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porin-deletion mutant ML1910 is not viable without expression
of cpnTNTD, indicating that it does not have outer membrane
proteins with significant channel activity other than the Msp
porins (25). The CpnTNTD protein was extracted from the
M. smegmatis porin-deletion mutant with SDS and purified by Ni
(II)-affinity followed by anion-exchange chromatography. The
purified fraction contained a predominant 56 kDa band, the
predicted size of the CpnTNTD monomer (Fig. 3A). Proteins with
apparent molecular weights of 130 and 200 kDa also reacted with
an HA-specific antibody (SI Appendix, Fig. S6), demonstrating
that CpnTNTD exists in different oligomeric forms that are at
least partially resistant to SDS. Proteoliposomes containing the
purified protein sample with all three forms of CpnTNTD were
added to solvent-free planar membranes and resulted in a step-
wise current increase (SI Appendix, Fig. S7A) characteristic of
water-filled membrane channels in a lipid bilayer setup (26),
whereas the membrane current remained unchanged when
empty liposomes were added. The average conductance of two
individual CpnTNTD channels was 1.36 ± 0.01 nS as determined
from the slopes of current–voltage (I/V) curves (Fig. 3B).

To examine whether the channel activity of CpnTNTD requires
subunit association, we separated the monomer (� 56 kDa) and
the two oligomeric forms O1 (� 130 kDa) and O2 (� 200 kDa) of
purified CpnTNTD by electrophoresis and excised the corre-
sponding protein bands from the gel (Fig. 3A and SI Appendix,
Fig. S6B). Multichannel experiments with planar lipid mem-
branes showed channel activity only with the sample containing
the O2 oligomer (Fig. 3C), indicating that oligomer formation is
required for channel activity of CpnTNTD. The average single-
channel conductance of 50 channels of the CpnTNTD O2 oligo-
mer was 1.2 ± 0.5 nS (Fig. 3D), which is consistent with the

conductance of the unfractionated CpnTNTD sample but distinct
from other mycobacterial pore proteins (27–30). The fast flick-
ering events in the current traces of oligomeric CpnTNTD involve
opening and closing of complete channels and of subcon-
ductance states (Fig. 3D) and might result from voltage gating as
observed with other outer membrane pores (31). Neither the
monomer nor the O1 oligomer had channel-forming activity when
the same amount of protein was used in lipid bilayer experiments
(SI Appendix, Fig. S7). The monomeric and oligomeric forms of
CpnTNTD were in equilibrium with each other, as shown by the
interconversion of the isolated forms after 1 wk of incubation at
room temperature in the presence of the mild detergent n-octyl-
polyoxyethylene to promote refolding (SI Appendix, Fig. S6C).
Taken together, the lipid bilayer experiments show that the NTD
of CpnT is an integral membrane protein that forms water-filled
channels in lipid membranes. The channel activity of CpnTNTD in
vitro in combination with the observations that CpnTNTD and the
outer membrane pore MspA complement the uptake defect of
the M. bovis bacillus Calmette–Guérin cpnT mutant and the
membrane association and the surface accessibility of CpnT in
M. tuberculosis collectively demonstrate that CpnTNTD is a channel-
forming protein in the outer membrane of M. tuberculosis.

