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Mycobacterium tuberculosis, the causative agent of tuberculosis, is protected from toxic solutes by an effective outer membrane
permeability barrier. Recently, we showed that the outer membrane channel protein CpnT is required for efficient nutrient up-
take by M. tuberculosis and Mycobacterium bovis BCG. In this study, we found that the cpnT mutant of M. bovis BCG is more
resistant than the wild type to a large number of drugs and antibiotics, including rifampin, ethambutol, clarithromycin, tetracy-
cline, and ampicillin, by 8- to 32-fold. Furthermore, the cpnT mutant of M. bovis BCG was 100-fold more resistant to nitric ox-
ide, a major bactericidal agent required to control M. tuberculosis infections in mice. Thus, CpnT constitutes the first outer
membrane susceptibility factor in slow-growing mycobacteria. The dual functions of CpnT in uptake of nutrients and mediating
susceptibility to toxic molecules are reflected in macrophage infection experiments: while loss of CpnT was detrimental for M.
bovis BCG in macrophages that enable bacterial replication, presumably due to inadequate nutrient uptake, it conferred a sur-
vival advantage in macrophages that mount a strong bactericidal response. Importantly, the cpnT gene showed a significantly
higher density of nonsynonymous mutations in drug-resistant clinical M. tuberculosis strains, indicating that CpnT is under
selective pressure in human tuberculosis and/or during chemotherapy. Our results indicate that the CpnT channel constitutes
an outer membrane gateway controlling the influx of nutrients and toxic molecules into slow-growing mycobacteria. This study
revealed that reducing protein-mediated outer membrane permeability might constitute a new drug resistance mechanism in
slow-growing mycobacteria.

Almost 10 million new cases of tuberculosis (TB) are reported
each year (1). The worldwide spread of multidrug-resistant

(MDR) and the emergence of extensively (XDR) and totally
(TDR) drug-resistant strains of Mycobacterium tuberculosis (2)
have made TB an almost untreatable disease with prohibitive costs
for health care systems in developing countries (3). Unfortu-
nately, our understanding of the genetic basis of drug resistance in
M. tuberculosis is limited to a few genes of known functions (4, 5),
and a large number of new genes of mostly unknown functions are
associated with drug resistance, as revealed by genomic sequenc-
ing of MDR and XDR M. tuberculosis strains (6). In order to design
more effective drugs, we need a better understanding of the mo-
lecular basis of mycobacterial growth in vivo and the mechanisms
by which M. tuberculosis becomes tolerant and resistant to drugs
currently used in TB chemotherapy (7).

Major mechanisms that contribute more or less unspecifically
to the intrinsic drug resistance of M. tuberculosis are the very low
outer membrane permeability toward the vast majority of small
molecules (8, 9) and the manifold drug efflux pumps (10, 11).
However, both uptake and efflux processes across the mycobacte-
rial cell envelope are poorly understood transport processes (12).
In addition, these intrinsic drug resistance mechanisms render
most in vitro screening approaches ineffective and hamper the
discovery of new TB drugs (13).

The mycobacterial cell wall contains an outer membrane of
low permeability (14–16). Outer membrane integrity is required
for protection of M. tuberculosis from toxic compounds (8) and is
essential for virulence and pathogenicity of M. tuberculosis (17).
Additionally, nutrient molecules must be able to permeate the
outer membrane to sustain M. tuberculosis viability and replica-
tion. Uptake of small, hydrophilic solutes across the outer mem-
brane of Gram-negative bacteria is mediated by water-filled pro-

tein channels called porins (18). Influx of solutes through pore
proteins is driven by a concentration gradient and primarily
depends on the size, charge, hydrophobicity, and shape of the
solute (19). Many drugs and toxic solutes exploit the porins to
enter bacterial cells (20). It has been shown that channel-form-
ing proteins exist in slow-growing mycobacteria such as M.
tuberculosis, but their low channel activity prevented their identi-
fication (21, 22).

MspA is the best characterized outer membrane channel pro-
tein of mycobacteria. However, it is present only in fast-growing
species, such as Mycobacterium smegmatis (23). MspA is, to date,
the only mycobacterial protein whose �-barrel structure is consis-
tent with that of an integral outer membrane protein (24), and is
widely used as an outer membrane marker protein in mycobacte-
ria (25–27). MspA is the major porin of M. smegmatis (28) and
mediates diffusion of small, hydrophilic solutes across the outer
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membrane both in M. smegmatis (29) and upon heterologous
overexpression in M. tuberculosis (30).

