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Copper (Cu) is essential for many biological processes, but is toxic
when present in excessive amounts. In this study, we provide evi-
dence that Cu plays a crucial role in controlling tuberculosis. A
Mycobacterium tuberculosis (Mtb) mutant lacking the outer mem-
brane channel protein Rv1698 accumulated 100-fold more Cu and
was more susceptible to Cu toxicity than WT Mtb. Similar pheno-
types were observed for a M. smegmatismutant lacking the homo-
log Ms3747, demonstrating that these mycobacterial copper
transport proteins B (MctB) are essential for Cu resistance and main-
tenance of low intracellular Cu levels. Guinea pigs responded to
infection with Mtb by increasing the Cu concentration in lung
lesions. Loss of MctB resulted in a 1,000- and 100-fold reduced
bacterial burden in lungs and lymph nodes, respectively, in guinea
pigs infected with Mtb. In mice, the persistence defect of the Mtb
mctB mutant was exacerbated by the addition of Cu to the diet.
These experiments provide evidence that Cu is used by the mam-
malian host to control Mtb infection and that Cu resistance mech-
anisms are crucial forMtb virulence. Importantly,Mtb is much more
susceptible to Cu than other bacteria and is killed in vitro by Cu
concentrations lower than those found in phagosomes of macro-
phages. Hence, this study reveals an Achilles heel ofMtb that might
be a promising target for tuberculosis chemotherapy.
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One of the most dangerous pathogens to mankind is Myco-
bacterium tuberculosis (Mtb). A key component of the im-

mune response to Mtb is the IFN-γ–mediated activation of
macrophages, resulting in efficient maturation of phagosomes
with enhanced capacity to kill intracellular pathogens by using
a range of hydrolytic enzymes, bactericidal peptides, and reactive
oxygen and nitrogen intermediates (1). Copper (Cu) proteins are
widely used for electron transfer reactions in the presence of
oxygen because of the high redox potential of Cu(II)/Cu(I) (2).
Hence, Cu is an essential nutrient for many bacteria, but it is also
toxic because of the Cu(I)-catalyzed formation of hydroxyl radi-
cals from hydrogen peroxide or other mechanisms (3). To avoid
any free Cu ions cells use Cu-specific chaperones, storage pro-
teins, and efflux systems (4). Early observations indicated that the
toxicity of free Cu(I) in the presence of hydrogen peroxide may be
used by the human immune system to fight bacterial pathogens (5,
6). Recent in vitro experiments with macrophages showed that
IFN-γ–stimulated trafficking of the Cu transporter ATP7A to
vesicles that fuse with phagosomes increasing their Cu content
and their bactericidal activity against Escherichia coli (7). The first
indication that the immune system might use Cu also to control
growth of mycobacteria was provided by the finding that Cu
concentrations are markedly increased within the phagosomal
compartment of macrophages infected with M. avium (8).
Transcriptome analysis identified 30 Cu-responsive genes in

Mtb (9), suggesting that Mtb faces critical concentrations of Cu
during its life cycle. The ctpV gene (rv0969) is part of a Cu-in-
duced operon controlled by the transcriptional regulator CsoR
(10) and likely encodes a Cu-specific inner membrane efflux

pump (9, 10). However, the ctpV mutant did not show a clear
virulence defect in mice and guinea pigs (11). Further, Mtb
produces the metallothionine MymT, a small protein that binds
up to six Cu(I) ions and partially protects Mtb from Cu toxicity
(12). The lack of MymT also did not reduce the virulence of Mtb
in mice (12). These studies show that Cu resistance mechanisms
exist in Mtb. However, it is unknown whether phagosomal Cu
concentrations are sufficient to kill Mtb in vivo and how impor-
tant Cu defense mechanisms are for virulence of Mtb.
Here, we present evidence that the outer membrane channel

protein Rv1698 (13) is part of a Cu resistance mechanism that
ensures low intracellular Cu levels in Mtb and protects the bac-
terium from the toxic effects of excess Cu. Importantly, we show
that Rv1698 is required for full virulence of Mtb in guinea pigs
and that guinea pigs respond to infections with Mtb by increasing
Cu concentrations in lung lesions. This study provides experi-
mental evidence that Cu resistance is crucial for survival of Mtb
in animal hosts, establishes Cu as an antimycobacterial tool used
by the immune system, and identifies a resistance mechanism by
which excess Cu ions are limited within the bacterium.

