyme 1 mg/ml in phosphate-buffered saline
(PBS; 137 mMm NaCl, 10 mM potassium phosphate, 2.7 mm KCl,
pH 7.4) for 2 h at 37 °C and disrupted at 4 °C using a Sonicator
3000 ultrasonic liquid processor (Misonix) in 2 steps of 30 min
(micro tip, pulsar cycle of 1's, 9 W delivered per cycle). The
proteins were solubilized by incubation with 1% SDS in PBS for
18 h (37 °C, 200 rpm). Nonsoluble material was removed by
centrifugation (10,000 X g, 4 °C) before purifying Rv1698,;;. on
nickel-nitrilotriacetic acid-agarose (Qiagen) using a batch pro-
cedure. The bound His-tagged protein was washed and eluted
from the resin by using a three-step imidazole gradient (5/20/
250 mM) in sodium phosphate buffer (50 mm NaH,PO,, pH 7.6,
0.3 M NaCl) according to the recommendations of the manu-
facturer. The His-tagged protein was eluted with 250 mm imid-
azole. Because of the high imidazole concentration, the BCA
assay was not used, and the purified Rv1698,;;; protein was
quantified by using the Bradford protein assay (Bio-Rad)
according to the manufacturer’s recommendations. In addi-
tion, a calibration curve of band intensities was established with
known amounts of bovine serum albumin in Coomassie-
stained SDS-polyacrylamide gels using image analysis software
(LabWorks 4.6, UVP). Then the amount of Rv1698 was deter-
mined relative to the bovine serum albumin reference. Both
methods yielded the similar values.

Lipid Bilayer Experiments—The single channel conductance
of Rv1698 protein was analyzed on a custom-made lipid bilayer
apparatus as described previously (19). Briefly, the Ag/AgCl
electrodes were bathed in a solution of 1 M KCl, 10 mm HEPES,
pH 7.0. The lipid membranes were painted from a solution of
1% diphytanoylphosphatidylcholine (DPhPC; Avanti Polar Lip-
ids) in n-decane. Before adding the protein, current traces of at
least three or more membranes were recorded with the appro-
priate detergent (0.5% OPOE or 0.1% SDS in 25 mMm sodium
phosphate, pH 7.5) to exclude any contamination with channel
forming activity and to demonstrate that the detergents did not
affect the membrane. Then protein was added to both sides of
the cuvette. Single channel conductances for more than 100
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pores/sample were digitally recorded. The raw data were ana-
lyzed using IGOR Pro 5.03 program (WaveMetrics) and a
macro provided by Dr. Harald Engelhardt. These data were
further analyzed in SigmaPlot 9.0 (Systat Software) to generate
the figures shown here. The ion selectivity of Rv1698,,, was
measured exactly as described previously (8).

Preparation of RNA from M. tuberculosis and RT-PCR
Experiments—Total RNA of M. tuberculosis H37Rv was iso-
lated by the TRIzol method as recommended by the manufac-
turer. Briefly, the cultures were grown in 100 ml of 7H9 medium
supplemented with 10% oleic acid albumin dextrose complex
and 0.05% Tween 80 to log phase. Thirty five ml of the GTC
buffer (5 M guanidium thiocyanate, 0.5% sarcosyl, 0.5% Tween
80, 1% B-mercaptoethanol) was added, and the culture was cen-
trifuged at 10,000 X g for 10 min at 4 °C. The pellet was resus-
pended in 1.5 ml of TRIzol and lysed by agitation with glass
beads (FastRNA Tubes-Blue) in a FastPrep© FP120 bead beater
apparatus (Bio-101) for 3 X 45 s at level 6.5. The suspensions
were cooled on ice for 5 min between agitation steps. 500 ul of
chloroform was added, and centrifugation was done for 5 min at
14,000 X g. The upper phase was transferred to a new tube
containing an equal volume of isopropanol. The tubes were
incubated for 20 min at —80 °C and centrifuged at 14,000 X g
for 20 min at 4 °C. The pellet was washed with 70% ethanol,
dried, and resuspended in 100 wl of diethylpyrocarbonate-
treated water (Ambion). Further purification of samples was
performed using Nucleospin—RNAII kit (Macherey-Nagel)
following the instructions of the manufacturer. RNA was soni-
cated to render DNA accessibility to DNase degradation (2 X
20 s at 20% power), 5 min on ice between sonications (20). 5-10
pg of sonicated DNA was used for Turbo DNase treatment,
which was done according to the manufacturer protocol
(Ambion). cDNA synthesis was performed using SuperScript
II first strand synthesis system for RT-PCR (Invitrogen)
according to the manufacturer protocol using random primers.
AccuPrime Pfx SuperMix (Invitrogen) was employed for the
PCR. Primers used were RT-rv1698fwd and RT-rv1698rev
(supplemental Table S1). Thirty five cycles (30 s at 95 °C, 30 s at
58 °C, 30 s at 68 °C) were run to amplify the cDNA. The PCR
products were analyzed using 1% agarose gels, which were
stained with ethidium bromide. Primers specific for 16 S rRNA
were used as a positive control for RT-PCR.