In this study, we examined the role of the recently discovered
outer membrane protein CpnT in drug susceptibility of M. tuber-
culosis (31). CpnT consists of two domains. The oligomeric N-ter-
minal domain (NTD) forms an outer membrane channel and is
required for efficient glycerol uptake. The toxic C-terminal do-
main (CTD) is cleaved, secreted, and induces necrosis of eukary-
otic cells by a currently unknown mechanism. Thus, CpnT pro-
motes replication of M. tuberculosis in macrophages, probably by
increasing nutrient uptake, and escape from the macrophage by
inducing a necrosis-like cell death through the secreted toxin (31).
The domain organization of CpnT and its function in secreting its
own C-terminal domain resemble those of autotransporters in
Gram-negative bacteria (32). It was proposed that the N-terminal
domain remains in the outer membrane as an open channel after
cleavage and secretion of the C-terminal toxin. Such a functional
role of the �-domain of autotransporters in nutrient uptake has
not been observed in Gram-negative bacteria, most likely because
their outer membranes contain up to 1,000-fold more porins than
M. tuberculosis (30).

While the function of the CpnT pore domain in glycerol up-
take has been established (31), the involvement of this protein in
other transport processes across the outer membrane of M. tuber-
culosis has not been examined yet. In this study, we showed that
CpnT confers susceptibility of slow-growing mycobacteria to
structurally different antibiotics and TB drugs and to toxic im-
mune factors, such as nitric oxide (NO). Furthermore, genome
sequencing studies of drug-resistant clinical isolates indicate that
CpnT mutations may constitute a novel molecular drug resistance
mechanism of M. tuberculosis.

MATERIALS AND METHODS
Chemicals and enzymes. Hygromycin B (Hyg) was purchased from Cal-
biochem. All other chemicals were purchased from Merck or Sigma at the
highest purity available.

Bacterial strains, media, and growth conditions. Mycobacterium bo-
vis BCG strains (Strain Institute Pasteur) were grown in Middlebrook
7H9 medium (Difco) supplemented with 0.2% glycerol, 0.02% tylox-
apol, and 10% oleic acid-albumin-dextrose-catalase (OADC) (Remel)
or on Middlebrook 7H10 plates supplemented with 0.5% glycerol and
10% OADC (Remel). Antibiotics were used when required at the fol-
lowing concentrations: hygromycin, 50 mg/liter; and kanamycin, 30
mg/liter. The M. bovis BCG strains and plasmids used in this work are
described in reference 31. Briefly, ML383 is a wild-type (wt) derivative of
M. bovis BCG with the L5 integrated empty vector pML2008 containing a
hygromycin resistance marker, ML1012 is a transposon mutant of M.
bovis BCG disrupted with an insertion in cpnT, ML386 is an ML1012
derivative containing pML2008, ML387 is an ML1012 derivative comple-
mented with mspA, ML388 is an ML1012 derivative complemented with
cpnT, and ML805 is an ML1012 derivative complemented with cpnTNTD,
which encodes the channel-forming N-terminal domain (NTD) of CpnT.

Antibiotic susceptibility measurements. The MIC was determined
using a microplate alamarBlue assay (33) with modifications (34, 35). The
final drug concentrations were as follows: isoniazid and ethambutol,
0.03125 to 1 mg/liter; streptomycin and rifampin, 0.04 to 1.28 mg/liter;
levofloxacin, ofloxacin, and clarithromycin, 0.0625 to 2 mg/liter; p-amino-
salicylic acid (PAS) and moxifloxacin, 0.25 to 8 mg/liter; ciprofloxacin
and norfloxacin, 0.5 to 16 mg/liter; chloramphenicol and cycloserine, 1 to
32 mg/liter; vancomycin, 2.5 to 80 mg/liter; erythromycin A and tetracy-
cline, 8 to 256 mg/liter; and ampicillin, 30 to 960 mg/liter. The alamarBlue
assays were performed twice in triplicate. The nitrate reductase assay was

performed to determine MICs of M. tuberculosis as previously described
(36).

Susceptibility to nitric oxide. M. bovis BCG strains were grown in
Middlebrook 7H9-OADC medium containing 0.01% tyloxapol to an op-
tical density at 600 nm (OD600) of 2. Cultures were pelleted by centrifu-
gation, washed, and resuspended in 1/10 of the original volume. Aliquots
(0.1 ml) of suspensions were added to 0.9 ml of fresh medium containing
0, 5, 25, and 100 mM sodium nitroferricyanide(III) dehydrate (SNP
[Sigma]). Each suspension was incubated at 37°C (200 rpm) for 0, 1, 3, or
7 days. Serial dilutions of the cultures were plated on Middlebrook 7H10-
OADC-Hyg plates and incubated at 37°C for 3 weeks, after which colony-
forming units (CFU) were counted. The data are displayed as the percent-
age of survival: (no. of CFU exposed at day x/no. of CFU unexposed at day
x) � 100%. Each strain was tested in triplicate; the assay was repeated
three times independently.