Manuscript Text
To examine the physiological functions of the outer membrane
channel protein Rv1698 of Mtb and its homolog in M. smegmatis,
Ms3747, we constructed the M. smegmatis mutant ML77 lacking
expression of the ms3747 gene (SI Appendix, Fig. S1 A and B).
Western blot experiments demonstrated the absence of the
Ms3747 protein in detergent extracts of ML77 (Fig. 1A). ML77
exhibited a severe growth defect on Middlebrook 7H10 agar
plates. This phenotype was restored by expression of ms3747 or
rv1698 (SI Appendix, Fig. S2). Surprisingly, ML77 grew similarly
to WT M. smegmatis SMR5 in Luria-Bertani (LB) medium, in-
dicating that ML77 has no general growth defect, but rather
might be more susceptible to a toxic compound present in
Middlebrook 7H10 agar. Indeed, ML77 grew as well as WT M.
smegmatis on plates made of 7H10 agar without added copper
(Fig. 1B), but was impaired in the presence of 25 μM CuSO4
(Fig. 1B), demonstrating that the lack of Ms3747 made M.
smegmatis susceptible to copper. This phenotype was abolished
by expression of either ms3747 or rv1698 (SI Appendix, Fig. S2),
indicating that the susceptibility of ML77 to Cu was solely due to
the lack of Ms3747 and that the Mtb homolog Rv1698 has a
similar function.
Minimal inhibitory concentrations of 100 and 250 μg/mL

CuSO4 on 7H10 agar plates were determined for ML77 and WT
M. smegmatis, respectively (SI Appendix, Fig. S3). Concentrations
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of 200 μM AgNO3 also impaired the growth of ML77 compared
with WT M. smegmatis, whereas HgCl2 and CoCl2 had no effect
(SI Appendix, Fig. S4). These results showed that Ms3747 is re-
quired for normal growth of M. smegmatis in the presence of
elevated concentrations of Cu(II) and Ag(I) ions.
ML77 in Middlebrook 7H9 liquid cultures formed large

clumps, in contrast to the parent WT strain (SI Appendix, Fig.
S5). A similar phenotype is often caused by increased cell surface
hydrophobicity. However, a complete lipid analysis did not re-
veal any differences between WT M. smegmatis and ML77. In
addition, surface hydrophobicity was not changed as determined
by Congo Red adsorption. These results suggest a specific defect
of ML77 grown in liquid 7H9 medium as opposed to a general
defect in membrane architecture or lipid properties.
To examine how Ms3747 contributes to Cu resistance of

M. smegmatis, WT M. smegmatis, and the ms3747 mutant ML77
were grown in the absence or presence of 6.3 or 25 μM Cu in self-
made 7H9 medium, and the Cu content of cell lysates was de-
termined by measuring Cu(II)-specific absorption changes of
dithizone (14). The Cu content of WT M. smegmatis did not
change regardless of the external Cu(II) concentration. By con-
trast, the Cu content of ML77 increased by 11-fold at 25 μM ex-

ternal Cu(II) (Fig. 1C). These results show thatMs3747 is involved
in maintaining low, homeostatic levels of intracellular copper.
Complementation of the Cu sensitivity of the ms3747 mutant

by rv1698 and ms3747 (SI Appendix, Fig. S2), the channel activity
of Rv1698 in vitro (13), and the fact that outer membrane
channel proteins are involved in transport processes indicate that
these proteins are involved in transport of copper. Efflux is
a known Cu resistance mechanism in other bacteria (15). Hence,
we propose to name these proteins MctB (mycobacterial Cu
transport protein B).
To examine the function of mctB in Mtb, we constructed a mu-

tant in a similar manner as done for M. smegmatis (Fig. 2A). The
unmarked mctB mutant Mtb ML256 was confirmed by specific
restriction digests (SI Appendix, Fig. S6) and sequencing of a PCR
fragment amplified from chromosomal DNA. To obtain an MctB-
specific antibody, hybridomas were generated from B cells har-
vested from mice immunized with recombinantMtbMctB protein
purified from E. coli. The monoclonal antibody 5D1.23 was the
only antibody that recognized the MctB proteins from both Mtb
and M. smegmatis. A Western blot using the 5D1.23 antibody
showed that mctB is expressed in Mtb H37Rv grown in Mid-
dlebrook 7H9medium, but absent inML256 (Fig. 2B). Expression