Protease Accessibility Assay—Experiments to examine the
surface accessibility of Rv1698 were carried out as described
previously (21) with minor modifications. M. smegmatis strains
carrying the plasmids pMN437, pML911, pML451, and
pMV61015.1 were grown in 20 ml of Middlebrook 7H9
medium and harvested as culture reached an A, of about 3.5.
The cells were washed once with Tris-buffered saline buffer
(0.5 m Tris-HCI, pH 7.2, 150 mm NaCl, 3 mm KCl) and then
resuspended in 1 ml of the same buffer. Two aliquots of 150 ul
were taken, and proteinase K (Sigma-Aldrich) was added to one
of the aliquots to a final concentration of 100 ug/ml. After 30
min at 4 °C the reaction was stopped by adding Complete©®
EDTA-free protease inhibitor mixture (Roche Applied Science)
from a 7-fold stock solution. The samples were immediately
centrifuged, washed once in 250 ul of Tris-buffered saline, and
resuspended in 75 ul of Tris-buffered saline plus 25 ul of 4X
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protein loading buffer (160 mm Tris-HCl pH 7.0, 12% SDS, 32%
glycerol, 0.4% bromphenol blue). Finally, the samples were
boiled for 20 min to allow cell lysis and centrifuged again to
remove insoluble debris, and 50 ul of the protein extracts were
separated on a 10% polyacrylamide gel and analyzed in Western
blots using standard protocols (22). The program LabWorks 4.6
(UVP) was used for quantitative image analysis to determine
the amount of detected Rv1698 protein in treated and
untreated samples.

Analysis of Protein Secondary Structures—Secondary struc-
tures of Rv1698 and reference proteins were predicted using the
JPred 3 server (23, 24) and the Network Protein Sequence Anal-
ysis server. SignalP3.0 (25) was accessed to examine the pres-
ence of signal peptides for Rv1698. The TMHMM2.0 program
(26, 27) was used for prediction of hydrophobic transmem-
brane a-helices. All of the algorithms were used with standard
settings unless otherwise noted. The hydrophobicity profile of
Rv1698 was calculated using an algorithm that was developed
to detect repetitive oscillations of the hydropathy profile (28)
and the Eisenberg hydrophobicity scale of amino acids (29).

Estimation of the Minimal Size of the Rv1698 Pore—The two-
dimensional structures of ampicillin (Compound ID 2174),
chloramphenicol (Compound ID 5959), and glucose (Com-
pound ID 5793) were downloaded from PubChemCompound
data base at NCBIL. The Chem3D Pro 8.0 software (Cambridge-
Soft) was used to obtain three-dimensional structures of these
molecules and to minimize their energy using the MOPAC
algorithm. Using the program Chimera (30), the molecules
were oriented along their longest axis, and the length of the
second longest axis was measured between the nuclei of the
most distant atoms along this axis. These values were taken as
the widths of the molecules and used for a minimal estimate of
the pore size of Rv1698.

RESULTS

The Rvi698 Protein Increases the Susceptibility of an M.
smegmatis Porin Mutant to Hydrophilic Antibiotics—A
genome-wide secondary structure prediction of all exported
proteins identified Rv1698 as a putative outer membrane pro-
tein of M. tuberculosis (18). The genomes of all mycobacteria
including M. smegmatis (Msmeg_3747) and Mycobacterium
leprae (ML1362) and other closely related bacteria such as
Nocardia and Corynebacteria encode a single homolog of
Rv1698 (supplemental Fig. S1). This indicated that Rv1698 and
its homologs might perform a function specific for the mycolic
acid-containing outer membrane of these bacteria.

To examine whether this protein might be a porin, we used
the strain M. smegmatis MNO1, which lacks the major porin
gene mspA. The outer membrane permeability of the AmspA
mutant to hydrophilic B-lactam antibiotics was decreased
9-fold (7). This resulted in a 16-fold increased resistance toward
ampicillin compared with wild-type M. smegmatis (31). Consti-
tutive expression of mspA restored the susceptibility of the
AmspA mutant MNO1 to ampicillin and cephaloridine to wild-
type levels as determined by using an agar dilution assay (Fig. 1).
The susceptibility of the AmspA mutant to these antibiotics was
also significantly increased by expression of the rv1698 gene. To
exclude that this was an antibiotic-specific effect, we examined
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FIGURE 1. Expression of rv1698 increases the antibiotic susceptibility of
the M. smegmatis porin mutant MNO1. The susceptibilities of M. smegmatis
wild type with the control vector pMS2 (white bars), the AmspA mutant MNO1
with the control vector pMS2 (black bars), MNO1 with the mspA expression
vector pMNO14 (light gray bars), and MNO1 with the rv1698 expression vector
pMNO35 (dark gray bars) to 32 ug/ml ampicillin (Amp), 3 wg/ml cephaloridine
(Ceph), and 6 pg/ml chloramphenicol (Chl) were determined by agar dilution
on 7H10 Middlebrook agar plates containing 2% glycerol. The number of
colonies on the antibiotic plates was normalized to the number of colonies on
plates without antibiotic for each strain and expressed as relative colony-
forming units (% cfu).

whether rv1698 had a similar effect on the efficacy of chloram-
phenicol against M. smegmatis. Indeed, expression of both
mspA and rv1698 significantly increased the susceptibility of
the AmspA mutant MNO1 to chloramphenicol. These results
indicated that Rv1698 increased the outer membrane perme-
ability of the M. smegmatis AmspA mutant.