Macrophage infection experiments. The human acute monocytotic
leukemia cell line THP-1 (ATCC TIB202) and the mouse macrophage cell
line J774A.1 (ATTC TIB-67) were maintained as described previously
(37). Differentiation of THP-1 monocytes into macrophages was induced
overnight with 50 nM phorbol 12-myristate 13-acetate (PMA). THP-1
cells were infected at a multiplicity of infection (MOI) of 5. In each exper-
iment, 3 h after infection, cells were washed three times with phosphate-
buffered saline (PBS) to remove noninternalized bacteria. At different
time points after infection (3 h and 1, 3, 5, and 7 days), cells were washed
with PBS and lysed with 1% IGEPAL (Sigma) solution in water. Serial
dilutions were done in water and plated on Middlebrook 7H10-OADC
plates. CFU were counted after 2 weeks of incubation at 37°C. When
required, macrophages were treated with murine gamma interferon
(IFN-�) (100 IU) overnight before infection.

Statistical analysis. Data are presented as the mean � standard devi-
ation (SD). P values were calculated using the Student t test, and a P value
of �0.05 was considered to be significant.

RESULTS
Absence of CpnT confers high-level drug resistance to M. bovis
BCG. The permeability barrier of the outer membrane is a major
drug resistance determinant in slow-growing mycobacteria (30).
Since lack of porins in Gram-negative bacteria and M. smegmatis
confers low-level resistance to some small, hydrophilic drugs, in
particular �-lactam antibiotics (35, 38, 39), we hypothesized that
channel proteins might be important for uptake of drugs through
the otherwise impermeable outer membrane of M. tuberculosis.
Thus far, such proteins are unknown. However, the porin MspA
of M. smegmatis increases drug susceptibility when expressed in
slow-growing mycobacteria (30). As CpnT is required for efficient
transport of glycerol in slow-growing mycobacteria (31) we
thought to test its role for drug resistance. To this end, we deter-
mined the drug susceptibility of an M. bovis BCG cpnT::Tn mutant
strain using the microplate alamarBlue assay. Resistance to small,
hydrophilic antibiotics (Table 1) was drastically increased in the
absence of cpnT by up to 32-fold. Resistance to the antituberculo-
sis drugs ethambutol, isoniazid, and p-aminosalicylic acid (PAS)
was increased more than 4-fold. Expression of mspA or full-length
cpnT fully restored the susceptibility of the cpnT::Tn mutant (Ta-
ble 1), providing evidence that insertion of a pore protein in the
outer membrane is sufficient to mediate susceptibility to these
antibiotics, presumably by increasing drug uptake. Remarkably,
MICs to large and hydrophobic antibiotics, such as erythromycin
and rifampin, were also increased in the cpnT::Tn mutant by at
least 16-fold (Table 1). The lack of CpnT also made M. bovis BCG
more resistant to large hydrophilic antibiotics, such as streptomy-
cin, and to several fluoroquinolones (Table 1). Importantly, ex-
pression of both mspA and cpnT restored the susceptibility of the
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cpnT::Tn strain to wt levels. These results indicate that the outer
membrane protein CpnT is an important drug susceptibility fac-
tor of M. bovis BCG.

Considering the important role of CpnT in drug susceptibility
of M. bovis BCG, we determined the MICs of wt M. tuberculosis,
the unmarked cpnT mutant, and the mutant complemented with
a full-length or an N-terminal pore domain of CpnT (31). We did
not detect a significant difference in drug susceptibility of these
strains (not shown).

CpnT is required for susceptibility of M. bovis BCG to nitric
oxide. Next, we examined whether the CpnT channel plays a role
in susceptibility of M. bovis BCG to other, physiologically more
relevant toxic compounds. Nitric oxide (NO) plays a crucial role
in control of M. tuberculosis infections in mice (40). Furthermore,
previously it was shown that porins mediate susceptibility of M.
smegmatis to NO and that aquaporin-1 is required for NO perme-
ability in eukaryotic cells (41, 42), suggesting that CpnT of M.
bovis BCG might have a similar function. To this end, wt M. bovis
BCG, the cpnT::Tn mutant, and the mutant complemented with
either cpnT or mspA were exposed to NO, and serial dilutions were
applied as spots to agar plates (Fig. 1A). All strains were killed by
NO in a time-dependent manner (Fig. 1B). A rapid decrease in
viability of the wt and both complemented cpnT mutant strains
was observed after 24 h of exposure, with the majority of bacteria
being killed after 3 days. In contrast, the cpnT::Tn mutant grew
during the first 24 h and was approximately 100-fold more resis-
tant to killing by NO at later time points than the wt M. bovis BCG