Fig. 1. MctB is required for copper resistance of and maintaining a low intracellular copper concentration in M. smegmatis. (A) Expression of ms3747 in
M. smegmatis. Proteins were extracted with 2% SDS from WTM. smegmatis, thems3747mutant ML77, and ML77 complemented with thems3747 expression
vector pML451. Proteins were detected in aWestern blot by using the monoclonal antibody 5D1.23. (B) Serial dilutions of cultures ofM. smegmatis SMR5 (WT),
ML77 (ΔmctB), and ML77 complemented with mctB were spotted on 7H10 agar plates without or with CuSO4 at a concentration of 25 μM. (C) M. smegmatis
SMR5 (black bars) and the Δms3747 mutant ML77 (gray bars) were grown in self-made Middlebrook 7H9 medium with 0, 6.3, or 25 μM CuSO4. Samples were
taken after growth for 36 h. Copper was determined by measuring the absorption of the Cu(II)–dithizone complex at 553 nm.

Fig. 2. MctB is required for copper resistance and main-
tenance of a low intracellular copper concentration in M.
tuberculosis. (A) Schematic representation of the chromo-
somal rv1698 region of M. tuberculosis H37Rv (WT). A
fragment of 39 bp was replaced by the 45-bp loxP site in the
5′ part of the gene introducing stop codons in all three
reading frames to construct the rv1698 deletion mutant
ML256 by homologous recombination. The genes are
drawn to scale. (B) Expression ofmctB inMtb. Proteins were
extracted with 2% SDS from WT Mtb and the mctB mutant
ML256. ML257 is an ML256 derivative carrying the in-
tegrative mctB expression vector pML955. Proteins were
detected in a Western blot by using the MctB-specific
monoclonal antibody 5D1.23. (C) Copper susceptibility. Se-
rial dilutions of log-phase cultures of Mtb H37Rv (WT),
ML256 (ΔmctB), and ML257 (+mctB) were spotted on 7H11/
OADC agar without or with CuSO4 at a concentration of
150 μM. (D) Growth defect of Mtb ΔmctB mutant. Mtb WT,
the ΔmctB mutant ML256, and the complemented mutant
ML257 were grown in 7H10 medium supplemented with
peptone (1 g/L) with or without 100 μM CuSO4. The optical
density at 600 nm was measured at the indicated time
points. (E)Mtb (black bars), the ΔmctB mutant ML256 (light
gray bars), and the complemented mutant ML257 (dark
gray bars) were grown in minimal medium with 0.8, 6.3, or
25 μM CuSO4. Copper was determined by measuring the
absorption of the Cu(II)-dithizone complex at 553 nm.
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ofmctBMtb was restored by integration of the plasmid pML955 (SI
Appendix, Table S2) at the attB site of mycobacteriophage L5 (Fig.
2B). No growth difference was observed for WT Mtb, ML256
(ΔmctB), and ML257 (ΔmctB, attBL5::mctBMtb) on 7H11 agar
plates with Cu traces (Fig. 2C), demonstrating that the lack of
mctB does not cause a general growth defect in Mtb. However, in
the presence of 150 μM CuSO4, the mctB mutant ML256 showed
a severe growth defect in contrast toWTMtb (Fig. 2C). Growth of
ML256 in the presence of CuSO4 was partially restored by ex-
pression of mctBMtb (Fig. 2C). This finding is consistent with the
sixfold lower MctBMtb protein level compared with WT Mtb as
determined by quantification of a Western blot of protein extracts
(Fig. 2B). Growth inhibition of themctBmutantML256 by Cu was
even more pronounced in liquid medium. Without Cu, all strains
grew at a similar rate, whereas themctBmutant did not grow in the
presence of 100 μM CuSO4 in contrast to WT Mtb and the com-
plemented mutant (Fig. 2D).
To accurately assess the susceptibility of Mtb to copper, it was

necessary to avoid albumin in the medium, which is known to se-
quester Cu ions in large quantities (3). Indeed, the high Cu sus-
ceptibility of theM. smegmatis mctBmutant ML77 was completely
overcome by addition of either albumin or OADC, an albumin-
containing supplement in media for Mtb. Therefore, Mtb was
grown in Hartmans-de Bont minimal medium (HdB) and plated
onHdB agar plates containing different CuSO4 concentrations (SI
Appendix, Fig. S7). AllMtb strains grew normally at 1.5 μMCuSO4.
No growth was observed ≥24 μM CuSO4, indicating that Mtb is
more susceptible to Cu than M. smegmatis, which tolerated up to
100 μM Cu (SI Appendix, Fig. S3). Serial dilutions of cultures of
Mtb H37Rv and of ML256 (ΔmctB) on 7H11/OADC plates
showed that the addition of Cu(I)-chelating bathocuproine disul-
fonate (BCS) restored growth of WTMtb and of themctBmutant
ML256 in the presence of 150 μM CuSO4 (SI Appendix, Fig. S8),
indicating that Cu(I) is the Cu-species toxic for Mtb, which is
consistent with previous findings (12).
The amount of Cu accumulated by WT Mtb was consistently