The CTD of CpnT Is Toxic in Prokaryotic and Eukaryotic Cells. Next, we
examined possible functions of the C terminus of CpnT. Bio-
informatic analysis suggested that the C terminus of CpnT (aa
720–846) belongs to the uncharacterized protein family DUF4237,
comprising almost 200 bacterial and fungal proteins (SI Appendix,
Fig. S8). Furthermore, homologs of CpnT in Mycobacterium
marinum (MMAR_5464) and in other pathogenic mycobacteria
have similar N but different C termini. Notably, the MMAR_5464 C
terminus contains the ADP ribosyltranferase domain VIP2, often
found in bacterial and viral toxins (SI Appendix, Fig. S1). However,
the C terminus of CpnT has no sequence similarity to the VIP2
domain. These findings suggested a two-domain structure of CpnT
with the N terminus common to mycobacteria and a species-specific
C terminus of unknown function. To determine the domain borders
of CpnT, we constructed several genes encoding various lengths
of its C terminus. The longest fragment comprised aa 651–846
(defined as CpnTCTD) and corresponds to the size of the VIP2
domain of MMAR_5464. Attempts to express cpnTCTD failed in
M. smegmatis, Escherichia coli, and Saccharomyces cerevisiae and
yielded only minute amounts of protein in cell-free expression
systems. By contrast, expression of DNA fragments encoding
shorter CpnTCTD variants were not toxic in E. coli, suggesting
that the fragment defined as CpnTCTD comprises an indepen-
dent domain.

To test whether CpnTCTD is toxic in mammalian cells, we
stably integrated the cpnTCTD gene under the control of a tetra-
cycline-regulated promoter in the Jurkat T-cell line J644, which
has been previously used for regulated expression of toxic genes
(SI Appendix, Fig. S9A). To visualize CpnTCTD-induced morpho-
logical changes, Jurkat cells expressing cpnTCTD were examined by
fluorescence microscopy after staining with 7-amino-actinomycin
D, a marker of cells with damaged plasma membranes. Although
only � 5% of the cells were dead in the control culture (Fig. 4A),
more than 80% of the cells had died 16 h after induction of
cpnTCTD expression with doxycycline (Fig. 4B). To exclude the
possibility that cell death induced by cpnTCTD was specific for
the Jurkat cell line, we transiently transfected two other cell
lines: the human embryonic kidney cell line 293T (HEK293T)
and the C2C12 mouse myoblast cell line (SI Appendix, Fig. S10).
In both cases, the majority of the cells were dead 24 h after
transfection, as indicated by the disrupted monolayer. This sug-
gested that cell death induced by CpnTCTD is not restricted to
particular eukaryotic cell types. The absence of cell death after
transfection with a cpnTCTD gene encoding the nontoxic CpnTCTD
G818V mutant (SI Appendix, Fig. S10) further indicated that cell
death was not an overexpression artifact. The G818V mutation
was identified in a screen for nontoxic mutants in E. coli (SI
Appendix) and modifies a glycine residue highly conserved in all

Fig. 3. The oligomeric NTD of CpnT forms water-filled membrane channels.
(A) To preserve disulfide bridges, proteins were mixed with nonreducing
loading buffer and samples were loaded without boiling. Lane 1, molecular
weight marker; lane 2, CpnTNTD after anion exchange chromatography; lane 3,
gel-purified monomer of CpnTNTD (M); lane 4, gel-purified oligomer O2 of
CpnTNTD; lane 5, gel-purified oligomer O1 of CpnTNTD (O1); lane 6, “protein-
free” control gel. The gel was stained with silver. (B) Average I/V charac-
teristics of two CpnTNTD channels. The I/V curves were recorded for two in-
dividual channels reconstituted into lipid bilayers in two separate experiments.
The single channel conductance was calculated from the slope of the fitted line
and was determined as 1.36 ± 0.01 nS. (C) Current trace of the O2 oligomer of
CpnTNTD recorded at +100 mV and filtered by a Gaussian low-pass filter with
a bandwidth of 100 Hz. The protein concentration was � 0.3 μg/mL. The current
trace represents a 5-s recording of a continuous multichannel experiment.
Events 1, 2, and 3 had current amplitudes (conductances) of 95 pA (1 nS), 65 pA
(0.7 nS), and 152 pA (1.5 nS), respectively. (D) Distribution of the current
amplitudes of 50 channels of the CpnTNTD O2 oligomer recorded from 25
experiments at + 100 mV. The dotted line represents a Gaussian fit for
the data with a mean of 116 ± 48 pA. The average single-channel conduc-
tance was 1.2 ± 0.5 nS.
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a � 24 kDa cleaved protein was present in the culture filtrate
(Fig. 2C), suggesting that CpnT is translocated to the outer
membrane as a full-length protein and that the CTD is released
into the extracellular milieu. Further studies are needed to de-
termine the mechanisms of translocation of CpnT to the outer
membrane and the cleavage of the CTD.

