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COPPER HOMEOSTASIS IN MYCOBACTERIA 

JENNIFER L. ROWLAND 

MICROBIOLOGY DEPARTMENT GRADUATE PROGRAM 

ABSTRACT 

Mycobacterium tuberculosis, the causative agent on tuberculosis in humans, is a 

globally important pathogen. In 2013, nearly 1.2 million people died from tuberculosis. 

Drug treatments and effective vaccines are lacking for this pathogen. A better 

understanding of the basic physiology of M. tuberculosis is required to improve disease 

outcomes. Upon inhalation into the lungs, M. tuberculosis is taken up by macrophages, in 

a process called phagocytosis, which normally destroys invading bacteria. As the 

phagosome inside the macrophage matures, bactericidal mechanisms are activated 

including: lowering pH, and introducing reactive oxygen and nitrogen species and 

hydrolytic enzymes to degrade bacterial cell walls. Additionally, macrophages mobilize 

metals as part of their bactericidal response, by sequestering essential iron and 

magnesium from bacteria and accumulating toxic levels of copper and zinc. However, M. 

tuberculosis blocks the normal phagosome maturation pathway, and instead survives and 

replicates inside macrophages. 

Based on the observation that copper resistance is required for virulence of M. 

tuberculosis in animal models, we hypothesized that M. tuberculosis has multiple copper 

resistance mechanisms.  In order to better understand virulence of M. tuberculosis, we 

aimed to elaborate its copper homeostasis mechanisms. First, we characterized a 

multicopper oxidase and determined its role in copper resistance. Multicopper oxidases 

are involved in copper resistance and virulence in some pathogenic bacteria. The M. 
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tuberculosis genome encodes one predicted multicopper oxidase, which is conserved 

among pathogenic mycobacteria. We showed that this protein indeed has multicopper 

oxidase activity and that it is required for copper resistance in M. tuberculosis. Further, 

the proteins required for copper entry into mycobacterial cells are unknown. We showed 

that general porins of M. smegmatis and M. tuberculosis are required for copper uptake. 

These results reveal important aspects of copper homeostasis mechanisms in M. 

tuberculosis.   

 

 

Keywords: M. tuberculosis, copper resistance, multicopper oxidase, porin. 
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INTRODUCTION 

Mycobacterium tuberculosis as a Global Health Threat 

Mycobacterium tuberculosis, the causative agent of tuberculosis (TB) in humans, 

is a globally important pathogen. It is estimated that one-third of the world’s population 

is infected with M. tuberculosis; in 2012 there were 8.6 million new infections and 1.2 

million deaths in 2013 (WorldHealthOrganization, 2013). Currently there is one vaccine 

against M. tuberculosis infection, the live, attenuated strain M. bovis bacillus Calmette-

Guerin (commonly called the BCG vaccine) with limited efficacy, protecting zero to 

eighty percent of recipients depending on a variety of factors (Brandt et al., 2002). 

Immunity from the BCG vaccine wanes early, limiting its protection to children under 10 

years of age (Brandt et al., 2002). Without a vaccine offering strong, life-long protection 

in a greater portion of the population, antibiotics are required to treat tuberculosis and 

limit disease spread.  

Drug treatment regimens against M. tuberculosis require multiple antibiotics 

given over a period of at least six months, sometimes extending up to two years. The 

length, difficulty and cost of treatment can lead to poor compliance among patients, 

resulting in the development of drug resistant strains. Additionally, the prevalence of 

multi- and extensively-drug resistant strains is increasing (WorldHealthOrganization, 

2013). While cure rates for drug-susceptible TB are high (up to 95% if the regimen is 

completed as directed) (Koul et al., 2011), the emergence and spread of drug resistant TB 

portends a global health crisis for which new treatments and better vaccines must be 
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found. In order to develop these new tools, a better understanding of the pathogen and its 

interactions with the host is needed. 

 

M. tuberculosis and the Host 

M. tuberculosis is an intracellular pathogen that survives and replicates inside host 

alveolar macrophages. Normally, macrophages that encounter invading bacteria undergo 

a regulated process to kill and destroy the bacteria. Macrophages first engulf the 

bacterium by phagocytosis and the phagosome matures through a series of fusions with 

other compartments. This maturation process results in a toxic, bactericidal environment 

including: reactive oxygen species (ROS) and reactive nitrogen species (RNS) which 

damagae proteins, DNA and lipids; and lipases, proteases and hydrolases to degrade the 

cell wall (Figure 1) (Flannagan et al., 2009). Additionally the mature phagosome is a 

nutrient poor environment (Flannagan et al., 2009). M. tuberculosis inhibits the normal 

phagosomal maturation process at some point along the continuum, thereby allowing 

survival and growth (Flannagan et al., 2009). However, upon interferon- activation, 

macrophages are able to overcome this block and increase their bactericidal activity 

against M. tuberculosis (MacMicking et al., 2003; Schaible et al., 1998). Therefore, M. 

tuberculosis has developed mechanisms to resist the stressful environment of the 

macrophage phagosome; chief among these is the highly impermeable outer membrane 

(Niederweis et al., 2010; Purdy et al., 2009). 
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Figure 1. Macrophage phagosome maturation. Upon encountering an invading 

bacterium, macrophages undergo a regulated process to take up and destroy the 

bacterium. As the phagosome matures, stresses are introduced and increased. V-ATPases 

pump protons into the environment, reducing the pH. Reactive oxygen species and 

reactive nitrogen species are created to increase the bactericidal activity of the 

environment. Proteases, lipases and hydrolases are introduced to degrade the bacterial 

cell wall (Flannagan et al., 2009).  

