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The ability to control the timing and mode of host cell death plays
a pivotal role in microbial infections. Many bacteria use toxins to kill
host cells and evade immune responses. Such toxins are unknown in
Mycobacterium tuberculosis. Virulent M. tuberculosis strains induce
necrotic cell death in macrophages by an obscure molecular mecha-
nism. Here we show that the M. tuberculosis protein Rv3903c (chan-
nel protein with necrosis-inducing toxin, CpnT) consists of an
N-terminal channel domain that is used for uptake of nutrients across
the outer membrane and a secreted toxic C-terminal domain. Infec-
tion experiments revealed that CpnT is required for survival and
cytotoxicity of M. tuberculosis in macrophages. Furthermore, we
demonstrate that the C-terminal domain of CpnT causes necrotic cell
death in eukaryotic cells. Thus, CpnT has a dual function in uptake of
nutrients and induction of host cell death by M. tuberculosis.

transport | pore | secretion

oxins were recognized more than a century ago to play a

major role in bacterial infectious diseases (1). Subsequently,
hundreds of toxins from pathogenic bacteria have been charac-
terized. Based on bioinformatic analysis of its genome, toxins
appear to be absent from Mycobacterium tuberculosis (2-4), the
causative agent of tuberculosis, a devastating disease with nine
million new cases every year (5). Survival within host macro-
phages is a key trait enabling M. fuberculosis to persist in the
human body (6), where it can reactivate after decades of quies-
cence (7). This so-called latent infection is poorly understood
and is one of the reasons why tuberculosis remains a global
public health problem. Alveolar macrophages engulf inhaled
M. tuberculosis, contribute to killing of the bacteria, reduce in-
flammation of lung tissue, and limit uptake of M. tuberculosis by
migratory dendritic cells to prevent bacterial dissemination (8).
However, M. tuberculosis has evolved effective strategies to sub-
vert this bactericidal response (6, 9). Death of M. tuberculosis-
infected macrophages is caused by two processes: necrosis and
apoptosis. Necrosis is characterized by metabolic collapse and loss
of membrane integrity and is used by M. tuberculosis to exit
destroyed cells, evade host defenses, and disseminate to other
tissues and eventually to new hosts (10). By contrast, apoptosis of
the infected macrophages helps the host to control the bacterial
infection (11). Virulent M. tuberculosis strains induce a necrosis-
like cell death and concomitantly suppress apoptosis of macro-
phages (12). Although M. tuberculosis is known to secrete viru-
lence factors that interfere with phagosome maturation (9), it is
unknown how M. tuberculosis kills macrophages.

Gram-negative bacterial pathogens use complex nanomachines
such as type I-VI secretion systems to secrete effector proteins
mediating host cell death and subverting immune responses (13).
Similarly, proteins secreted by M. tuberculosis need to cross both
an inner and an outer membrane (14), a barrier of notoriously low
permeability in M. tuberculosis (15). However, the only known
secretion systems capable of translocating proteins across both
M. tuberculosis membranes are the type VII secretion systems
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encoded by esx operons. Although inner membrane proteins of
ESX secretion systems have been characterized (16), channel
proteins that are required for protein translocation across the
outer membrane are currently unknown in M. tuberculosis. We
hypothesized that deletion or inactivation of outer membrane
channel proteins in M. tuberculosis may result in increased anti-
biotic resistance, as has been described for Gram-negative bacteria
and Mycobacterium smegmatis (17, 18). Here we show that this
approach identified a protein that enables uptake of small, hy-
drophilic molecules via its N-terminal pore domain and induces
host cell necrosis by its secreted toxic C-terminal domain (CTD).