CpnT Is Required for Survival, Replication, and Cytotoxicity of
M. tuberculosis in Macrophages. To assess the role of CpnT for
virulence of M. tuberculosis, we examined the survival of mac-
rophages after infection with WTM. tuberculosisand the � cpnT
mutant. Loss of CpnT reduced the level ofM. tuberculosis-
induced cell death in differentiated THP-1 macrophages by 70%.
Cytotoxicity was completely restored by expression of full-length
cpnT, but was not complemented with a truncated gene encoding
the N-terminal pore-forming domain (Fig. 5A). Furthermore, the
� cpnT mutant did not replicate in differentiated THP-1 mac-
rophages in contrast to WTM. tuberculosis(Fig. 5B). Comple-
mentation with the full-length cpnT gene restored the growth of
the � cpnT mutant to the WT level, whereas the NTD of CpnT
enhanced survival of the� cpnT mutant only until day 3 after
infection (Fig. 5B). Thus, growth of M. tuberculosisin macro-
phages appears to benefit from the pore activity of CpnT during
the early phase of infection, but the toxic C terminus is required
for replication at a later phase. Interpretation of the loss of
cytotoxicity of the M. tuberculosis� cpnT mutant is complicated
by the fact that the � cpnT mutant does not replicate in macro-
phages in contrast to WTM. tuberculosis, leading to a reduced
bacterial load. However, although the NTD of CpnT increased
the bacterial load 12-fold by day 3 after infection (SI Appendix,
Fig. S14), the cytotoxicity in macrophages remained unchanged
compared with the� cpnT mutant (Fig. 5A). This indicated that
the observed difference in cytotoxicity is likely not a consequence
of fewer bacteria, but is dependent on the CpnTCTD activity.
Taken together, these results show that CpnT is required for
survival and replication of M. tuberculosisin macrophages.
Transcriptional profiling showed thatcpnT expression is induced
under hypoxic conditions (37) and during growth in macrophages
(38), but is repressed during nonreplicating persistence (39) and
in the presence of reactive oxygen and nitrogen species (40),
consistent with the dual role of CpnT in survival ofM. tubercu-
losis in macrophages and in regulating the outer membrane
permeability of M. tuberculosis.

CpnT Is Not Required for Virulence of M. tuberculosis in Mice. To
further examine the role of CpnT in M. tuberculosispathogene-
sis, we performed infection experiments in C57BL/6 mice. No
significant difference was observed between WT and thecpnT
mutant for up to 120 d after infection (SI Appendix, Fig. S15),
indicating that cpnT is not required during acute and chronic
infection in mice. Instead, CpnT might play a role in dissemi-
nation and reactivation from distant sites such as adipocytes
(41), which cannot be easily assessed in an animal model. Fur-
thermore, M. tuberculosismay have another protein with porin
and/or toxin activity in addition to CpnT, masking the functional
importance of these activities in vivo. This result is reminiscent of
the toxin VacA, which is a key toxin ofHelicobacter pyloriwith
numerous in vivo effects (42). Nevertheless, theH. pylori vacA
mutant is not attenuated in a mouse infection model (43).

Discussion
The outer membrane is of utmost importance for survival of
M. tuberculosisunder harsh conditions in vivo (44), yet the pro-
teins that functionalize this membrane remain enigmatic. To
date, only a handful of proteins have been suggested to be outer
membrane proteins (15), but their functions have not been
confirmed by phenotypes of the corresponding mutants of
M. tuberculosis. This study, to our knowledge, represents the first
example in which the phenotype of a gene deletion mutant—that
is, an uptake defect for a small molecule—corresponds with the
channel-forming activity of a purifiedM. tuberculosisprotein.