 

Metals and the Bactericidal Activity of Macrophages 

In addition to introducing chemical and proteinaceous stressors to the phagosome, 

macrophages also mobilize essential metals to increase bactericidal activities (Figure 2). 

Many metals are required for life: iron and copper are used in electron transport and 

energy generation; manganese, magnesium and calcium are required for transcription and 

translation; zinc is required in enzymes and in regulatory proteins.  In the prototypical 

example of withholding an essential metal, iron is excluded from the phagosome. 

NRAMP1 cation transporters pump iron and manganese out of the phagosome and 

sequestered by other proteins: ferritin binds iron intracellularly and, lactoferrin and 

transferrin bind iron in extracellular spaces; calprotectin binds manganese extracellularly 

(Figure 2) (Hood and Skaar, 2012). Thus, M. tuberculosis employs mechanisms to obtain 
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necessary levels of iron by deploying small molecule iron chelators, called siderophores 

(Rodriguez, 2006). 

In contrast, essential metals that are also highly toxic such as copper and zinc, are 

actively pumped into the phagosome and increase its bactericidal activity (Figure 2). Zinc 

likely exerts bactericidal activity through metal ion replacement in proteins and enzymes 

that require other metals (i.e. manganese) for function (McDevitt et al., 2011). Copper is 

toxic through a variety of mechanisms, due to its high redox potential (Crichton and 

Pierre, 2001).  The mechanisms of copper toxicity and its role in controlling infections 

will be discussed in greater detail below. 

 

Figure 2. Mobilization of metals in macrophages in response to infection. V-ATPases 

pump protons into the phagosome to reduce pH. The cation transporter NRAMP1 

effluxes iron (Fe
2+

) and manganese (Mn
2+

) out of the phagosome, starving the bacterium 

(Mtb) of these essential metals (Hood and Skaar, 2012). An unknown zinc transporter 

pumps Zn
2+

 ions into the phagosome, increasing stress on the bacterium through zinc 

toxicity (Botella et al., 2011). Increased CTR1 pumps copper ions into the cytoplasm 

where they are immediately bound by the chaperone ATOX1. ATP7A abundance 

increases and the protein relocalizes from the golgi network to the phagosomal 

membrane, resulting in increased toxic copper in the phagosome (White et al., 2009).  
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The Dual Nature of Copper 

Copper is essential in almost all organisms due to its redox potential (Pena et al., 

1999); copper is readily able to cycle between the Cu
1+

 and Cu
2+

 states in biological 

systems (Crichton and Pierre, 2001). Copper is an important cofactor in a variety of 

enzymes such as: tyrosinases, used in melanin generation; amine oxidases, which are 

involved in neurotransmitter generation; methane monooxygenases, used in energy 

generation by methanotrophs; multicopper oxidases, which oxidize a wide variety of 

substrates; and superoxide dismutases, to protect cells against oxidative stress 

(Balasubramanian and Rosenzweig, 2007; Grass et al., 2011; Linder and Hazegh-Azam, 

1996; Pena et al., 1999). In M. tuberculosis, there are at least two enzymes known to 

require copper for activity. Copper is required as the terminal electron acceptor in 

cytochrome c oxidase, an enzyme essential for aerobic growth (Shi et al., 2005). The 

Cu,Zn superoxide dismutase of M. tuberculosis, SodC, is required for virulence to 

combat the oxidative burst within host macrophages (Piddington et al., 2001). The role of 

copper in energy generation and oxidative radical reduction make this element essential 

for cellular viability. 

However, copper is also toxic to cells in high concentrations. Copper exerts 

toxicity through a variety of methods. In vitro copper is able to produce hydroxyl radicals 

from hydrogen peroxide through the Fenton reaction (reactions 1-2 below), but this is 

unlikely to occur in the cytoplasm of bacterial cells (Macomber et al., 2007).  

(1) Xred + Cu
2+

 → Xox + Cu
1+

 

(2) Cu
1+

 + H2O2 → Cu
2+

 + OH
-
 + HO˙ 
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Bacteria strongly regulate the availability of copper, by sequestration and efflux; 

indeed, there is likely no free copper in the cytoplasm of bacterial cells under standard 

conditions (Changela et al., 2003; Outten and O'Halloran, 2001). Furthermore, copper 

appears more toxic under anaerobic conditions, when Fenton chemistry is impossible 

(Macomber and Imlay, 2009). Instead of acting by Fenton chemistry, copper is toxic 

through other means. Copper displaces iron-sulfur clusters and causes their breakdown, 

inactivating a number of enzymes and other proteins (Macomber and Imlay, 2009). 