Rv1698 Partially Complements the Permeability Defect of
Porin Mutants of M. smegmatis—It was shown previously that
porin-mediated permeation through the outer membrane is the
rate-limiting step for uptake of glucose by M. smegmatis (7, 9).
For example, the minimal permeability coefficient of the
AmspA AmspC mutant ML10 for glucose is 50-fold lower than
that of wild-type M. smegmatis (9). Therefore, we wanted to
examine whether rv1698 could complement the slow uptake of
glucose by the porin double mutant ML10. Glucose at a con-
centration of 20 um was taken up by the ML10 strain carrying
the empty vector pMS2 with an average rate of 42 pmol/
min/mg cells. This rate was increased 5-fold to 224 pmol/
min/mg cells in the presence of the rv1698 expression vector
pMNO035 (supplemental Table S1), demonstrating that Rv1698
indeed increased the outer membrane permeability of the porin
double mutant ML10 (Fig. 2). However, expression of 71698
only partially restored the permeability defect of the porin
mutant M. smegmatis ML10 in contrast to the endogenous
porin gene mspA (Fig. 2).

Recombinant Rv1698,,; Is a Channel-forming Protein—Lipid
bilayer experiments provide direct evidence regarding whether
a particular protein forms channels within lipid membranes (8).
To this end, a truncated rv1698 gene encoding a protein with an
N-terminal histidine tag replacing the predicted signal peptide
(amino acids 1-30) was cloned under the control of the T7
promoter in the plasmid pML122 (supplemental Table S1).
After induction of E. coli Rosetta containing pML122 with iso-
propylthio-B-p-galactosidase, the bacteria were harvested and
disrupted by sonication. Because rRv1698,;,. was insoluble (Fig.
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3A, lane 4), the pellet was dissolved with 8 m urea (Fig. 34, lane
5) and separated from cell debris by centrifugation. The
rRv1698,,,, protein was purified by Ni** affinity chromatogra-
phy to apparent homogeneity with a yield of 7.4 mg from a
1-liter culture of E. coli as demonstrated by a silver-stained pro-
tein gel (Fig. 3, lane 8). This protein was diluted 1:100 over-
night in a 0.5% OPOE-containing buffer to initiate refolding.
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FIGURE 2. Rv1698-dependent glucose uptake by a porin mutant of M.
smegmatis. Accumulation of ['*Clglucose by the AmspA AmspC double
mutant M. smegmatis ML10 containing the empty vector pMS2 (filled circles,
control), the mspA expression vector pMNO14 (filled squares) and the rv1698
expression vector pMNO35 (open circles). Both genes are transcribed from the
Psmyc Promoter. The assay was performed at 37 °C at a final glucose concen-
tration of 20 um. The uptake experiment was done in triplicate and is shown
with standard deviations.

Nanogram amounts detergent-solubilized rRv1698,;,, pro-
tein (3 ng/ml) showed a high channel forming activity after
reconstitution in planar lipid membranes (Fig. 3B). No pore was
recorded in control experiments when only detergent-contain-
ing buffer was added to the lipid bilayer (not shown). The single
channel conductance of rRv1698,;,. in 1 M KCI was 4.5 nS as
determined from 46 reconstitution events in seven membranes
(Fig. 4A). Because this channel conductance is almost identical
to that of MspA (8), the activity recorded after addition might
have been due to contamination of the bilayer apparatus with
minute amounts of highly active and extremely stable MspA
(32). Therefore, purification and renaturation of rRv1698,;.
were repeated. Special care was taken to use fresh buffers and
equipment that were not in prior contact with MspA. None of
the control measurements with detergent alone showed any
pore activity. By contrast, 34 reconstitution events were
observed in five membranes after addition of rRv1698,;;. to a
final concentration of 1 ug/ml (not shown). The single channel
conductance of rRv1698,,;. in 1 M KCl was 4.3 nS in excellent
agreement with the previous experiments. The reason for the
strongly varying channel activity of the recombinant protein is
unknown but might be caused by different refolding yields of
Rv1698 after dissolving the inclusion bodies.