Results

CpnT Is Required for Efficient Growth on and Uptake of Glycerol by
Mycobacterium bovis Bacillus Calmette-Guérin and M. tuberculosis.
In a previous study, we identified an ampicillin-resistant mutant
in a transposon library of M. bovis bacillus Calmette—Guérin with
an insertion in the bcg3960c gene (19). The bcg3960c gene en-
codes a protein identical to Rv3903c (channel protein with ne-
crosis-inducing toxin, CpnT) of M. tuberculosis (SI Appendix, Fig.
S1A). Growth of the cpnT::Tn mutant in defined medium was
impaired compared with wild-type (WT) M. bovis bacillus Calmette—
Guérin when glycerol was the sole carbon source (Fig. 14). No
growth difference was observed when the detergent Tween-80 was
the sole carbon source, indicating that the cpnT::Tn mutant did
not have a general growth defect (Fig. 1B). Although glycerol
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Fig. 1. CpnT is required for efficient growth on and uptake of glycerol by
M. bovis bacillus Calmette-Guérin (BCG) and M. tuberculosis. Growth of
WT M. bovis BCG (black circle), conT::Tn (red inverted triangle), conT:Tn
complemented with mspA (green square), conTytp (gray diamond), or conT
(blue triangle) in minimal Hartmans-de Bont (HdB) medium supplemented
with 0.1% glycerol (A) and 1% Tween-80 (B). Experiments were carried out at
least three times. Representative growth curves are shown. (C) ['4C]Glycerol
uptake by M. bovis BCG. The uptake rate is expressed as nanomole of glycerol
per milligram of cells. Uptake experiments were done in triplicate and mean
values are shown with SDs. The P value determined by Student t test was less
than 0.05 for WT versus the cpnT::Tn mutant for all time points. (D) Growth of
WT M. tuberculosis (black circle), AcpnT (red inverted triangle), and AcpnT
complemented with cpnTyrp (black diamond) or ¢pnT (blue triangle) in 7H9
medium with 0.2% glycerol. Experiments were carried out three times. A
representative growth curve is shown.

rapidly accumulated in the WT strain, only minimal uptake of
glycerol was detected in the ¢pnT::Tn mutant (Fig. 1C). These
data show that CpnT is required for normal growth on, and
uptake of, glycerol in M. bovis bacillus Calmette-Guérin. De-
letion of cpnT (SI Appendix, Fig. S2) also reduced growth of M.
tuberculosis on glycerol and glucose as sole carbon sources (Fig.
1D and SI Appendix, Fig. S3). The phenotype of the AcpnT M.
tuberculosis mutant was less pronounced compared with the M.
bovis bacillus Calmette-Guérin mutant, indicating that other
pore proteins might be involved in uptake of small, hydrophilic
nutrients in M. tuberculosis. Starvation-induced expression of
silent porin genes (20) might explain the ability of the M. fu-
berculosis and M. bovis bacillus Calmette—Guérin cpnT mutants
to eventually reach optical densities of the WT strains after an
initial growth delay (Fig. 1 4 and D). Importantly, both uptake and
growth defects were rescued by expression of cpnT or of the porin
gene mspA of M. smegmatis (Fig. 1 A and C and SI Appendix,
Fig. S4), indicating that CpnT has the same outer membrane
localization and a similar channel function as MspA (21, 22).

CpnT Is an Outer Membrane Protein of M. tuberculosis. CpnT has no
sequence similarity to any protein of known function and is un-
usually large for a porin (846 aa versus 184-505 aa of known
porins). Subcellular fractionation of M. fuberculosis revealed that
CpnT is membrane-associated (Fig. 24). Furthermore, the N-
terminal domain (NTD; aa 1-443) was sufficient for membrane
localization of CpnT (SI Appendix, Fig. S5). To distinguish
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between inner and outer membrane proteins, we used flow
cytometry analysis of M. tuberculosis. This approach relies on the
detection of surface antigens by protein-specific antibodies (23).
M. tuberculosis overexpressing cpnTya with a C-terminal HA-tag
displayed increased fluorescence compared with the strain lacking
cpnT when stained with an anti-HA antibody (Fig. 2B). Impor-
tantly, surface staining of M. tuberculosis cells with the same
antibody did not detect MbtGyya, a protein associated with the
inner membrane (24), whereas the outer membrane porin MspA
(22) was recognized using an MspA-specific antibody (Fig. 2B).
These experiments indicate that the C terminus of CpnT is acces-
sible to antibodies on the cell surface of M. tuberculosis. The
membrane localization and surface accessibility of CpnT in
combination with the observation that the outer membrane
channel protein MspA complements the glycerol uptake de-
fect of the cpnT mutant indicate that CpnT is localized in the
outer membrane of M. bovis bacillus Calmette—Guérin and
M. tuberculosis.