Copper can also induce incorrect disulfide bond formation, inactivating proteins in the 

periplasm (Hiniker et al., 2005). Finally, copper can oxidize lipids, inducing membrane 

damage (Dupont et al., 2011). Cells must maintain the proper balance of copper required 

for function while limiting the damage from this highly redox active metal.  

 

Copper is Required by Mammalian Immune Systems 

Copper is required for the proper growth and development of animals on a total 

organismal level. Complete loss of the copper transporter ATP7A results in embryonic 

lethality, likely due to loss of activity of several copper-containing enzymes, which are 

required for embryogenesis (Wang et al., 2012). For example, among other defects, atp7a 

null embryos fail to develop proper vasculature. Lysyl oxidase is an enzyme involved in 

connective tissue generation and proper development of vasculature; it is likely this 

enzyme has reduced copper occupancy and thus reduced function in the mice lacking 

ATP7A (Wang et al., 2012). 

Copper is also required for the development of the human immune system, 

through a variety of mechanisms. Copper plays an important role in the generation of 
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antibodies, and is therefore a critical component of the adaptive immune response 

(Prohaska and Lukasewycz, 1981). Humans and animals living on a copper deficient diet 

show a variety of changes in immune effector cells and functions. Copper deficiency 

causes atrophy and loss of function of the thymus and reduced T-cell proliferation, 

decreased numbers of circulating monocytes and neutrophils, and decreased cytokine 

secretion (Munoz et al., 2007). Furthermore, copper deficiency is associated with reduced 

respiratory burst and phagocytic activity of macrophages (Munoz et al., 2007). 

In humans, individuals with the hereditary Menkes disease, the result of mutations 

in the copper transporter ATP7A, are more susceptible to a variety of bacterial and fungal 

infections (Failla and Hopkins, 1998). Children surviving on nutrient-limited diets are 

also more susceptible to infection, which can be alleviated with the simple addition of 

extra copper in their diets (Castillo-Duran et al., 1983). These afflictions highlight the 

importance of copper to promote a fully functional immune system.  

Importantly, copper plays a direct role in the innate immune response. Addition of 

copper to growth medium increases the bactericidal activity of macrophages (White et 

al., 2009). Macrophages actively accumulate copper in bacteria containing phagosomes 

(Wagner et al., 2005). Copper transporters CTR1 and ATP7A are responsible for the 

increase in cellular copper and phagosomal copper, respectively (Figure 2). Expression of 

both atp7a and ctr1 is increased in macrophages upon exposure to lipopolysaccharide or 

interferon-γ activation (White et al., 2009). Upon phagocytosis of a bacterium, ATP7A 

relocalizes from the golgi network to the phagosome (Figure 2), where the copper 

concentration increases (Wagner et al., 2005; White et al., 2009). Bacteria require copper 

resistance mechanisms in order to survive the increased copper in the phagosome (White 
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et al., 2009). Furthermore, when ATP7A protein levels are reduced, bacteria are better 

able to survive in the phagosome (White et al., 2009). The molecular involvement of 

ATP7A in controlling infections partially explains why children with Menkes disease 

suffer a higher rate of bacterial infections.  

 

Copper Resistance is Required for Virulence 

Copper resistance is required for virulence of both Gram-negative and Gram-

positive species of bacteria. In particular, several intracellular pathogens require copper 

efflux for survival in macrophages. The intracellular pathogen Salmonella enterica sv. 

Typhimurium (S. Typhimurium) requires copper effluxing P-type ATPases for survival in 

macrophages (Osman et al., 2010). The Gram-positive Listeria monocytogenes, another 

intracellular pathogen, also requires copper efflux for persistence in the liver in a mouse 

infection model (Francis and Thomas, 1997). CopA1 and CopA2, the copper efflux 

pumps of Pseudomonas aeruginosa, an extracellular pathogen, are required to establish 

infection in an Arabidopsis thaliana model system (Gonzalez-Guerrero et al., 2010).  

Copper efflux is not the only mechanisms of copper resistance required for 

virulence. The multicopper oxidase CueO of S. Typhimurium is required for full mouse 

colonization, but not for resistance to killing by macrophages (Achard et al., 2010).  A 

periplasmic copper chaperone of Streptococcus pneumoniae is required for copper 

resistance and virulence (Fu et al., 2013; Shafeeq et al., 2011).  