To exclude that the N-terminal histidine tag modified the
channel activity, an rv1698 gene encoding for a rRv1698 protein
without the predicted signal peptide and without histidine tag
was expressed in E. coli Rosetta using the vector pML141 (sup-
plemental Table S1). This truncated rRv1698 protein was
exclusively found in inclusion bodies. The single channel con-
ductance of the purified truncated rRv1698 in 1 m KCI was 4.3
nS as determined from 16 recon-
stitution events in five membranes
(not shown). Taken together,
these experiments showed that (i)

recombinant Rv1698 is an integral
channel-forming membrane pro-
tein, (ii) the predicted signal pep-
tide is not necessary for channel
formation in vitro, and (iii) the
N-terminal histidine tag does not
impair the channel activity of
Rv1698. Thus, it is concluded that
Rv1698 is a channel-forming pro-
tein of M. tuberculosis. It should
be noted that reconstitution of the
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FIGURE 3. Single channel recordings of purified recombinant Rv1698,;;. in lipid bilayer experiments.
A, expression of rv1698,,; in E. coli and purification by chromatography. The rv1698 gene was expressed in the
E. coli Rosetta strain using the plasmid pML122. The parent plasmid pET-28b-+ does not contain the rv1698
gene and was used as a control. The samples were separated on a 10% polyacrylamide gel stained with silver.
Lane M, molecular mass marker; lane 1, unsoluble fraction of E. coli Rosetta with pET-28b-+; lanes 2 and 3,
unsoluble fractions of E. coli Rosetta with pML122 before (lane 2) and after (lane 3) induction with isopropyl-
thio-B-p-galactosidase; lane 4, unsoluble fraction (lane 3) dissolved in 8 m urea; lane 5, flow through from Ni**
column; lane 6, elution at pH 6.3; lane 7, elution at pH 4.5; lane 8, purified Rv1698 after dilution in Na-P buffer
with 0.5% OPOE. B, single channel recordings of purified rRv1698,, in lipid bilayer experiments. The current
intensity (/) corresponding to the insertion of single channels inside a DPhPC membrane bathing in 1 m KCl was
recorded after the addition of 30 ng of purified rRv1698,,;. to both sides of the membrane (final concentration,
3 ng/ml). The data were collected from seven different membranes. The most frequent insertions had a single

channel conductance of 4.5 nS. For analysis see Fig. 4A and Table 1.
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50 100

Rv1698 pore in lipid bilayers
occurred exclusively in a step-like
time [s] fashion as shown in Fig. 3B, indi-

cating that the recombinant pro-
tein formed open channels upon
insertion. These results are con-
sistent with the complementation
of the permeability defect of porin
mutants of M. smegmatis as shown
above. The rapid reconstitution
within lipid bilayers also demon-
strates that recombinant Rv1698 is
an integral membrane protein.
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indicate that the integration of open
channels was inhibited by RbCl
either by preventing insertions into
the membrane or by blocking the
channel.

Another interesting result was
the significant reduction of the sin-
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gle channel conductance in 1 M
Tris-HCl at pH 6 compared with pH

1.0 NaCl
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8 (Table 1). This may either indicate
pH gating of the Rv1698 channel or
a proton-induced conformational
change of the constriction zone that
causes a decreased conductivity for
Tris-HCL. Both mechanisms were
observed for porins of Gram-nega-

tive bacteria (33, 34).
To quantify the ion selectivity of

1.0 LiCl

05} 05}

probability (G)

rRv1698,,,,, zero current potentials
of membranes containing several
hundred rRv1698 pores were meas-
ured in the presence of salt gradi-
ents. A 3-fold KClI gradient resulted
in a potential of 16.0 * 0.15 mV,

conductance G [nS]

FIGURE 4. Analysis of the ion specificity of rRv1698,,;.. The single channel conductance of rRv1698,,;, was
determined in different electrolytes. The concentration of each electrolyte was 1 m. The probability P of a
conductance step G was calculated from 46 (KCl), 27 (NaCl), 48 (LiCl), 70 (KNO), and 80 (KAc) insertion events
from five to seven membranes. The panels on the left and right sides show the change of the conductance of
Rv1698,,;; in dependence on the size of the cation and anions, respectively. The reference electrolyte is KCland
is shown on both sides of this figure for comparison purposes. Thus, A and D are identical. For further informa-

tion see Table 1.

Ion Selectivity of the Rv1698 Channel—To further character-
ize the pore formed by Rv1698 and to identify properties that
might distinguish the Rv1698 and MspA channels, the ion
selectivity of purified rRv1698,;;, was determined by lipid
bilayer experiments. To this end, single channel conductance
experiments were done in the presence of 1 M solutions of chlo-
ride salts with different cations and potassium salts with differ-
ent anions. Fig. 4 shows that the single channel conductance of
purified rRv1698,;;. was influenced considerably by the salt
composition. The channel conductivity of rRv1698,;,
decreased significantly with the increasing radius of the
hydrated cation in chloride salts (Fig. 4 and Table 1). For exam-
ple, the single channel conductance of rRv1698,,;, in 1 M LiCl
was less than half of that in 1 M KCI. A similar effect was
observed with increasing radii of the hydrated anions in potas-
sium salts (Fig. 4 and Table 1). Thus, it is concluded that cations
and anions move with a similar rate through the rRv1698,;;,
pore. The conductance of the Rv1698 pore linearly decreased
with increasing size of the hydrated cations in the same manner
as their specific conductance decreased in water (supplemental
Fig. S1). This strongly suggested that rRv1698,;;, forms a wide
water-filled channel. It should be noted that the channel activ-
ity was extremely low in experiments with RbCl as the electro-
lyte so that only a few pores were recorded (Table 1). This may
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which was positive at the more
dilute side. Using the Goldman-
Hodgkin-Katz equation (35), this is
equivalent to a permeability ratio of
cations over anions P_/P, of 2.5 *
1.6. This weak preference of cations
over anions is consistent with the
results of the single channel experi-
ments in different electrolytes. It is
concluded that the rRv1698,;;
channel has little charge preference in contrast to the marked
cation preference of the MspA pore, which shows a permeabil-
ity ratio of cations over anions P_/P, of 6.6 * 0.3 (8). These
results also demonstrated that the channel activity observed
with purified rRv1698,; is indeed a genuine activity of the
rRv1698,,,. protein and does not result from contamination
with the extremely stable MspA pores.