The NTD of CpnT Is an Outer Membrane Channel Protein of M.
tuberculosis. The NTD of CpnT (CpnTnrp) was sufficient to
restore the ability of the cpnT mutants of M. tuberculosis and M.
bovis bacillus Calmette—Guérin to take up (Fig. 1D and SI Ap-
pendix, Fig. S4B) and grow on glycerol (Fig. 14 and SI Appendix,
Figs. S3 and S4), indicating that the pore activity of CpnT is
mediated by this domain. Therefore, we sought to investigate the
channel-forming properties of CpnTnrp in lipid bilayer experi-
ments. The CpnTnrp_pa-Hise protein was purified from the M.
smegmatis strain ML1910, which lacks all known endogenous
porin genes and conditionally expresses cpnTyrp, to avoid con-
tamination with M. smegmatis and M. tuberculosis pores. The
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Fig. 2. Subcellular localization of CpnT in M. tuberculosis. (A) Immunoblot
analysis of whole-cell lysates (WC), water-soluble supernatant (SN), and
membrane-associated pellet (P) protein fractions obtained by ultracentrifu-
gation of WT M. tuberculosis mc?6206. IdeR and MctB were used as controls
for soluble and membrane-associated proteins, respectively. CpnT was detec-
ted using an antibody recognizing the CTD. (B) Surface accessibility of
CpnT. Cells of M. tuberculosis AconT and of M. tuberculosis overexpressing
cpnTya and mbtGya were incubated with an anti-HA antibody followed by
detection with anti-rabbit AlexaFluor 488-labeled antibody (Upper). WT
M. tuberculosis and M. tuberculosis expressing the porin gene mspA of
M. smegmatis were incubated with a monoclonal anti-MspA antibody (P2)
and an anti-mouse FITC-labeled antibody (Lower). The fluorescence of sur-
face-stained M. tuberculosis cells was measured by flow cytometry and is
displayed as histograms (MFI, mean fluorescence intensity). (C) Secretion of
the CTD of CpnT. Immunoblot analysis of whole cell lysates (WC) and culture
filtrates (CF) of the M. tuberculosis AconT mutant grown in vitro carrying
integrative vectors with (+cpnT) or without (-conT) the cpnT gene. The cy-
toplasmic proteins GroEL and RNA polymerase (RNAP), the inner membrane
protein AtpB, and the secreted protein CFP-10 served as markers for the
subcellular fractions.
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porin-deletion mutant ML1910 is not viable without expression
of cpnTn7p, indicating that it does not have outer membrane
proteins with significant channel activity other than the Msp
porins (25). The CpnTnrp protein was extracted from the
M. smegmatis porin-deletion mutant with SDS and purified by Ni
(ID)-affinity followed by anion-exchange chromatography. The
purified fraction contained a predominant 56 kDa band, the
predicted size of the CpnTnrp monomer (Fig. 34). Proteins with
apparent molecular weights of 130 and 200 kDa also reacted with
an HA-specific antibody (SI Appendix, Fig. S6), demonstrating
that CpnTnrp exists in different oligomeric forms that are at
least partially resistant to SDS. Proteoliposomes containing the
purified protein sample with all three forms of CpnTntp Were
added to solvent-free planar membranes and resulted in a step-
wise current increase (SI Appendix, Fig. S7TA) 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 CpnTntp 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 CpnTnrp requires
subunit association, we separated the monomer (~56 kDa) and
the two oligomeric forms O1 (~130 kDa) and O2 (~200 kDa) of
purified CpnTntp by electrophoresis and excised the corre-
sponding protein bands from the gel (Fig. 34 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 CpnTnrp. The average single-
channel conductance of 50 channels of the CpnTntp O2 oligo-
mer was 1.2 + 0.5 nS (Fig. 3D), which is consistent with the
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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, CpnTyrp after anion exchange chromatography; lane 3,
gel-purified monomer of CpnTyrp (M); lane 4, gel-purified oligomer 02 of
CpnTyrp; lane 5, gel-purified oligomer O1 of CpnTytp (O1); lane 6, “protein-
free” control gel. The gel was stained with silver. (B) Average I/V charac-
teristics of two CpnTyrp 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
CpnTnrp recorded at +100 mV and filtered by a Gaussian low-pass filter with
a bandwidth of 100 Hz. The protein concentration was ~0.3 pg/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 CpnTyrp 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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conductance of the unfractionated CpnTnrp sample but distinct
from other mycobacterial pore proteins (27-30). The fast flick-
ering events in the current traces of oligomeric CpnTnrp 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
CpnTnrp 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 CpnTntp in
vitro in combination with the observations that CpnTntp 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 CpnTnrp 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 CpnTcrp) and corresponds to the size of the VIP2
domain of MMAR_5464. Attempts to express cpnTcrp 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 CpnTcrp variants were not toxic in E. coli, suggesting
that the fragment defined as CpnTcrp comprises an indepen-
dent domain.