New evidence suggests that even siderophores, the keystone of iron acquisition 

during virulence, play an active role in protecting pathogenic bacteria against copper-

mediated killing. Yersiniabactin, a siderophore of uropathogenic E. coli, binds copper 

file:///C:/Users/rowlandj/Desktop/thesis%20docs/JR_thesis_intro_disc_refs_8.docx%23_ENREF_87
file:///C:/Users/rowlandj/Desktop/thesis%20docs/JR_thesis_intro_disc_refs_8.docx%23_ENREF_87
file:///C:/Users/rowlandj/Desktop/thesis%20docs/JR_thesis_intro_disc_refs_8.docx%23_ENREF_53
file:///C:/Users/rowlandj/Desktop/thesis%20docs/JR_thesis_intro_disc_refs_8.docx%23_ENREF_20
file:///C:/Users/rowlandj/Desktop/thesis%20docs/JR_thesis_intro_disc_refs_8.docx%23_ENREF_24
file:///C:/Users/rowlandj/Desktop/thesis%20docs/JR_thesis_intro_disc_refs_8.docx%23_ENREF_1
file:///C:/Users/rowlandj/Desktop/thesis%20docs/JR_thesis_intro_disc_refs_8.docx%23_ENREF_21
file:///C:/Users/rowlandj/Desktop/thesis%20docs/JR_thesis_intro_disc_refs_8.docx%23_ENREF_71


 

9 

 

and protects against copper toxicity both extracellulary and upon phagocytosis by 

macrophages (Chaturvedi et al., 2012; Chaturvedi et al., 2013). Thus, many mechanisms 

of copper resistance contribute to virulence or survival of bacteria. 

 

Copper Homeostasis Mechanisms of E. coli 

The copper resistance mechanisms of several model bacteria, including the Gram-

negative E. coli and Gram-positive Enterococcus hirae, are well described (Rensing and 

Grass, 2003; Solioz and Stoyanov, 2003). In contrast, those of M. tuberculosis are 

relatively obscure. Because M. tuberculosis has an outer membrane (Hoffmann et al., 

2008), it is useful to compare to E. coli and other Gram-negative species to identify 

potential components of copper resistance (Figure 3).  

It is unknown how copper enters Gram-negative cells across the outer membrane. 

It is assumed that general porins are the main entry point for copper into cells. Mutations 

in E. coli that resulted in copper resistance pointed to outer membrane proteins for copper 

entry (Lutkenhaus, 1977), but this research was not confirmed (Li et al., 1997). 

Paradoxically, deletion mutants of several genes encoding general porins resulted in 

increased copper susceptibility in E. coli (Egler et al., 2005). The methanotrophic 

bacterium Methylosinus trichosporium OB3b utilizes two pathways to obtain copper, 

likely because of its high copper requirements (Balasubramanian et al., 2011). First, M. 

trichosporium utilizes copper-binding methanobactin to bind and retrieve copper from its 

environment, in a system analogous to siderophore-mediated iron uptake 

(Balasubramanian et al., 2011). Secondly, M. trichosporium utilizes general porins to 

take up additional copper, although the specific identities of such porins are unknown 
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(Balasubramanian et al., 2011). Thus the mechanism for copper entry in many bacteria 

remains enigmatic.  

E. coli uses several overlapping mechanisms to respond to copper overload and 

prevent toxicity. There are two chromosomally encoded copper efflux systems: a P-type 

ATPase, CopA, pumps copper from the cytoplasm to the periplasm while the CusABC 

tripartite efflux pump moves copper from the cytoplasm and periplasm to the 

extracellular space (Rensing and Grass, 2003). An additional component of the Cus 

system, CusF, acts as a periplasmic copper chaperone and may deliver copper to 

CusABC (Bagai et al., 2008). A multicopper oxidase, CueO, prevents copper toxicity in 

the periplasm, likely by oxidizing toxic Cu
1+

 to less toxic Cu
2+

 (Grass and Rensing, 2001; 

Singh et al., 2004). The transcriptional regulator CueR is an activator that increases 

transcription of copA and cueO when cytoplasmic copper levels increase (Outten et al., 

2000; Stoyanov et al., 2001). The two-component regulator CusRS increases expression 

of the cusCFBA operon when periplasmic copper increases (Outten et al., 2001). 

 

Copper Homeostasis Mechanisms of M. tuberculosis 

Despite being studied since 1882 (Koch, 1882), much of the basic physiology of 

M. tuberculosis is poorly understood. The full complement of copper resistance 

mechanisms in M. tuberculosis has not been characterized (Rowland and Niederweis, 

2012). In-depth characterization of copper homeostasis in M. tuberculosis will provide 

valuable insight into the ability of the bacterium to survive and replicate in the toxic 

macrophage phagosome. 
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Figure 3. Copper homeostasis in M. tuberculosis and E. coli. The thicknesses of the 

membranes were drawn according to measurements derived from cryo-electron 

microscopy. The size of the periplasmic space in mycobacteria is larger compared to E. 

coli, but is not shown proportionally in this figure. A. In M. tuberculosis outer membrane 

proteins involved in copper uptake or efflux are unknown. CtpV is an inner membrane 

(IM) transporter which likely functions as a copper efflux pump and whose expression is 

regulated by CsoR (PDB: 2HH7). Rv0846c is a putative multi-copper oxidase. The exact 

localization of the membrane protein Rv1698 (MctB) which reduces intracellular copper 

levels is unknown. mymT encodes a cytoplasmic copper metallothionein whose 

expression is regulated by RicR. Other genes in the RicR regulon (rv2963, socAB and 

lpqS) have undetermined functions. RicR and CsoR are both repressors which are 

induced by copper binding. B. In E. coli the tripartite efflux pump CusABC transports 

copper from the cytoplasm to the extracellular space (CusAB, PDB: 3NE5; CusC, PDB: 

3PIK). CusF (PDB: 2VB2) may act as a periplasmic copper chaperone. CueO (PDB 
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1KV7) is a multi-copper oxidase and CopA is an IM copper transporting P-type ATPase. 