strain and the complemented mutant strains (Fig. 1). Thus, CpnT
might play an important role in susceptibility of slow-growing
mycobacteria toward toxic molecules produced by host immune
cells. The observation that the susceptibility of the cpnT::Tn mu-
tant to NO is restored by expression of mspA indicates that the
channel function and/or outer membrane integration of CpnT
and other pore proteins mediates NO susceptibility by increasing
the permeability of the outer membrane to this molecule. Further-
more, overexpression of mspA in the cpnT::Tn mutant resulted in
almost complete clearance of the strain after 24 h of treatment
(8.9% � 2.5% survival for the mspA-expressing strain versus
173% � 75% for the cpnT::Tn strain), thus suggesting that MspA-
mediated uptake of toxic compounds reduced survival of the
strain under adverse conditions.

The channel-forming N-terminal domain of CpnT is re-
quired for growth and survival of M. bovis BCG in macro-
phages. Previously, we observed that both the channel and the
toxin domain of CpnT contribute to the survival of M. tuberculosis
in macrophages (31). This made it difficult to determine the indi-
vidual roles of these CpnT domains during infection of host cells.
M. bovis BCG does not permeabilize phagosomes and does not
escape from phagosomes, in contrast to M. tuberculosis (43, 44).
Thus, the C-terminal toxin domain of CpnT is capable of leaving
the phagosome during M. tuberculosis infection to induce necrosis
in cytosol, while it is likely trapped in phagosomes during M. bovis
BCG infection, where it is incapable of inducing necrosis. This
assumption is supported by the virtual absence of cytotoxicity of

TABLE 1 Antibiotic resistance of the cpnT mutants of M. bovis BCG

Antibiotic by classa

MIC for M. bovis BCG (�g/ml)b

Resistance
factorcwt

Mutation/complementation

cpnT::Tn cpnT::Tn/mspA cpnT::Tn/cpnT

A
Ampicillin 30 960 60 60 32
Tetracycline 31.25 �250 62.5 62.5 �8
Chloramphenicol 4 64 8 8 16
Ethambutol 0.125 �1 0.125 0.125 �8
Isoniazid 0.25 �1 0.25 ND �4
p-Aminosalicylic acid 2 �8 2 2 �4
Cycloserine 4 8 4 4 2

B
Vancomycin 5 20 10 10 4
Streptomycin 0.16 0.64 0.32 0.32 4

C
Clarithromycin 0.125 �2 0.5 0.25 �16
Erythromycin A 16 �256 32 16 �16
Rifampin 0.008 �0.128 0.032 0.032 16

D
Ciprofloxacin 1 2 2 2 2
Ofloxacin 0.25 0.5 0.25 0.25 2
Levofloxacin 0.125 0.5 0.125 0.125 4
Moxifloxacin 0.5 1 0.5 0.5 2
Norfloxacin 1 4 2 2 4

a TB drugs and antibiotics were grouped into four classes: A, small, hydrophilic antibiotics (102 to 444 g/mol), B large, hydrophilic antibiotics (484 to 1,450 g/mol); C, large,
hydrophobic antibiotics (612 to 823 g/mol); and D, fluoroquinolones (319 to 402 g/mol).
b The MICs for the wt, mutant (cpnT::Tn), and complemented (cpnT::Tn/mspA or cpnT::Tn/cpnT) strains were measured using the microplate alamarBlue assay as described
previously 34. ND, not determined.
c The resistance factor is defined as the ratio of the MIC of the cpnT::Tn mutant to the MIC of the wt strain.

Danilchanka et al.