The organization of CpnT is unusual for a channel-forming
outer membrane protein. CpnT does not appear to have a clas-
sical Sec signal sequence, as do porins of Gram-negative bacteria
(45) and MspA, the only known mycobacterial porin (46). In
addition, CpnT is unusually large for a porin and seems to have
at least two domains. Here, we show that the NTD of CpnT (aa
1–443) is sufficient for channel formation in the outer membrane
of M. tuberculosis. Homologs of this domain are present in all
mycobacteria with a sequenced genome, but they are connected
to various CTDs of unknown functions (SI Appendix, Fig. S1).
CpnT consists of an N-terminal outer membrane channel fused
to a secreted CTD. This protein architecture resembles the
intimin/invasin family of autotransporters from Gram-negative
bacteria (47). Autotransporters facilitate translocation of a pas-
senger domain via an integral outer membrane� -barrel domain
(47–50) and have been identified in virtually all pathogenic
Gram-negative bacteria. They frequently translocate toxic pas-
senger domains (51). Furthermore, oligomer formation is re-
quired for channel activity of the NTDs of both CpnT and
intimins (49). Thus, CpnT might represent the first autotransporter-
like protein of M. tuberculosis. However, the mechanism of CpnT
assembly and outer membrane integration is likely different from
that of autotransporters of Gram-negative bacteria that are de-
pendent on Omp85 family proteins such as the� -barrel assembly
machinery (50) or the autotransporter translocation and assembly
module (52).

The toxic CTD of CpnT challenges the paradigm that
M. tuberculosisis one of the few bacterial pathogens that does
not produce toxins (2). Based on our results, we propose the
following model for the biological function of CpnT (Fig. 5C):
After uptake of M. tuberculosisby macrophages, ESX-1–dependent
permeabilization of the phagosome results in the mixing of
phagosomal and cytosolic contents (53, 54). CpnT is in-
tegrated into the outer membrane and the toxic CTD is re-
leased from the cell surface ofM. tuberculosisby proteolytic
cleavage, whereas the NTD remains in the outer membrane and
mediates uptake of small, hydrophilic molecules such as glycerol
and ampicillin. Perforation of the phagosomal membrane by
ESX-1 substrates (53, 54) might enable diffusion of CpnTCTD
into the cytosol of macrophages to induce necrosis. Following
necrotic disintegration of infected macrophages,M. tuberculosis
escapes the phagosome and ultimately the macrophage. This
model explains why ESX-1–dependent phagosomal escape of
M. tuberculosis(55) is often observed in cells with a dispersed
cytoplasm, destroyed plasma membranes, and no signs of apo-
ptosis, which are, therefore, classified as necrotic (56). The
proposed mechanism for escape ofM. tuberculosisfrom the
macrophage (Fig. 5C) is also consistent with the finding that
ESX-1–mediated phagosomal rupture is followed by host cell ne-
crosis within 48 h after infection (54). The ability ofM. tuberculosis
to enter and survive in macrophages and dendritic cells (6),
and to escape from the phagosome, alleviates CpnT from the
necessity of carrying an additional receptor-binding domain,
as found in A–B-type toxins (57), to gain access to the cytosol
of target cells.

Our study suggests that CpnT is the first example, to our
knowledge, of an autotransporter-like protein inM. tuberculosis.
CpnT is a multifunctional protein that increases nutrient uptake
across the outer membrane by its channel-forming NTD. In
addition, CpnT transports its toxic CTD to the cell surface of
M. tuberculosis, where the toxin is cleaved to induce necrotic cell
death of host cells.

Materials and Methods
Chemicals and reagents, bacterial strains, media and growth conditions, and
detailed procedures are described in SI Appendix.

Glycerol Uptake Experiments.Glycerol uptake experiments were carried out as
described previously (58) with some modifications.
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