The two-component regulator CusSR activates transcription of cusCFBA, but does not 

regulate its own transcription. CueR (PDB 1Q05) binds copper to activate transcription of 

copA and cueO. Molecular structures were prepared using the UCSF Chimera program 

(Pettersen et al., 2004). Figure and legend reused with permission (Rowland and 

Niederweis, 2012). 

 

There are many differences in the copper homeostasis machinery of M. 

tuberculosis compared to E. coli (Figure 3).  While there are known general porins in M. 

smegmatis, no such proteins exist in M. tuberculosis. It is unknown how copper is 

transported across the outer membrane of M. tuberculosis. Like E. coli, M. tuberculosis 

has a P-type ATPase, CtpV, that effluxes excess copper from the cytoplasm to the 

periplasm; CtpV partially contributes to virulence of M. tuberculosis (Ward et al., 2010). 

There is no known tripartite copper efflux system in M. tuberculosis and no homologues 

of any of the proteins in the CusABCF system. M. tuberculosis has an additional 

component to protect against copper stress, copper metallothionein MymT, which binds 

four to six copper ions, sequestering them from the cytoplasm (Gold et al., 2008). Copper 

metallothioneins are common in eukaryotes, but as yet there is no data that they are 

widely distributed in prokaryotes (Blindauer, 2011). While MymT has high copper 

binding capacity and contributes to in vitro copper resistance, it is not required for 

virulence (Gold et al., 2008).  

Another component of copper resistance in M. tuberculosis is the MctB/Rv1698 

protein, encoded by gene rv1698. MctB is conserved among mycolic acid containing 

bacteria (i.e. all mycobacteria and corynebacteria) but has no predicted function (Siroy et 

al., 2008). MctB is required for copper resistance and virulence in M. tuberculosis 
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(Wolschendorf et al., 2011). Initially, MctB was thought to be an outer membrane 

component of copper efflux, however, more recent evidence revealed that MctB is 

localized to the periplasm and is not surface accessible (Figure 3) (Siroy, et al. in 

preparation). MctB is membrane associated through a hydrophobic N-terminal helix, 

which remains uncleaved after translocation to the periplasm (Figure 3) (Siroy, et al., in 

preparation). Thus, MctB contributes to copper resistance of M. tuberculosis through an 

unknown mechanism. 

There are two known copper responsive transcriptional regulators in M. 

tuberculosis (Figure 3). The regulator CsoR binds excess copper in the cytoplasm, 

releasing its target DNA and allowing transcription to proceed (Liu et al., 2007). CsoR 

regulates only its own operon, which includes ctpV (rv0969) and two other genes 

encoding proteins with unknown functions (Rv0968 and Rv0970) (Liu et al., 2007). In 

contrast, RicR is a global copper responsive regulator. RicR acts in a manner similar to 

CsoR, by binding copper and derepressing transcription (Festa et al., 2011). RicR 

regulates expression of the metallothionein mymT and many genes whose protein 

products have unknown functions (Festa et al., 2011). RicR also regulates expression of 

rv0846c, a putative multicopper oxidase (Festa et al., 2011). Rv0846c is conserved 

among pathogenic mycobacteria, but notably lacking from non-pathogenic species, 

indicating a potential role in virulence (Table 1).  
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Table 1. Conservation of Rv0846c putative multicopper oxidase amongst 

mycobacteria by percent amino acid identity. 

 

Organism Protein Identity 

M. tuberculosis Rv0846c 100 

M. bovis Mb0869c 99 

M. marinum MMAR_4770 71 

M. avium avium  MaviaA2_03747 70 

M. avium paratuberculosis  MAP0701c 69 

Corynebacterium glutamicum Cg3287 (NCgl2865) 43 

C. diphtheriae CDHC02_0060 42 

E. coli CueO 23 

 

Aims of this Dissertation 

In this work the components of copper homeostasis in M. tuberculosis are further 

characterized. Because multicopper oxidases play an important role in copper resistance 

and virulence in other bacteria, we investigated the putative multicopper oxidase of M. 

tuberculosis, Rv0846c. First we showed the Rv0846c has bona fide multicopper oxidase 

activity. Second we characterized the role of Rv0846c in copper resistance of M. 

tuberculosis. Additionally, we sought to further elucidate the pathways of copper entry 

into M. tuberculosis. As copper accumulation is toxic to M. tuberculosis (Gold et al., 

2008; Ward et al., 2010; Wolschendorf et al., 2011), understanding the mechanisms of 

cell entry may reveal new ways to exploit natural uptake systems. We characterized the 

role of general porins in copper uptake and susceptibility in the model organism M. 

smegmatis. Further, we showed that as yet unidentified pores were required for copper 

susceptibility in M. tuberculosis.  
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ABSTRACT 