low and independent of external CuSO4 concentrations as de-
termined by the dithizone assay (Fig. 2E). By contrast, the Cu
content of ML256 increased drastically by 100-fold with in-
creasing CuSO4 concentrations in the medium (Fig. 2E), dem-
onstrating the essential role of MctB for maintaining a low Cu
concentration inMtb. This effect was complemented inML257 by
expression of mctB, indicating that no other mutation caused the
Cu sensitivity of the mctB mutant. However, this complementa-
tion was only partial, probably due to the lower expression of the
integrated mctB gene in ML257 in contrast to the full comple-
mentation when mctB was expressed on a higher level in the M.
smegmatis mutant ML77 (Fig. 1B).
It should be noted that the intracellular Cu concentration in

Mtb was >10,000-fold lower than that measured in M. smegmatis.
The decreased level of copper in Mtb might be due to its slower
growth, which probably requires much less copper, compared to
M. smegmatis. Taken together, these results demonstrate that
MctB is required by Mtb and M. smegmatis for Cu resistance and
for maintaining low intracellular Cu levels.
To examine the specificity of MctB, we tested the susceptibility

of the Mtb mctB mutant to other physiologically relevant transi-
tion metals such as Fe(III), Zn(II), Mn(II), and Ni(II) under
similar conditions as for Cu(II). The chosen concentrations were
at or above the concentrations previously determined in myco-
bacteria-containing phagosomes of infected macrophages (8).
With the exception of copper, none of the tested metal ions im-
paired growth of the mctB mutant (SI Appendix, Fig. S9A). By
contrast, growth of themctBmutant was reduced by Cu(II) by two
orders of magnitude, demonstrating that mctB is Cu-specific (SI
Appendix, Fig. S9A).
Expression of the mymT gene encoding a copper-binding

metallothionein of Mtb was induced up to 1,000-fold in response
to copper and nitric oxide (12). Thus, an alternative explanation
for the increase the Cu susceptibility of the mctB mutant ML256
could be that the lack of MctB might indirectly reduce mymT

expression. However, a dot blot with a MymT-specific antibody
revealed that mymT expression was strongly induced to similar
levels in all three strains in the presence of 100 μM CuSO4 (SI
Appendix, Fig. S10). In addition, agar dilution experiments also
showed that the Mtb mctB mutant was not more susceptible to
compounds that generate nitric oxide (SI Appendix, Fig. S9C),
hydrogen peroxide (SI Appendix, Fig. S9D), or SDS (SI Appendix,
Fig. S9B). Taken together, these experiments showed that mctB
deletion does not cause a pleiotropic defect that would makeMtb
more susceptible to reactive nitrogen and oxygen intermediates or
cell-wall active compounds such as SDS, but rather it is the in-
creased accumulation that makes the Mtb mctB mutant more
susceptible to copper.
To assess the role of copper resistance in general and ofMctB in

the virulence ofMtb in particular, BALB/c mice were infected with
aerosols containingMtbH37Rv, themctBmutant ML256, and the
complemented mutant ML257. In the third week after infection,
10-fold fewerML256 bacilli were detected comparedwithWTMtb
(SI Appendix, Fig. S11A). However, expression of mctB did not
restore full virulence in the strain ML257, probably due to the
sixfold lower MctB levels in ML257 compared with WTMtb (Fig.
2B) and/or significantly lower initial inocula for the ML257-
infected mice. Importantly, survival of the Mtb mctB mutant
ML256 in the lungs of mice was severely compromised, resulting in
a 100-fold decrease in bacterial burden compared withWTMtb, in
mice that were fed CuSO4 in their diet (SI Appendix, Fig. S11B).
These observations indicate that the impaired survival ofML256 is
a Cu-specific effect. Further support for the beneficial effect of Cu
for mice infected with Mtb was provided by histopathology. Lung
sections of mice infected with both WT Mtb and ML256 showed
significantly fewer lymphocytic infiltrates and fewer overall lesions
when the mice were fed additional Cu (SI Appendix, Fig. S12).
The finding that hypoxia induces Cu transport into macro-