The rvi698 Gene and Its Homologs Are Expressed in
Mpycobacteria—Reverse transcription PCR was employed to
examine whether rv1698 is expressed in M. tuberculosis grown
under standard conditions. Total mRNA was purified from
wild-type M. tuberculosis H37Rv. As shown in Fig. 5, PCR
yielded a 400-bp DNA fragment when the RNA sample was
incubated with reverse transcriptase (lane +). This product was
identical in length to a PCR product obtained from chromo-
somal DNA (Fig. 5, lane DNA) and to the theoretical length of
the amplified region of the 71698 gene, indicating that the PCR
was specific. By contrast, no PCR fragment was obtained when
reverse transcriptase was omitted, demonstrating that the pre-
pared RNA was not contaminated with DNA (Fig. 5, lane —).
These results show that the rv1698 gene is transcribed in M.
tuberculosis grown under standard growth conditions. Similar
results were obtained for M. bovis BCG and M. smegmatis (not
shown). Thus, it is concluded that rv1698 is expressed in all

T T

3 4 5 6
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TABLE 1

Single channel conductances of purified recombinant Rv1698 in different electrolytes

The lipid bilayer experiments were done in the presence of 1 M of the respective electrolyte. Protein was added on both sides of the DPhPC membrane starting at 6 ng/ml,
and its concentration was increased in steps of 6 ng/ml until pores were detected. The salt solutions were buffered in 10 mm MES at pH 6 or as indicated above. The ion radii
were taken from Trias and Benz (55) and Tansel et al. (56). No reference was found for the radius of the hydrated acetate anion (NF).

Radius of
Salt hydrated ion Single channel conductance Number of steps Number of membranes
Cation Anion Most frequent Average
nm nS

Tris-HCI, pH 6 0.321 0.195 0.5 0.51 52 6
Tris-HCl, pH 8 0.321 0.195 1 0.95 50 6
LiCl 0.216 0.195 2 2.1 48 5
NaCl 0.163 0.195 3 2.95 27 5
Kac 0.110 NF 3 3.04 80 5
KNO, 0.110 0.340 4 4.15 70 6
KCl 0.110 0.195 4.5 4.1 46 7
NH,CI 0.110 0.195 4.5 4.94 81 6
RbCl 0.105 0.195 - 4.75 8 6
CsCl 0.106 0.195 4 441 108 5

+ - DNA with an Rv1698-specific antiserum in Western blots showed

kbp. that similar amounts of recombinant Rv1698 were produced

100— . from plasmid pML911 in M. bovis BCG and M. smegmatis (Fig.

6.0 — § 6B). Further, small amounts of apparently dimeric Rv1698 were

3.0 -—“\\: detected in the sample purified from M. bovis BCG (Fig. 6B).

o This indicated that Rv1698 might be an oligomeric protein.

1'5_\\~: Lipid bilayer experiments were done to examine whether

1.0 _\q Rv1698 protein isolated from M. bovis BCG also has channel

0.5 —|\ | forming activity. No insertion events were detected when buffer

03— " - - was added to the DPhPC membrane. When 300 ng of purified

Rv1698, ;. was added to the same membrane, a rapid stepwise

current increase was observed (Fig. 7A). More than 100 pores were

FIGURE 5. Analysis of expression of rv1698 in M. tuberculosis. The RT-PCR
products were separated on a 1% agarose gel. The length of the product is
400 bp. The sample, in which the reverse transcriptase was added for the
cDNA synthesis, is marked with +, whereas the — sign denotes the sample, in
which reverse transcriptase was omitted to detect contaminations with chro-
mosomal DNA. DNA denotes samples where chromosomal DNA was used as
a template for the PCR to analyze the specificity of the primers. The gel was
stained with ethidium bromide and is shown as a negative image to enhance
the visibility of weak bands.

three mycobacteria. These findings are supported by the detec-
tion of 36-kDa bands in Western blot experiments with SDS
extracts of M. tuberculosis, M. bovis BCG, and M. smegmatis
using an Rv1698-specific antiserum (not shown).