Mycobacterium tuberculosis, the causative agent of tuberculosis, is one of the 

most important bacterial pathogens. Recent work has revealed that the natural 

bactericidal properties of copper are utilized by the host immune system to combat 

infections with bacteria including M. tuberculosis. However, M. tuberculosis employs 

multiple mechanisms to reduce the internal copper amount by efflux and sequestration, 

which are required for virulence of M. tuberculosis. Here, we describe an alternative 

mechanism of copper resistance by M. tuberculosis. Deletion of the rv0846c gene 

increased the susceptibility of M. tuberculosis to copper by at least ten-fold, establishing 

Rv0846c as a major component of copper resistance in M. tuberculosis. In vitro assays 

showed that Rv0846c oxidized organic substrates and Fe(II). Importantly, mutation of the 

predicted copper coordinating cysteine 486 resulted in inactive Rv0846c protein which 

did not protect M. tuberculosis against copper stress. Hence, Rv0846c is a multicopper 

oxidase of M. tuberculosis and was renamed mycobacterial multicopper oxidase 

(MmcO). MmcO is membrane associated, probably by lipidation after export across the 

inner membrane by the Twin-Arginine Translocation system. However, mutation of the 

lipidation site did not affect the oxidase activity or the copper protective function of 

MmcO. Our study revealed MmcO as an important copper resistance mechanism of M. 

tuberculosis, which possibly acts by oxidation of toxic Cu(I) in the periplasm.  
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INTRODUCTION 

Mycobacterium tuberculosis, the causative agent of tuberculosis, kills over one 

million people each year and the global occurrence of multi-drug and extensively drug 

resistant strains is increasing (1). Understanding the survival mechanisms of M. 

tuberculosis in the human host is key to controlling this devastating disease. In addition 

to the known mechanisms of the innate and adaptive immune response to infections (2, 

3), it is increasingly recognized that copper is utilized by macrophages to kill pathogenic 

bacteria (4, 5). In most organisms copper is used as a cofactor in a variety of enzymes 

including cytochrome c oxidases and is therefore an essential micronutrient (6). 

However, copper is also toxic by a variety of mechanisms: lipid peroxidation (7), metal 

ion replacement in proteins (8), formation of spurious disulfide bonds (9), and oxidation 

and degradation of iron-sulfur clusters in proteins (10). Hence, cells employ defense 

mechanisms against copper poisoning while maintaining sufficient intracellular copper 

levels (11, 12).  

Copper also is utilized in host immune systems to prevent infection (reviewed in 

(13)). Not only is copper required for proper development of the immune system (14), 

new evidence shows that copper is employed at a cellular level to kill invading bacteria. 

Macrophages increase intracellular copper concentrations in response to multiple bacteria 

including M. tuberculosis (5, 15, 16). Additionally we have shown that copper 

accumulates in granulomas of guinea pigs infected with M. tuberculosis, and that copper 

resistance is required for full virulence in M. tuberculosis (4 ). 

The mechanisms of copper homeostasis in mycobacteria include copper efflux 

and sequestration of cytoplasmic copper by the metallothionin MymT (13, 17-19). 
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Multicopper oxidases play a crucial role in copper detoxification in many bacteria 

including E. coli (20), Pseudomonas syringae (21), Salmonella enterica (22) and others 

(23, 24). Multicopper oxidases are also required for virulence in Salmonella (22) and 

Xanthomonas campestris (25). However, it is unknown whether the putative multicopper 

oxidase Rv0846c plays a role in copper resistance in M. tuberculosis. Multicopper 

oxidases catalyze the single electron oxidation of four substrate equivalents coupled with 

the reduction of oxygen to water (26). Four copper ions coordinated in two centers 

comprise the multicopper oxidase active site (27). The Type 1 copper center is the site of 

substrate oxidation and the Cu coordination by cysteine gives multicopper oxidases their 

characteristic blue color (27). The coupled Type 2 and Type 3 copper centers are the site 

of oxygen reduction (27). Multicopper oxidases are conserved throughout all kingdoms 

of life and prominent examples include fungal laccases, and human ceruloplasmin (26, 

27). Multicopper oxidases can oxidize a variety of substrates including phenolic 

compounds such as siderophores and lignins (26).  

Here we show that Rv0846c is a bona fide multicopper oxidase capable of 

oxidizing known organic substrates and Fe(II). Thus, we have renamed Rv0846c as 

MmcO for mycobacterial multicopper oxidase. Importantly, the susceptibility of the 

ΔmmcO mutant to copper in vitro was increased by more than 10-fold compared to wild-

type M. tuberculosis, indicating that MmcO also oxidizes toxic Cu(I). We also showed 

that the conserved cysteine 486 in the active site is required for oxidase activity and 

copper resistance. MmcO is membrane associated, possibly through a lipidation site at 

cysteine 35. Together, these results demonstrate that MmcO plays an important role in 

copper resistance in M. tuberculosis.  
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MATERIALS AND METHODS 

Chemicals, Enzymes, and DNA 

Hygromycin B was purchased from Calbiochem. All other chemicals were 

purchased from Merck, Roche or Sigma at the highest purity available. Enzymes for 

DNA restriction and modification were purchased from New England Biolabs. Isolation 

and modification of DNA was performed using standard protocols (28). Oligonucleotides 

were obtained from Integrated DNA Technologies (Table 2). 