phages and, thereby, increases their bactericidal potential (7, 16)
and the fact that hypoxia does not exist inMtb-infected mice (17)
indicate that mice might not be a good animal model to examine
the role of MctB in virulence of Mtb. By contrast, in guinea pigs,
Mtb induces formation of discrete, granulomatous lesions with
central necrosis and dystrophic mineralization similar to those of
humans. We considered formation of these hypoxic granulomas
as important for assessing the role of Cu in the mammalian im-
mune system, because oxygen limitation was shown to stimulate
Cu delivery to phagosomes containing bacteria (16). To examine
the role of Cu in the response of guinea pigs to infection withMtb,
we isolated, microdissected and pooled granulomas from lungs of
guinea pigs infected with WT Mtb H37Rv and analyzed trace
minerals by flame atomic absorption spectrophotometry as de-
scribed (18). The Cu concentration in isolated primary granulo-
mas, where bacilli are concentrated, was significantly increased
compared with unaffected lung parenchyma (Fig. 3A). These data
show thatMtb is exposed to increased concentrations of Cu in vivo
in lung lesions of guinea pigs and indicate that guinea pigs are
a better animal model to evaluate the role of Cu resistance for
virulence of Mtb. Therefore, guinea pigs were infected by low-
dose aerosols with WT H37Rv, the isogenic ΔmctB mutant
(ML256), or the complemented mutant ML257. Thirty days after
infection, the bacterial burden of theΔmctBmutantML256 in the
lungs of infected guinea pigs was reduced by >1,000-fold com-
pared with WT Mtb. Low-level expression of mctB in ML257
partially complemented this virulence defect (Fig. 3B). The
ΔmctB mutant was also significantly impaired in dissemination
from the lung to the draining lymph nodes compared with theWT
and complemented (ML257) strains, but was not affected in its
ability to disseminate from the lung to the spleen (Fig. 3B). De-
spite its strong virulence defect, the ΔmctB mutant ML256
retained the ability to incite characteristic inflammatory lesions in
the lung, lymph nodes and spleens of infected guinea pigs. Fur-
ther, photomicrographs of representative lungs, lymph nodes, and
spleens for ML256, ML257, and WT Mtb H37Rv show charac-
teristic granulomatous inflammatory foci with central lesion ne-
crosis (SI Appendix, Fig. S13, Fig. S14, and Fig. S15), indicating
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that the attenuation of the ΔmctB mutant did not significantly
alter the host response compared with WT Mtb. Taken together
these data show that the loss of MctB caused a drastic virulence
defect of Mtb in guinea pigs, which is primarily due to a much
lower bacterial burden in the lungs.

Discussion
MctB (Rv1698, Ms3747) was discovered as an outer membrane
channel protein with no homologs of known function (13). In this
study, we show that MctB is required to maintain a nontoxic level
of intracellular Cu in mycobacteria, implying that MctB is in-
volved in Cu efflux. Support for this hypothesis is provided by the
finding that mctB mutants are more susceptible to copper in
contrast to porin mutants, which are typically more resistant to
the transported solutes (19). Functionally similar proteins are
known in Gram-negative bacteria. For example, the Cus efflux
system is required for efficient Cu resistance by E. coli and
consists of the inner membrane pump CusA, the outer mem-
brane channel CusC, and the periplasmic membrane fusion
protein CusB (20). Our finding that Ms3747 is required for re-
sistance of M. smegmatis to Cu(I) and Ag(I) indicates that the
main substrate of this efflux system is cytotoxic Cu(I) ions. In-
teraction of MctB with the putative Cu efflux pump CtpV (9)
could provide the ion specificity and the energy for efflux against
the concentration gradient and, hence, would explain the sur-
prising specificity of the MctB pore for Cu(I) and Ag(I) despite
its large single channel conductance of 4.3 nS (13). This principle
is demonstrated by the tripartite metal and drug efflux systems in
Gram-negative bacteria (21).
The minimal inhibitory concentration of Cu forMtb is <24 μM

(SI Appendix, Fig. S7), which is much lower than that of E. coli
(≈3 mM) or of other bacteria (20). In addition, Cu appears to
be bactericidal for Mtb (9) in contrast to M. smegmatis, whose
growth is strongly delayed by high Cu concentrations (SI