Channel Forming Activity of Rv1698,,;, Purified from M. bovis
BCG—To examine whether the native Rv1698 protein has the
same channel activity as the recombinant protein purified from
E. coli and to exclude that the channel activity originated from
folding artifacts or contaminations from E. coli porins, we set
out to purify Rv1698 from M. bovis BCG. To this end, the
rv1698 gene encoding a C-terminal histidine tag was expressed
from the plasmid pML911 (supplemental Table S1) in M. bovis
BCG. The proteins were extracted from cell lysates by 1% SDS,
and the SDS extract was purified by nickel affinity chromatog-
raphy (Fig. 6A). Mass spectroscopy of tryptic fragments
revealed that the protein with an apparent molecular mass of 36
kDa is indeed Rv1698 (not shown). Mass spectroscopy also
identified the protein with an apparent molecular mass of 57
kDa as GroEL1 (BCG3487c). GroELL1 is a cytoplasmic chaper-
one that possesses a naturally histidine-rich C-terminal region
in mycobacteria (36). Analysis of these samples for reactivity
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recorded in seven membranes. The most frequent reconstitution
events had conductances of 4.5 to 4.8 nS (Fig. 7B). These results are
very similar to the conductance of 4.5 nS determined for the
recombinant Rv1698, ;. protein purified from E. coli.

A significant number of Rv1698,;,. channels with smaller
conductances of ~2-2.5 nS and 1.0-1.5 nS were also recorded
(Fig. 7, A and C). Subconductance states are frequently
observed for oligomeric porins of E. coli and other Gram-neg-
ative bacteria (37), indicating that Rv1698 might indeed form
oligomers. It should be noted that lipid bilayer experiments are
not really suitable to quantify the activity of channel proteins
because different membranes have to be used in each experiment.
This can drastically alter the reconstitution frequency of proteins.
In conclusion, purified Rv1698 protein expressed in M. bovis BCG
and E. coli showed identical single channel activities, demonstrat-
ing unequivocally that Rv1698 is a pore protein.

Rv1698 Is a Surface-accessible Protein—Insertion of large,
open, water-filled channel proteins such as porins (38) or
colicins (39) into the inner membrane of bacteria is a lethal
event, most likely because of the immediate breakdown of the
proton gradient. Considering its channel characteristics, we
therefore assumed that Rv1698 is an outer membrane protein.
To determine the subcellular localization of Rv1698 and to
examine whether the Rv1698 protein has surface-exposed
loops, we employed protease accessibility as previously
described for the surface protein PE_PGRS33 encoded by the
rvi818c gene of M. tuberculosis (21). Proteinase K cleaves
Msmeg_3747 in 160 and Rv1698 in 158 positions evenly distrib-
uted along the entire protein molecule. Thus, in principle, even
small surface-exposed loops should be cleaved if Rv1698 is
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FIGURE 6. Overexpression and purification of Rv1698,,;. from M. bovis BCG and M. smegmatis. The pro-
teins were extracted from M. bovis BCG/pML911 and M. smegmatis SMR5/pML911 lysates using 1% SDS in PBS.
Rv1698,,; proteins were purified from these extracts by Ni?* affinity chromatography. All of the samples were
analyzed on 10% polyacrylamide gels. A, Coomassie-stained gel. 5 ug of protein in raw extracts and 50 ng of the
purified Rv1698,,;, proteins were loaded. B, Western blot. 5 ug of protein in raw extracts and 10 ng of the
purified Rv1698,,;, proteins were loaded. The proteins were transferred onto a polyvinylidene difluoride mem-
brane and detected using an Rv1698-specific polyclonal antiserum. Lane 1, raw extract from M. bovis BCG/
pML911; lane 2, purified Rv1698,,;; from M. bovis BCG/pML911; lane 3, raw extract from M. smegmatis SMR5/
pML911; lane 4, purified Rv1698,,;; from M. smegmatis SMR5/pML911; lane M, molecular mass marker. The
Rv1698,,;; monomer and its putative dimer are marked with M and D, respectively.

accessible to the protease in whole cells. Green fluorescent pro-
tein and PE_PGRS33,;, were used as controls for a cytoplasmic
protein and as a surface-exposed protein (21), respectively. The
signal for green fluorescent protein is identical in both samples,
indicating that the cell envelope was intact during proteinase K
treatment (Fig. 8). By contrast, the PE_PGRS33,;, protein dis-
appeared, demonstrating that PE_PGRS33,;, is surface-acces-
sible consistent with previous results (21, 40). Importantly, the
intensities of the bands of the full-length Msmeg_ 3747 and
Rv1698 was reduced by 60% upon proteinase K treatment, dem-
onstrating that both proteins are surface-exposed. It should be
noted that the detection of smaller fragments of Msmeg_3747
and Rv1698 was only possible because of the use of an Rv1698-
specific antiserum. This is in contrast to the reference protein
PE_PGRS33,;,, which disappears completely most likely
because of the removal of the hemagglutinin tag from the pro-
tein by proteinase K (Fig. 8). Further, the observation of shorter
peptides also indicates that some parts of Msmeg_3747 and
Rv1698 are protected from proteinase K cleavage, probably
because of domains buried in the outer membrane.