 

Bacterial Strains, Media, and Culture Conditions 

 Bacterial strains used in this work are described in Table 1. E. coli was grown 

routinely in LB medium at 37°C with shaking. M. tuberculosis H37Rv cultures and its 

derivatives were grown in Middlebrook 7H9 liquid medium supplemented with 0.2% 

glycerol, OADC (8.5 g/L NaCl, 20 g/L dextrose, 50 g/L bovine albumin (fraction V), 

0.03 g/L catalase, 0.6 ml/L oleic acid), 0.02% Tyloxapol, or on Middlebrook 7H10 agar 

supplemented with 0.5% glycerol using premixed powders (Difco). The avirulent M. 

tuberculosis strain mc
2
6230 (kind gift from Dr. Jacobs) and its derivatives were grown in 

the same media as H37Rv with the addition of 24 μg/mL pantothenate and 0.2% 

casamino acids (acid hydrolyzed). Copper was added when required in the form of 

CuSO4 at various concentrations. Antibiotics were used at the following concentrations 

when required: hygromycin, 200 μg/mL for E. coli or 50 μg/mL for mycobacterial strains; 

kanamycin, 30 μg/mL. 
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Plasmid Construction  

E. coli strain DH5α was routinely used for plasmid construction and propagation. 

Plasmids used in this work are described in Table 1; primers used are described in Table 

2. Plasmid pML1641 was generated by PCR amplifying mmcO from the wt M. 

tuberculosis chromosome using primers CN1695 and CN1698, the product was digested 

with SphI, primer CN1698 added a SwaI half-site, and ligated into pMN016(29) which 

was digested with SphI and SwaI. Plasmid pML1648 was generated by amplifying the 

upstream homologous region of mmcO using primers CN1702 and CN1703 which added 

PacI and NsiI restriction sites respectively; the PCR product and empty knockout vector 

pML523 (30) were digested with PacI and NsiI and ligated. The downstream homologous 

region of mmcO was amplified with primers CN3119 and CN1700 which added an SpeI 

and SwaI half-site respectively; the PCR product was digested with SpeI and the vector 

pML1648 was digested with SpeI and SwaI and the products were ligated together to 

generate pML1649, the final mmcO knockout vector. The mmcO knockout vector was 

designed such that 9 bp upstream of the mmcO start codon and the entire mmcO gene, 

except the last 13 bp, were deleted. Plasmid pML1227 was generated by amplifying 

mmcO from pML1641 using primers CN1695 which added an SphI site and ribosome 

binding site, and CN3120 which added the Strep-Tag (II) and HindIII restriction site; the 

PCR product and backbone vector pMN016 were digested with SphI and HindIII and 

ligated together. Residue Cys35 was mutated to Ala by CCR (31) using primers CN145, 

CN110 and CN2863 (the mutagenesis primer); product was generated by PCR 

amplification from pML1641, digested with SphI and HindIII and ligated into pMN016 

digested with the same enzymes, resulting in pML1252. Residue Cys486 was mutated to 
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Ala by CCR (31) using primers CN145, CN110 and CN2873 (the mutagenesis primer); 

the sequence was amplified from pML1641. The product was digested with SphI and 

HindIII and ligated into pMN016 digested with the same enzymes, resulting in plasmid 

pML1262. Plasmid pML1231 was generated by amplifying mmcO without TAT 

secretion signal (amino acid residues 2-35, abbreviated mmcOΔ2-35) from pML1227 with 

primers CN2484 and CN2398 which added NdeI and HindIII respectively; the PCR 

product and vector pET21(a+) were digested with NdeI and HindIII and ligated together. 

 

Table 1. Strains and plasmids used in this work. 

Strain  Parent strain and relevant genotype Source or reference 

E. coli DH5α recA1; endA1; gyrA96; thi; relA1; 

hsdR17(rK-;mK+); supE44; f80ΔlacZΔM15; 

DlacZYA-argF; UE169 

Sambrook, et al. (28) 

E. coli 

BL21(DE3) 

fhuA2 [lon] ompT gal (λ DE3) [dcm] ∆hsdS λ 

DE3  

Novagen 

M. tuberculosis 

H37Rv 

wild-type ATCC# 25618 

M. tuberculosis 

mc
2
6230 

H37Rv ΔRD1 ΔpanCD  Dr. Jacobs(32)  

M. tuberculosis 

ML1221 

mc
2
6230 ΔmmcO::pML1649(loxP-gfpm

2+
-

hyg-loxP ) 

this study 

M. tuberculosis 

ML1222 

mc
2
6230 ΔmmcO::loxP this study 

M. tuberculosis 

ML413 

mc
2
6230 Δrv1698::loxP  this study 

M. tuberculosis 

ML1223 

H37Rv ΔmmcO::pML1649(loxP-gfpm
2+

-hyg-

loxP ) 

this study 

M. tuberculosis 

ML1224 

H37Rv ΔmmcO::loxP this study 

Plasmid Parent vector, relevant genotype and 

properties 

Source or reference 

pET-21(a+) T7 promoter, transcription start and 

terminator, His-tag, lacI, aph, pBR322 ORI; 