Appendix, Fig. S3), but eventually recovers to yield normal col-
ony sizes. Importantly, Cu concentrations in the range of the
minimal inhibitory concentration for Mtb have been determined
in phagosomes of macrophages infected with M. avium and Mtb
by microprobe X-ray fluorescence (8). Thus, Cu concentrations
lethal to Mtb appear to exist in the phagosome of activated
macrophages. These findings indicate that macrophages use Cu
as a defensive weapon against Mtb and possibly other bacterial
pathogens. Indeed, the Cu transporter ATP7A was required for
full bactericidal activity of macrophages against E. coli (7). In-
terestingly, both IFN-γ and hypoxia stimulate trafficking of the
Cu transporter ATP7A from the Golgi to phagosomes (7, 16).
Hypoxia also increased expression of the Cu importer CTR1
(Fig. 4) and, hence, stimulated Cu uptake by macrophages
resulting in increased Cu delivery to the ATP7A Cu transporter,
in trafficking of ATP7A to cytoplasmic vesicles, and decreased
expression of Cu-containing enzymes (16). Thus, upon stimula-
tion with IFN-γ and under hypoxic conditions, both of which are
crucial responses of the immune system to infection with Mtb
(17, 22), macrophages increase Cu uptake and redirect the
available Cu to ATP7A for delivery into phagosomes (Fig. 4).
Considering the compelling in vitro data that Cu plays a key

role in the bactericidal activity of macrophages, it is tempting to
speculate that Cu resistance mechanisms ofMtb are important for
bacterial virulence. However, previous studies showed only
a modest increase in Cu susceptibility ofMtb in the absence of the
copper-binding metallothionein MymT (12) and the putative in-
ner membrane CtpV (11) and no or only a minor virulence defect
in mice or guinea pigs. By contrast, the survival of the ΔmctB
mutantML256 in the lungs of guinea pigs was strongly impaired as
compared with WT Mtb, resulting in a 1,000- and 100-fold re-
duced bacterial burden in lungs and lymph nodes (Fig. 3B). These
results indicate that the role ofMctB in Cu resistance ofMtb is less
redundant than that of MymT or CtpV. Taken together, the

Fig. 3. MctB-mediated copper resistance is required for virulence ofM. tuberculosis in guinea pigs. (A) Cu concentrations in granulomatous lesions fromguinea
pigs infected withMtb H37Rv. Tissue Cu was measured by atomic absorption spectroscopy in homogenates of lung parenchyma of five uninfected guinea pigs,
and pooled primary granulomas were isolated by microdissection from lungs of five infected guinea pigs. *P ≤ 0.05. (B–D) Guinea pigs were infected withMtb
WT H37Rv (dark gray bars), the ΔmctBmutant ML256 (medium gray bars), and the complemented mutant ML257 (light gray bars). (B) The bacterial burden in
lung, lymph node, and spleen was determined from tissue homogenates from guinea pigs 30 d after infection. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001; number of
infected animals per data point: n = 5. (C) Lung lesions were quantified from the area of total lung parenchyma affected by granulomatous inflammation. Data
represents the mean percentage of affected lung for each treatment group or the mean percent area of lesions with necrosis. *P ≤ 0.05, **P ≤ 0.01; n = 5. (D)
Lymph node lesions were quantified from the area of total lymph node parenchyma affected by granulomatous inflammation. Data represents the mean
percentage of affected lymph node for each treatment group or the mean percent area of lesions with necrosis. *P ≤ 0.05, **P ≤ 0.01; n = 5.
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increase of copper in the Mtb-containing granulomas of guinea
pigs and the infection experiments in this study strongly indicate
that Cu is used by mammalian immune systems to control growth
of Mtb and demonstrate that, in turn, Cu resistance mechanisms
are crucial for virulence of Mtb. The smaller virulence defect of
the ΔmctBmutant in mice is likely due to the fact that mice do not
form hypoxic granulomas (17). Because granuloma formation is
a hallmark of the human immune response to infections withMtb
(22, 23), these findings also indicate that Cu might play a crucial
role in humans infected with Mtb.
This study demonstrates that Cu resistance is crucial for sur-