To test whether CpnTerp is toxic in mammalian cells, we
stably integrated the cpnTc7p 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. S94). To visualize CpnTcrp-induced morpho-
logical changes, Jurkat cells expressing cpnTcrp 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. 44),
more than 80% of the cells had died 16 h after induction of
cpnTcrp expression with doxycycline (Fig. 4B). To exclude the
possibility that cell death induced by cpnTcrp 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 (S 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 CpnTcrp is not restricted to
particular eukaryotic cell types. The absence of cell death after
transfection with a cpnT¢7p gene encoding the nontoxic CpnTcrp
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 (S
Appendix) and modifies a glycine residue highly conserved in all
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Fig. 4. The CTD of CpnT induces necrotic cell death in eukaryotic cells. The
Jurkat T-cell line J644 containing an integrated Tet-regulated cpnTcrp ex-
pression cassette was uninduced (A) or induced with 100 ng/mL doxycycline
(B) for 16 h, and subsequently stained for cell viability with 7-amino-acti-
nomycin D (7AAD). Bright field images were merged with the fluorescence
image visualizing stained, nonviable cells in red. Magnification, 40x. (Scale
bar, 20 um.) (C and D) Death kinetics of J644-derived cells after induction of
expression of ¢conT¢rp (C) or a gene encoding activated caspase-3 (revCasp-3)
(D) with doxycycline (1 pg/mL). Viable and dead cells were distinguished by
flow cytometry according to their position in forward scatter and log side
scatter. (E) Characterization of the cell death induced by CpnTcrp and
activated caspase-3. Cell death kinetics of the J644-derived cell lines either
uninduced or induced with 1 pg/mL doxycycline. Cells were grouped into
viable, apoptotic, secondary, and primary necrotic using a six-parameter
classification scheme (cell size, cell granularity, membrane integrity, phosphatidyl
serine exposure, mitochondrial potential, and nuclear degeneration) (32). All
bars of one column sum up to 100% with the cells gated from the living and
dead cells at each time point.

DUF4237 family members (SI Appendix, Fig. S8). The elimina-
tion of CpnTcrp toxicity by a single point mutation argues
against nucleic acids or unfolded protein as potential causes of
toxicity in the cytosol of cells.

The CTD of CpnT Causes Necrotic Death in Jurkat T Cells. To further
examine cell death caused by CpnTcrp, we used a flow-cytom-
etry—based six-parameter classification scheme (32) to compare
Jurkat T-cell lines containing integrated plasmids stably ex-
pressing cpnTcrp (SI Appendix, Fig. S9) or a gene encoding an
activated form of caspase-3 (revCasp-3), a key executioner
caspase known to trigger apoptotic cell death (33) (SI Appendix,
Figs. S11 and S12). Both cell lines displayed similar cell death
kinetics in a doxycycline-dependent manner. Approximately 90%
of the cells were dead 24 h after induction of their respective
gene with doxycycline (Fig. 4 C and D). In the presence of
doxycycline, cells expressing activated caspase-3 displayed the
annexin-V-positive, propidium iodide-negative staining pattern
typical for apoptotic cells (SI Appendix, Fig. S11). By contrast,
cells expressing cpnTcrp were double-positive—a hallmark of
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necrotic cell death (Fig. 4E and SI Appendix, Fig. S12). The low
mitochondrial potential and bright Hoechst 33342 staining of
the cpnTcrp-expressing cells and the morphology of dead cells
confirmed this classification (SI Appendix, Fig. S12). Consistent
with these results was the finding that the pancaspase inhibitor
z-D-CH,-DCB prevented only cell death induced by caspase-3
but not by CpnTcrp (SI Appendix, Table S4). Due to the fact
that the pancaspase inhibitor also inactivates caspase-1 (34),
combined with the lack of DNA fragmentation (SI Appendix,
Fig. S13), another hallmark of inflammasome-mediated cell
death (35), we can rule out pyroptosis as the mechanism of cell
death. However, Necrostatin-1 did not inhibit death of cells
expressing cpnTcrp (SI Appendix, Table S4), indicating a RipK1-
independent (36), unknown type of cell death involving rupture
of the plasma membrane without nuclear disintegration and
chromatin cleavage. Based on these results, we conclude that
the CpnTcrp of M. tuberculosis and likely the DUF4237 domains
of other organisms (SI Appendix, Fig. S8) have necrosis-inducing
activity in eukaryotic cells.