2330 aac.asm.org April 2015 Volume 59 Number 4Antimicrobial Agents and Chemotherapy

http://aac.asm.org


M. bovis BCG or M. tuberculosis mutants that lack the RD1 region,
a primary virulence locus of M. tuberculosis that is also missing in
M. bovis BCG (45, 46). Hence, we sought to exploit this feature of
M. bovis BCG to examine the role of the CpnT channel domain in
the absence of confounding effects of the toxin domain. Here we
show that the absence of cpnT drastically reduced intracellular
growth of M. bovis BCG in the undifferentiated human monocytic
cell line THP-1 (Fig. 2). This is consistent with the results obtained
for M. tuberculosis-infected THP-1 macrophages (31) and under-
lines the important role of CpnT for survival of slow-growing
mycobacteria in macrophages. Growth of M. bovis BCG was fully
restored by expression of cpnTNTD encoding the channel-forming
N-terminal domain (NTD) of CpnT. This observation confirmed
that the toxin domain is indeed dispensable for normal growth of
M. bovis BCG in macrophages and that only the pore domain is
needed for uptake of solutes and growth. In contrast, CpnTNTD is
only capable of restoring wt growth of M. tuberculosis in THP-1

macrophages during the first 24 h, while the toxic CpnTCTD pro-
tein is required for normal growth of M. tuberculosis at later time
points (31).

Interestingly, expression of mspA did not rescue the growth
defect of the cpnT::Tn mutant even in the growth-permissive
THP-1 cells (Fig. 2), although full complementation of all pheno-
types was observed in vitro (Table 1 and Fig. 1). These results
indicate that the CpnT channel mediates sufficient nutrient influx
but provides better protection against toxic host immune factors
than the wide open MspA channel when expressed in slow-grow-
ing mycobacteria (24).

The absence of CpnT protects M. bovis BCG from killing in
macrophages and from the bactericidal response of stimulated
macrophages. We showed that CpnT facilitates uptake of nutri-
ents (31), but it also enables toxic molecules to enter the bacterial
cell (Fig. 1 and Table 1). Hence, we wondered which of these
properties of CpnT would prevail in vivo when the uptake of nu-
trients for bacterial replication might be less important than pro-
tection from toxic compounds, such as NO, which utilize the
CpnT channel to enter mycobacterial cells. To this end, we used
J774 mouse macrophages in which M. bovis BCG does not repli-
cate and is efficiently eliminated (37). We hypothesized that the
requirement for uptake of nutrients through porins under these
conditions is minimal, while resistance to toxic compounds pro-
duced by macrophages plays a crucial role in clearance of bacteria.
As expected, the bacterial burden for all strains decreased during
infection of J774 cells (Fig. 3). However, the cpnT::Tn strain was
more resistant to killing than the wt or complemented strains.
Furthermore, stimulation of J774 with IFN-�, a potent inducer of
nitric oxide and other reactive nitrogen intermediates, reduced
survival of wt M. bovis BCG but did not affect the cpnT::Tn strain
(Fig. 3). These experiments suggest that the inertness of the
cpnT::Tn mutant to the bactericidal response of macrophages
upon IFN-� stimulation is due to the mutant’s high level of resis-
tance to NO, a potent effector molecule of mouse macrophages
(40), and possibly other toxic compounds produced by macro-
phages.

The absence of CpnT reduces the proinflammatory response
of macrophages infected with M. bovis BCG. In some cases,
porins are highly antigenic and are recognized by the host im-
mune system (47, 48). Hence, porins can induce inflammation

FIG 1 Absence of CpnT in M. bovis BCG renders high-level resistance to nitric oxide. (A) Survival of wt M. bovis BCG and the cpnT::Tn mutant after 7 days of
exposure to 100 mM sodium nitroferricyanide(III) dehydrate (SNP). Serial dilutions were spotted on Middlebrook 7H10-OADC agar. (B) Survival of wt M. bovis
BCG (circles), cpnT::Tn mutant (inverted triangles), and the cpnT::Tn mutant complemented with mspA (squares) or cpnT (triangles) after exposure to 100 mM
SNP for different times. The CFU of the original inoculum of each strain were set as 100% survival. The experiment was done in triplicate and repeated three
times. Survival of the wt versus mutant or complemented strains was analyzed using Student’s t test. *, P � 0.05 was deemed significant.