vival of Mtb in the mammalian host. Based on the findings of this
study, we propose the following model of how the mammalian
immune system might control Mtb by using a Cu-dependent
mechanism (Fig. 4). Macrophages generate an oxidative burst
against intracellular pathogens that includes the release of hy-
drogen peroxide (24). Hydrogen peroxide, in contrast to other
reactive oxygen species, can diffuse well through membranes (25).
The immune system responds to infection withMtb by secretion of
IFN-γ by CD4+-T cells (26) that, in addition to other reactions,
stimulates expression of the high-affinity copper importer CTR1
in macrophages (7). Hypoxic conditions, a hallmark of granulo-
mas formed in humans after lung infection withMtb, induceCTR1
expression and the chaperoneATOX1 and the copper transporter
ATP7A (16) redirect Cu traffic to theMtb-containing phagosome.
Higher concentrations of Cu increases the formation of toxic
hydroxyl radicals from hydrogen peroxide, a reaction that is cat-
alyzed by Cu(I) (3). To protect itself from toxic effects of free Cu
(I)Mtb utilizes at least two resistance mechanisms (Fig. 4), which
might be partially redundant as observed for E. coli (15): se-
questration of Cu by the metallothionein MymT (12) and prob-
ably efflux by the inner membrane transporter CtpV (11). The
channel proteinMctBmight interact with CtpV to enable efflux of
Cu across the outer membrane ofMtb. The observation thatMctB
is required for virulence of Mtb in guinea pigs suggests that the
binding capacity of MymT might be eventually overwhelmed in
the absence of MctB.
This study revealed an alternative target for tuberculosis che-

motherapy, in which MctB might be inactivated by a drug and,
thereby, makes Mtb more vulnerable to Cu ions used by macro-
phages to kill Mtb. Such an approach may lead to a new class of
anti-infectives that could sensitize pathogens to host immune
responses by inhibiting bacterial defense mechanisms as recently
described by Carl Nathan and colleagues (27). Targeting MctB

might be a promising strategy because the surface accessibility of
MctB (28) may enable putative inhibitors to reach its target di-
rectly without the need to cross the notoriously impermeable
outer membrane of Mtb, a major determinant of intrinsic drug
resistance (29).

Materials and Methods
Bacterial Strains and Growth Conditions. The strains used in this study are
listed in SI Appendix, Table S3. Media and growth conditions are described in
SI Appendix.

Plasmid Construction. Construction of the plasmids is described in SI Ap-
pendix, Table S2.

Construction of the ΔmctB Mutants of M. smegmatis and Mtb. The mctB
mutants of M. smegmatis (ms3747) and Mtb (rv1698) were constructed by
using a two-step selection strategy as described in SI Appendix.

Preparation and Analysis of Protein Extracts. An overnight culture of
M. smegmatis grown in self-made 7H9 (7H9sm) medium was used to in-
oculate 7H9sm medium with or without copper. Proteins were extracted
from M. smegmatis by using 2% SDS in PBS at 40 °C as described (13). Pro-
teins were analyzed in Western blots by using specific antibodies raised
against MctB (5D1.23), MymT (kindly provided by Ben Gold), and horseradish
peroxidase-coupled anti-mouse or anti-rabbit secondary antibodies as de-
scribed (30). For further details, see SI Appendix.

Metal Susceptibility Assays. To determine the susceptibility of WT M. smeg-
matis and ML77 to copper, self-made 7H10 (7H10sm) plates were prepared
containing different concentrations of CuSO4. The strains were grown in
7H9sm medium without Cu overnight. The cultures were filtered through
a 5-μm filter to obtain single-cell suspensions. Plates with appropriate dilu-
tions were incubated at 37 °C. The susceptibility of M. smegmatis to silver,
mercury, and cobalt was measured on Mueller-Hinton agar plates to prevent
formation of water-insoluble salts. The concentration of AgNO3, HgCl, and
CoCl2 in these plates was 1.6, 8, 40, and 200 μM. Copper sulfate was used as
a control. Mtb was grown in 7H9/OADC medium for 7 d. Appropriate dilu-
tions were dropped on 7H11 agar plates containing CuSO4, ammonium iron
(III) citrate, MnCl2, ZnCl2, and NiCl2 at the indicated concentrations.