The CTD of CpnT Is Present in Culture Filtrates of M. tuberculosis.
Because many bacterial toxins are secreted, we examined the
culture filtrate of M. tuberculosis using a purified CpnT antise-
rum produced against the C terminus of the protein. Although
full-length CpnT was detected in whole cells of M. tuberculosis,
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Fig. 5. CpnT is required for cytotoxicity and survival of M. tuberculosis in
macrophages. (A) Differentiated THP-1 macrophages were infected with the
indicated strains at an MOI of 20 for 2 d. Cytotoxicity was determined by
flow cytometry after staining with the live/dead stain. (B) Differentiated
THP-1 macrophages were infected with WT M. tuberculosis (black circle),
AcpnT (red inverted triangle), and AcpnT complemented with conTyrp (yel-
low diamond) or cpnT (blue triangle) at an MOI of 10. Macrophages were
lysed at the indicated time points, and the number of viable bacteria was
counted as colony forming units (CFU) on agar plates. Bars represent mean +
SD. (C) Model of CpnT secretion and CpnT-induced cell death of macro-
phages. Secretion of CpnT by M. tuberculosis is mediated by unknown inner
membrane (IM) and outer membrane (OM) components. We suggest that
the C-terminal toxin is cleaved after integration of CpnT into the outer
membrane. This leaves the N-terminal channel domain (CpnTyp) in the
outer membrane to enable uptake of nutrients. Esat-6 and CFP10 are se-
creted by ESX-1 and perforate the phagosomal membrane. Then, the se-
creted CTD of CpnT (CpnTcrp) probably gains access to the macrophage
cytoplasm to induce necrosis by an unknown mechanism. These events en-
able M. tuberculosis to escape from the phagosome and eventually from the
destroyed macrophage.
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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 WT M. tuberculosis and the AcpnT
mutant. Loss of CpnT reduced the level of M. 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. 54). Furthermore, the
AcpnT mutant did not replicate in differentiated THP-1 mac-
rophages in contrast to WT M. tuberculosis (Fig. 5B). Comple-
mentation with the full-length cpnT gene restored the growth of
the AcpnT mutant to the WT level, whereas the NTD of CpnT
enhanced survival of the AcpnT mutant only until day 3 after
infection (Fig. 5B). Thus, growth of M. tuberculosis in 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 AcpnT mutant is complicated
by the fact that the AcpnT mutant does not replicate in macro-
phages in contrast to WT M. 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 AcpnT mutant (Fig. 54). This indicated that
the observed difference in cytotoxicity is likely not a consequence
of fewer bacteria, but is dependent on the CpnTcrp activity.
Taken together, these results show that CpnT is required for
survival and replication of M. tuberculosis in macrophages.
Transcriptional profiling showed that cpnT 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 of M. 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. tuberculosis pathogene-
sis, we performed infection experiments in C57BL/6 mice. No
significant difference was observed between WT and the cpnT
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. tuberculosis may 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 of Helicobacter pylori with
numerous in vivo effects (42). Nevertheless, the H. pylori vacA
mutant is not attenuated in a mouse infection model (43).

Discussion

The outer membrane is of utmost importance for survival of
M. tuberculosis under 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 purified M. tuberculosis protein.
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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 p-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 p-barrel assembly
machinery (50) or the autotransporter translocation and assembly
module (52).

The toxic CTD of CpnT challenges the paradigm that
M. tuberculosis is 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. muberculosis by 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 of M. tuberculosis by 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 CpnTcrp
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 of M. tuberculosis from 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 of M. 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 in M. 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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Channel Activity of CpnTyyp. Lipid bilayer experiments were performed using
a Port-a-Patch automated planar patch clamp system (Nanion Technologies
GmbH) (26). Experiments were performed using 1 M KCI, 10 mM Hepes,
pH 6.0 buffer. A diphytanoylphosphatidylcholine/cholesterol mixture was
used to prepare giant unilamellar vesicles by electroformation using a Nan-
ion Vesicle Prep Pro setup (Nanion Technologies). Two sets of experiments
were performed to measure channel-forming properties of CpnTyp. First,
we used proteoliposomes containing purified CpnTytp. Second, different
oligomeric forms of CpnTyrp with electrophoretic mobilities of 56 kDa, 130
kDa, and 200 kDa were analyzed using planar lipid bilayers.

Cell Culture Experiments. The Jurkat-derived cell line J644 stably expressing
a doxycycline-controlled combined repressor/activator switch featuring the
second-generation Tet-transregulators rtTA25-M2 and tTSP-PP was used to
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create a stable cpnTcrp-expression cell line. Cell death was induced by ex-
pression of cpnTcrp and analyzed by flow cytometry.

Role of CpnT in Virulence of M. tuberculosis in Macrophages. THP-1 macro-
phages differentiated with 12-phorbol, 13-myristate acetate were used for
infection with M. tuberculosis strains at an MOI of 20 or 10 to assess cyto-
toxicity and intracellular survival, respectively.
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