DISCUSSION

Rv1698 Is a Pore Protein of M. tuberculosis—In our search for
channel-forming proteins of M. tuberculosis, we focused on
Rv1698, a protein of unknown function that was predicted to be
an outer membrane protein (18). In this study, we showed that
Rv1698 of M. tuberculosis partially complements the perme-

17834 JOURNAL OF BIOLOGICAL CHEMISTRY

- e e e |\

ability defect of a porin mutant of M.
smegmatis for glucose (Fig. 2) and
alanine (not shown) and restores its
sensitivity to ampicillin, cephalori-
dine, and chloramphenicol (Fig. 1).
In a complementary in vitro
D approach, Rv1698 was purified from
E. coli and M. bovis BCG and pro-
duced channels of a similar main
conductance of 4.5 £ 0.3 nSin 1 M
KCl in lipid bilayer experiments.
Importantly, the Rv1698 channel
showed only a weak preference of
cations specificity in contrast to the
marked cation preference of MspA
(8). These experiments conclusively
demonstrate that Rv1698 is a chan-
nel protein of M. tuberculosis.
Comparison of Rv1698 with Other
Chanpnel Proteins of M. tuberculosis—
The single channel conductance
under standard conditions is one of
the major characteristics that
defines a pore protein. Previous
experiments revealed pores in gel-
purified fractions of a Genapol
extract of M. tuberculosis with main
conductances (i) of 0.7 nS in frac-
tions containing proteins of 15 and
60 kDa and (ii) of 2.5 to 3 nS con-
taining proteins of 75 kDa and
larger (14). However, no channel activity was observed in the
fraction containing proteins of the size of Rv1698 (35 kDa). One
possible explanation for this apparent discrepancy is that
the physiological form of Rv1698 might be an oligomer that
may be stable in polyacrylamide gels containing 0.1% SDS.
Indeed, Rv1698 remained active after extraction from M. bovis
BCG and M. smegmatis with 1% SDS (not shown). Further,
weak bands with an apparent molecular mass of 70 kDa, which
may represent a dimer, were observed in Western blots of puri-
fied Rv1698 (Fig. 6B). An alternative explanation might be that
the amount of Rv1698 in detergent extracts from wild-type M.
tuberculosis was too low for the detection of channel activity
after gel purification. This would be consistent with the very
low overall channel activity of detergent extracts of M. tubercu-
losis and M. bovis BCG as observed in several previous experi-
ments (14, 15). In M. bovis BCG, a pore with a very similar single
channel conductance of 4 nS in 1 M KCIl was observed (15).
However, this pore was found to have a 10-fold preference for
cations over anions, whereas recombinant Rv1698 did not
exhibit such a pronounced cation preference. This indicated
that M. bovis BCG expresses another large conductance chan-
nel protein different from Rv1698. The outer membrane chan-
nel protein OmpA (35 kDa) of M. tuberculosis runs mainly as a
monomer after purification (41) and may have co-purified in
the same gel fraction as Rv1698, but it has a very different single
channel conductance of 0.7 nS (13, 41).
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FIGURE 7. Single channel activity of Rv1698,,;; purified from M. bovis BCG. Rv1698,,;, protein was purified by Ni** affinity chromatography from 0.5% OPOE
extracts obtained from M. bovis BCG/pML911. Purified Rv1698,,, protein was added to the cis-side of a DPhPC membrane bathed by 1 mKCl, 10 mmHEPES, pH 7.0, and
a —10 mV potential was applied. The channel activity was recorded using a data acquisition card. The boxed traces highlight opening and closing events of
different sizes. A, the current trace shows more than 30 opening and closing events recorded 600 s after addition of 300 ng of Rv1698,,;; to the membrane. The
total recording time was 1843 s. B, the histogram represents a total of 109 opening and closing events recorded from seven membranes. C, the current trace
shows more than eight opening and closing events recorded 400 s after the addition of 1 g of Rv1698,,;; to the membrane. The total recording time was 2862 s.

Rv1698 Can Partially Substitute for the Porin MspA of M.
smegmatis—The observation that Rv1698 forms an apparently
nonspecific protein channel in a similar manner as MspA (9, 10,
31) raised the question why Rv1698 completely restored the
susceptibility of the M. smegmatis mspA porin mutant to antibiot-
ics (Fig. 1), whereas glucose diffusion was slow compared with
MspA (Fig. 2). This is in apparent contrast to expectations because
differences among outer membrane diffusion pores are more pro-
nounced for larger solutes (42). One explanation might be the very
different time scales of both experiments. Whereas the glucose
uptake experiments are done within minutes, the plates to deter-
mine the susceptibility of the M. smegmatis strains to antibiotics
were incubated for 2—3 days. Thus, even a pore with significantly
lower diffusion rates would eventually allow enough antibiotic
molecules to enter the cell to inactivate the target(s) and to fully
restore wild-type susceptibility. The slow glucose uptake in com-
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parison to the mspA expressing porin mutant of M. smegmatis
(Fig. 2) could be either due to lower expression levels and/or to
intrinsic properties of the Rv1698 pore.