FIG 2 Survival of M. bovis BCG in human macrophages. (A) THP-1 cells were
infected with wt M. bovis BCG (filled circles), the cpnT::Tn mutant (open
circles), or the cpnT::Tn mutant complemented with cpnTNTD (filled trian-
gles), cpnT (open triangles), or mspA (squares) at an MOI of 5. The CFU of the
original inoculum of each strain was set as 100% survival. (B) Bar graph rep-
resenting survival of M. bovis BCG in THP-1 cells 3 days after infection. The
CFU of the original inoculum of each strain was defined as 100% survival.
Survival of the wt versus mutant or complemented strains was analyzed using
Student’s t test. *, P � 0.05 was deemed significant.
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in mice, activation of B cells, and release of cytokines (49, 50).
Thus, an alternative explanation for the increased resistance of
the cpnT mutant to killing by macrophages might be a lower
proinflammatory response of macrophages that could result in
reduced bacterial killing (51). To test this hypothesis, we ana-
lyzed the expression of the proinflammatory interleukin 1�
(IL-1�) gene and of the gene encoding the inducible isoform of
nitric oxide synthase (iNOS) during infection of J774 mouse
macrophages with M. bovis BCG. J774 mouse macrophages were
chosen because survival experiments indicated that the intracel-
lular environment in J774 is less permissive for M. bovis BCG
growth than human THP-1 macrophages (Fig. 2 and 3). Thus, a
stronger proinflammatory response was expected for mouse mac-
rophages. We focused on IL-1� and iNOS as key markers of M.
tuberculosis immune responses due to their essential roles for pul-
monary infection with this pathogen. Specifically, M. tuberculosis
infection results in robust initial production of IL-1� in a mouse
model of infection. This is followed by the induction of adaptive
immune responses, including production of iNOS, which gener-
ates nitric oxide, a molecule found to be essential not only for
antibacterial control, but also for modulation of inflammatory
immune responses through alteration of the NLRP3 inflam-
masome (52). We observed 2- and 5-fold-lower iNOS and IL-1�
mRNA levels, respectively, after infection of macrophages with the
cpnT::Tn mutant compared to the wt strain (Fig. 4). This differ-
ence was independent of the presence of IFN-�. Expression of
IL-1� and iNOS was partially restored in the cpnT mutant com-
plemented by the full-length cpnT gene and was fully comple-
mented by the cpnTNTD construct. Thus, the lower levels of pro-
inflammatory response of macrophages in response to infection
with the cpnT::Tn mutant are likely a contributing factor to its
ability to survive better in macrophages with a strong bactericidal
response. Taken together, these results suggest that the absence of
CpnT confers a survival advantage in the presence of a strong
bactericidal response of macrophages to mycobacterial infection,
while the nutrient uptake function of CpnT appears to dominate
in macrophages under conditions that enable bacterial replica-
tion.

DISCUSSION
Role of CpnT in drug susceptibility of M. bovis BCG and M.
tuberculosis. The outer membrane permeability barrier is of
utmost importance for survival of M. tuberculosis under harsh
conditions in vivo (8, 17) and is a key component of its intrinsic
drug resistance (53). In this study, we showed that the cpnT mu-
tant of M. bovis BCG exhibited high-level resistance to a wide
range of antibiotics and TB drugs. The resistance factors for most
of these compounds were much higher than those previously ob-
served for a single porin mutant of M. smegmatis (39) or for Gram-
negative bacteria (38). In particular, the cpnT mutant of M. bovis
BCG became more resistant to the TB drugs isoniazid and etham-
butol, while their MICs were not affected by the deletion of the
main porin gene mspA of M. smegmatis (39). This difference might
be explained by the larger number of porins in the outer mem-
brane of M. smegmatis compared to M. bovis BCG. While the

FIG 3 Survival of M. bovis BCG in mouse macrophages. J774 cells were infected with wt M. bovis BCG (circles), the cpnT::Tn mutant (inverted triangles) (A), and
the cpnT::Tn mutant complemented with cpnTNTD (squares) or cpnT (triangles) (B) at an MOI of 5. J774 cells treated with murine IFN-� (100 IU) overnight
before infection are marked with open symbols. The CFU of the original inoculum of each strain was set as 100% survival. (C) Bar graph representing survival
of M. bovis BCG in J774 cells 3 days postinfection. When required, J774 cells were treated with murine IFN-� (100 IU) overnight before infection (open bars). n.s.,
nonstimulated J774 cells (solid bars). The CFU of the original inoculum of each strain was defined as 100% survival. Analysis of variance (ANOVA) with a
one-parameter test was performed, with post hoc analysis done using the Holm-Sidak test. *, P � 0.05 was deemed significant.

FIG 4 Proinflammatory gene expression is reduced in the absence of CpnT.
qRT-PCR quantification of iNOS (A) and IL-� (B) gene expression in J774
macrophages 24 h after infection with M. bovis BCG strains. Data are repre-
sented as the mean � standard deviation (SD) relative to uninfected cells
(control). When required, J774 cells were treated with murine IFN-� (100 IU)
overnight before infection (open bars). n.s., nonstimulated J774 cells (solid
bars). ANOVA with a one-parameter test was performed, with post hoc analysis
done using Holm-Sidak test. *, P � 0.01; **, P � 0.001.
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number of porins is reduced from 2,400 to 800 by the deletion of
mspA in M. smegmatis (29), no open pores were detected by elec-
tron microscopy in M. bovis BCG and M. tuberculosis (30). Thus,
the loss of CpnT probably has a much larger effect on permeability
of M. bovis BCG than the loss of the porin MspA in M. smegmatis.
The effect of a single porin deletion in Gram-negative bacteria on
drug resistance is even less pronounced as they contain 100- to
1,000-fold more porins than M. smegmatis (54).