Copper Accumulation. Precultures of M. smegmatis strains were grown in
7H9sm medium without copper. Then, three cultures of each M. smegmatis
strain were inoculated in 7H9sm medium with 0, 6.3, or 25 μM CuSO4 and
shaken at 37 °C. Samples were taken 36 h after inoculation. Precultures of
each Mtb strain were grown in HdB medium (30 mL) with 0.8 μM CuSO4 and
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Fig. 4. Role of copper in bactericidal activity of macrophages and model of copper-resistance mechanisms of M. tuberculosis. Cu(II) is taken up across the
plasma membrane of macrophages by the high-affinity Cu transporter Ctr1 (32). The Cu-chaperon Atox1 is a cytoplasmic Cu-binding and -transport protein
that interacts with the Cu(II)-transporting ATPase Atp7A (33). In macrophages stimulated by IFN-γ or by hypoxia, cytoplasmic vesicles that contain Atp7A fuse
with phagosomes (16). As a consequence, Cu is pumped into the phagosome, which contributes to its bactericidal activity (7). MctB is a pore-forming protein
located in the outer membrane (OM) of Mtb (13) and prevents the accumulation of Cu within the mycobacterial cell probably by efflux of cuprous ions.
Another important component of Cu homeostasis in Mtb is the cytoplasmic Cu-binding metallothionein MymT (12). The inner membrane (IM) transporter
CtpV might be a Cu efflux protein (9, 11).
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used to inoculate triplicate cultures for each Cu concentration by using the
same medium (25 mL). All Mtb cultures were incubated for 8 d at 37 °C
before the CuSO4 concentration was either kept at 0.8 μM or adjusted to 6.3
or 25 μM. Samples were taken after 10 d. Generally, samples were centri-
fuged at 3,250 × g and washed twice in the appropriate medium without
added Cu. For Mtb, the washed pellets were resuspended in 0.5 mL of ultra-
pure water and boiled for 1 h to inactivate Mtb. All samples were dried at
60 °C overnight under vacuum. Dried pellets were suspended in 600 μL of
H2O and sonicated for 20 min in a sonicator bath. The Cu content of the cells
was analyzed by using the photometric dithizone assay as published (14). For
details, see SI Appendix.

Experimental Infections in Mice. A preliminary Cu tolerance study was per-
formed in which three groups of BALB/c mice (Charles River) were given
water ad libitum containing 118 mg/L, 1180 mg/L, or 11.8 g/L Cu sulfate
pentahydrate (Sigma). The mice were monitored for 2 wk. A concentration
of 118 mg/L Cu sulfate pentahydrate did not cause any signs of distress in
mice and was chosen for further experiments.

Midlog phase cultures of WT Mtb, the mctB mutant ML256, and the com-
plemented mutant ML257 were diluted to OD600 ≈ 0.08 to implant 500–1,000
bacilli in the lungs of mice by using aMiddlebrook inhalation exposure system
(Glas-Col). Eighty 4- to 6-wk-old BALB/c mice were infected with WT Mtb
H37Rv or ML256, and 40 mice were infected with ML257. One day after in-
fection, half of the infected mice were separated and given water ad libitum
containing 118 mg/L Cu sulfate pentahydrate. Four mice from each group
were weighed and killed at days 1, 7, 14, 28, 84, and 112 after infection to
determine the number of bacilli in the lung and spleen. Mouse organs were
aseptically removed, homogenized, and serially diluted. Appropriate dilutions
were plated onto Middlebrook 7H11 agar plates to determine the colony-
forming units. For histological analysis, representative tissue samples from
each group were fixed in 10% formaldehyde, embedded in parraffin, sec-
tioned, and stainedwith hematoxylin and eosin by using standard procedures.

Experimental Infections in Guinea Pigs. Guinea pigs were infected with
M. tuberculosis strains H37Rv, ML 256, and ML257 by using an aerosol
chamber, and determination of the bacterial load and histological analysis
were done as described (31). Five animals were analyzed at each time point.
For further details see SI Appendix. Grossly visible primary lung lesions for
chemical analysis were dissected from paraformaldehyde fixed lungs of five
guinea pigs infected with Mtb. Lungs were embedded in low melting point
agar and sectioned into 3-mm slices. A subset of slices was selected by uni-
form random sampling. From those slices, individual primary lesions were
dissected from lungs and pooled (>1 gram per animal). Equal quantities of
samples collected in a similar fashion from paraformaldehyde-fixed lungs of
five noninfected animals were used as negative controls. Pooled tissue
samples from each animal were dried overnight in a drying oven at 85 °C,
weighed to determine total dry weight per sample, and ashed overnight in
a muffle furnace at 600 °C. The ashed samples were allowed to cool and
then dissolved in nitric acid. The solutions were sonicated to complete dis-
solution. The resulting acid solution was diluted with deionized water for Cu
analyses. Copper concentrations were determined via flame atomic ab-
sorption spectroscopy as described (19). The values for each of the five
animals were averaged, and tissue concentrations were reported as parts per
million of pooled samples on a dry weight basis.
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