Estimation of the Pore Size of Rvi698—Expression of
rv1698 increased the susceptibility of porin mutants of M.
smegmatis to ampicillin and chloramphenicol and increased
the uptake rate for glucose significantly. These observations
enable us to derive a minimal diameter of the Rv1698 pore. To
this end, energy-minimized three-dimensional models of these
molecules were oriented along their longest axis. The length of
the second longest axis was measured for ampicillin, chloram-
phenicol, and glucose as 0.51, 0.54, and 0.52 nm, respectively.
These values were measured between the atomic nuclei of the
most distant atoms and provide a lower limit of the channel
diameter of the Rv1698 pore. However, the widths of the solutes
do not include the van der Waals’ spheres and the hydration
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FIGURE 8. Surface accessibility of Rv1698 in M. smegmatis by digestion
with proteinase K. Whole cells of M. smegmatis were treated with proteinase
K (+) or with PBS as a control (—). After adding protease inhibitors, the cells
were washed in PBS buffer, and proteins were extracted with SDS by boiling.
The solubilized proteins were analyzed in a 10% polyacrylamide gel and
transferred to a polyvinylidene difluoride membrane. The proteins on these
blots were specifically detected using the appropriate antibodies. M, molec-
ular mass marker. The samples were extracts from M. smegmatis containing
the plasmids pMN437 (green fluorescent protein (Gfp)), pMV61015.1
(PE_PGRS33,,), pML451 (Msmeg_3747,,;.), and pML911 (Rv1698,;.).

shell. Furthermore, the diffusion rates for solutes drop drasti-
cally when the solute size approaches the pore size (42). Thus,
we conclude that the real pore size of the Rv1698 channel is likely
significantly larger than 0.54 nm. Indeed, if Rv1698 behaved like a
rod of conducting bulk solvent, a pore diameter of 1.0 nm would
yield an electric conductance of 5.1 nS in a 1 M KCl solution (11).
This is very close to the experimentally observed single channel
conductance of 4.5-4.8 nS (Fig. 7).

Rv1698 Represents a Novel Class of Outer Membrane Proteins
Specific for Corynebacterineae—The lipid bilayer experiments
show that Rv1698 is an integral membrane protein that consti-
tutes a membrane-spanning water-filled channel (Figs. 3, 4, and
7 and supplemental Fig. S1). In principle, this observation does
not allow one to distinguish between inner and outer mem-
brane proteins, although insertion of a pore with a large, open
channel into the inner membrane is very likely lethal (38). How-
ever, only outer membrane and not inner membrane proteins
are accessible from the cell surface in Gram-negative bacteria.
The situation is similar in mycobacteria because the cell enve-
lope of mycobacteria also contains outer membranes, albeit of a
very different chemical composition and architecture (5).
Hence, we conclude that Rv1698 is an outer membrane protein.
This is strongly supported by the observation that Rv1698 par-
tially complements the permeability defects of an M. smegmatis
mutant lacking the porin MspA, which was shown to be located
in the outer membrane (7).

A transmembrane $-barrel with a hydrophobic surface fac-
ing the membrane lipids and a hydrophilic interior is the hall-
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mark of outer membrane proteins of Gram-negative bacteria
(43). The crystal structure of the outer membrane porin MspA
shows that similar B-barrel proteins also exist in mycobacteria
(11). A comprehensive analysis of the secondary structure using
JPred (23, 24) and another consensus method (44) predicted
~40 and 15% of amino acids of Rv1698 in a-helices and
B-strands, respectively (supplemental Fig. S2). The B-strand
percentage of Rv1698 is lower than the predicted values for
MspA (31%) and OmpA (21%) but higher than those of other
outer membrane proteins with large «-helical periplasmic
domains such as TolC (8%) of E. coli (45). Significantly, ~40% of
the Rv1698 protein show a regular pattern of alternating hydro-
philic and hydrophobic amino acids (supplemental Fig. S3) that
is typical for water-filled transmembrane B3-barrel pores (46).
It is concluded that the predicted secondary structure of
Rv1698 is similar to the structural features of other bacterial
outer membrane channel proteins. However, Rv1698-like pro-
teins have no known homologs and are only found in the sub-
order Corynebacterineae of the Actinomycetales, which
includes mycolic acid-containing bacteria such as corynebacte-
ria, mycobacteria, and nocardia (47). Each of these species with
a known genome sequence, including M. leprae with its decay-
ing genome (48), has a single homolog of the rv1698 gene. Thus, we
conclude that Rv1698 represents the first protein specific for the
very unusual outer membrane of Corynebacterineae. This is in
contrast to OmpA and MspA, the two other outer membrane pro-
teins of mycobacteria known so far. Homologs of OmpA of M.
tuberculosis are found in Gram-negative bacteria, in some slow-
growing but not in fast-growing mycobacteria,* whereas MspA-
like porins are only present in fast-growing mycobacteria (49).

Conclusions—Considering the importance of matter trans-
port across the outer membrane for the cellular physiology, the
lack of knowledge about these processes in M. tuberculosis is
surprising. The data presented in this study clearly show that
Rv1698 is a novel outer membrane channel protein of M. tuber-
culosis. As a channel protein, Rv1698 is likely to contribute to
matter transport across the outer membrane of M. tuberculosis
but may also be involved in host pathogen interactions because
it was shown for many outer membrane proteins of Gram-neg-
ative bacteria such as the Neisserial porins (50-54). Work to
identify the solutes transported by Rv1698 and to identify its
role in pathogenicity of M. tuberculosis is in progress.
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