Our results show that CpnT mediates the susceptibility of
M. bovis BCG to small, hydrophilic antituberculosis drugs etham-
butol, isoniazid, and p-aminosalicylic acid. This is consistent with
the hypothesis that these drugs diffuse through the CpnT channel.
Surprisingly, we also found that absence of CpnT in M. bovis BCG
resulted in high-level resistance to large and hydrophobic drugs,
such as erythromycin and rifampin. While we do not assume that
these antibiotics diffuse directly through the CpnT pore, deletion
of an outer membrane protein may indirectly reduce drug suscep-
tibility. A similar phenomenon has been observed in M. smegma-
tis: deletion of the major porin MspA not only reduced the per-
meability of M. smegmatis for hydrophilic compounds but also
reduced it for hydrophobic compounds, such as chenodeoxy-
cholate, and concomitantly increased resistance to large, hydro-
phobic antibiotics (39), in contrast to porin mutants of Escherichia
coli and other Gram-negative bacteria (55). Such membrane
changes might be caused by bilayer deformations upon protein
insertions (56, 57) resulting in increased solute permeability at the
lipid-protein interface as previously proposed (39). Further ex-
periments utilizing porins with closed channels that can integrate
into the outer membrane but are deficient for solute transport will
enable the testing of this hypothesis.

The lack of CpnT did not increase drug resistance of M. tuber-
culosis in contrast to M. bovis BCG. This might be explained by
lower protein levels of CpnT in M. tuberculosis versus M. bovis
BCG during in vitro growth. Indeed, RNA sequencing revealed
that transcript levels of cpnT are very low in in vitro-grown M.
tuberculosis cells (58). Much higher CpnT levels were observed in
M. tuberculosis after infection of macrophages (J. Sun and M. Nie-
derweis, unpublished data), supporting the hypothesis that CpnT
primarily functions in vivo and is largely silent under in vitro
growth conditions (31). Another possible explanation is that the
phenotype of cpnT deletion in M. tuberculosis in our experiments
is concealed by the presence of other, currently unknown channel-
forming proteins that do not exist or are not produced by M. bovis
BCG. Such differences might result from the absence of regulatory
proteins in M. bovis BCG compared to M. tuberculosis, whose
genes were deleted with the loss of “regions of difference” (RD)
during attenuation of M. bovis BCG (59, 60). Thus, it is possible
that cpnT mutations in combination with mutations of other
genes produce a drug resistance phenotype in M. tuberculosis sim-
ilar to that observed for the M. bovis BCG cpnT mutant and may
contribute to the stepwise acquisition of drug resistance by M.
tuberculosis (6, 61).

CpnT mutations appear to be associated with drug resistance
in clinical M. tuberculosis strains. To our knowledge, CpnT has
not been previously associated with drug-resistant tuberculosis.
However, resistance in approximately 5 to 30% of clinical isolates
cannot be explained by mutations in any known genes associated
with resistance to a particular drug (62) suggesting that other un-
defined mechanisms are involved. Indeed, cpnT (rv3903c) was
identified as a gene with a significantly higher density of nonsyn-

onymous single nucleotide polymorphisms in a genome sequenc-
ing study of drug-resistant clinical M. tuberculosis strains in China
(6). These data indicate that CpnT is under selective pressure dur-
ing infection, supporting a significant role of CpnT in human
tuberculosis and/or chemotherapy. Since the cpnT mutant of M.
tuberculosis H37Rv did not show a significant resistance pheno-
type in vitro, M. bovis BCG strains lacking wt cpnT and containing
designed cpnT alleles with the mutations found in clinical isolates
of M. tuberculosis are needed to establish a causal relationship
between these CpnT mutants of clinical M. tuberculosis strains and
drug resistance.

Role of CpnT in resistance to nitric oxide and other toxic
compounds in macrophages. This study provides the first evi-
dence that an outer membrane protein is a major drug suscep-
tibility determinant of slow-growing mycobacteria. In addi-
tion, the absence of CpnT renders M. bovis BCG 100-fold more
resistant to nitric oxide than the wt strain. This is consistent with
previous observations that the MspA porin of M. smegmatis me-
diates susceptibility to nitric oxide in mycobacteria (41, 63), but to
our knowledge, porins of Gram-negative bacteria were never im-
plicated in this process. This is likely due to the very large number
of various channel-forming proteins in the outer membrane of
these bacteria (64). Thus, Gram-negative bacteria with porin mu-
tations still have a relatively large number of channels remaining
in the outer membrane, which often prevents detection of pheno-
types in susceptibility and/or transport experiments.

Interestingly, expression of mspA did not rescue the growth
defect of the cpnT::Tn mutant even in growth-permissive THP-1
cells (Fig. 2), while full complementation of all phenotypes was
observed in vitro (Table 1 and Fig. 1). These results indicate that
the CpnT channel mediates sufficient nutrient influx in M. bovis
BCG but provides much better protection against toxic solutes in
vivo than the wide open and potentially unregulated MspA chan-
nel (24). Although MspA provides an efficient uptake pathway for
nutrients, the apparently unregulated uptake of toxic compounds
by MspA leads to reduction of M. bovis BCG survival in macro-
phages. These observations suggest that in order to survive and
grow in macrophages, a tight balance between nutrient acquisi-
tion and minimization of the influx of toxic compounds is essen-
tial, and disturbance of this equilibrium in either direction might
be detrimental during infection. These results also indicated that
increasing the efficiency of channel protein-mediated outer mem-
brane permeability may indeed be an attractive approach for de-
veloping new TB drugs with an alternative mechanism of action as
proposed earlier (15).

CpnT is a novel susceptibility factor of M. bovis BCG. The
important role of CpnT in susceptibility to drugs and NO im-
plies that it constitutes a gateway protein in the outer mem-
brane of M. bovis BCG. This is consistent with the observation
that other outer membrane channel proteins control entry of
small, hydrophilic solutes, including antibiotics, into cells of
Gram-negative bacteria and mycobacteria (20, 35). Not surpris-
ingly, porin mutations often cause drug resistance of clinical iso-
lates of Gram-negative bacterial pathogens. However, it needs to
be noted that CpnT does not belong to a group of classical porins
found in Gram-negative bacteria, whose physiological function is
only to mediate influx of small, hydrophilic solutes through their
water-filled channels across the outer membrane (38). The pri-
mary function of CpnT in M. tuberculosis appears to be the secre-
tion of a novel necrosis-inducing toxin located in the C terminus
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of the protein by utilizing its N-terminal domain in an autotrans-
porter-like mechanism (31). Although details of this secretion
process are unknown, it is clear that the channel-forming activity
of the N-terminal domain of CpnT is the main molecular deter-
minant mediating drug susceptibility and nutrient transport in M.
bovis BCG. It is interesting that the C-terminal domain does not
seem to interfere with the channel activity, indicating that perhaps
the vast majority of CpnT proteins release the toxin and only the
N-terminal channel domain remains in the outer membrane of M.
tuberculosis. However, we cannot exclude the possibility that the
toxin domain does not interfere with transport through the CpnT
channel, since full-length CpnT is also detectable in the outer
membrane of M. tuberculosis (31). In this regard, it would be in-
teresting to determine the ratio of full-length versus cleaved CpnT
in M. bovis BCG and M. tuberculosis under different conditions, in
addition to lipid bilayer experiments using full-length CpnT pro-
tein.

The channel activity of CpnT is a double-edged sword for M.
bovis BCG in macrophages. The macrophage experiments with
M. bovis BCG revealed dual functions of CpnT. (i) In macro-
phages that prevent intracellular mycobacterial replication, ab-
sence of CpnT confers a survival advantage. The 100-fold-in-
creased resistance of the cpnT mutant to nitric oxide might play a
key role in this regard, although regulatory effects, as evidenced by
reduced iNOS and IL-1� levels, probably contribute to the in-
creased resistance of the cpnT mutant to killing in J774 macro-
phages. (ii) Under in vivo conditions that enable bacterial replica-
tion, such as in human THP-1 macrophages, the presence of
CpnT is beneficial, probably because of increased nutrient uptake.
These opposing functions of CpnT in different macrophage envi-
ronments might provide a mechanistic explanation for the lack of
a phenotype of the M. tuberculosis cpnT mutant in mouse infection
experiments (31). CpnT has multiple functions in nutrient uptake
across the outer membrane and susceptibility to toxic solutes due
to the activity of its N-terminal domain.

The identification of the CpnT pore as the first outer mem-
brane susceptibility factor represents a crucial step in under-
standing the outer membrane permeability of slow-growing
mycobacteria. Knowledge of the structure and the biophysical
properties of the CpnT N-terminal channel domain might help
to improve drug uptake and, thereby, to overcome the outer
membrane permeability barrier, a major hurdle in TB drug
development.
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