5443 bp  

Novagen, WI 

pCreSacB1 pgroEL-cre, oriE, oriM, sacR, sacB, aph; 7891 

bp 

Dr. Steyn 
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pMS2 ColE1 origin, hyg, oriM; 5229 bp (33) 

pMN016 ColE1 origin, hyg, oriM, psmyc-mspA; 6164 bp (29) 

pML523 pUC origin, pAL5000ts origin; sacB xylE 

loxP-gfpm
2+

-hyg-loxP; 9845 bp 

(30) 

pML1648  pML523; mmcOup-loxP-gfpm
2+

-hyg-loxP; 

10875 bp 

This study 

pML1649  pML1648; loxP-gfpm
2+

-hyg-loxP-mmcOdown; 

11857 bp 

This study 

pML1227  pMN016; mmcO-Strep-Tag II; 7055bp This study 

pML1641  pMN016; mmcO; 7027 bp This study 

pML1252 pMN016; mmcOC35A; 7027 bp This study 

pML1262 pMN016; mmcOC486A; 7027 bp This study 

pML1231 pET-21(a+); mmcOΔ2-35- Strep-Tag II; 6836 

bp 

This study 

a
Gfpm

2+
 refers to a mutant Gfp with enhanced folding and fluorescence. The codon usage 

for gfpm
2+

 was adapted for expression in mycobacteria as described by Steinhauer, et 

al.(75). psmyc refers to the mycobacterial promoter smyc. Subscripts “up” and “down” 

refer to upstream and downstream homologous regions used for recombination and 

knockout generation. 

 

Table 2. Oligonucleotides used in this work. 

Oligonucleotide Sequence (5’→3’) 

CN110 CGTTCTCGGCTCGATGATCC 

CN145 CGACCAGCACGGCATACATC 

CN1695 AAGCATGCGCAGAAAggaggttaatATGCCCGAGCTGGCCACG

AG (sphI) 

CN1698 AAATGTCACAGAATGTAGTCCAG (swaI half site) 

CN1700 AAATCTCGTCTGGATTTGGTCTCGCTC (swaI half site) 

CN1702 ACGAGGTTAATTAACTACATTCTGTGACAGGCGGCTTG 

(pacI) 

CN1703 CATATGCATGGTGCTGGCCTGTACGCTAG (nsiI) 

CN2398 CATGGTTCGAAAAGCTTATTTAAATCTACTTCTCGAACTG

CGGG (hindIII) 

CN2484 GGAGATATACATATGGCCTCGAAGCCCACGGCATCCGGC

GCC (ndeI) 

CN2863 GCTTTGCGCTAGCCGCTGCTGCCTCGAAGC 

CN2873 GTGTGGGTGATGCACGCCCACAACAACTATCAC 

CN3119 ACTAGTCACCTTACCAGCGAGGGCTAG (speI) 

CN3120 TAGCTAAAGCTTATTTAAATCTACTTCTCGAACTGCGGG

TGCGACCAAGCGGCCGCCAGAATGTAGTCCAGGCGGGT

CGC (hindIII) 
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a
Restriction sites are underlined. The sequence encoding the Strep-Tag II is in bold. 

Mutations are italicized and bold. The ribosome binding site is lowercase.. 

 

Construction of Mutants of M. tuberculosis  

Mutants were generated through a plasmid-based homologous recombination 

scheme as described (34) with some modifications. M. tuberculosis mc
2
6230 and M. 

tuberculosis H37Rv were transformed with knockout vector pML1649 and grown at 

37°C on 7H9/OADC/Hyg medium (with additional casamino acids and pantothenate for 

mc
2
6230 strains). Transformants were picked, grown in liquid cultures and plated directly 

for double-cross-over mutants (DCOs). DCO candidates were screened for the presence 

of xylE and gfp; DCO candidates were GFP positive and XylE negative. DCO candidates 

were then grown in liquid culture for approximately 5 days to prepare chromosomal 

DNA, at which point correct candidates were confirmed by Southern blot analysis. 

Marked mutants (ΔmmcO::loxP-gfpm
2+

-hyg-loxP, abbreviated ΔmmcO::hyg) in M. 

tuberculosis mc
2
6230 and M. tuberculosis H37Rv were designated ML1221 and ML1223 

respectively. (The gfp variant used, gfpm
2+

, is codon adapted for expression in 

mycobacteria (75)). The Cre recombinase expression vector pCreSacB1 (a kind gift from 

Dr. Adrie Steyn) was used to excise the loxP-flanked gfpm
2+

-hyg cassette from the 

chromosomes of the mmcO DCOs. Unmarked deletion mutants were screened for loss of 

gfp. Strains were cured of pCreSacB1 by growth on 7H10/OADC plates containing 2% 

sucrose and incubated at 37°C. Single colonies were streaked in parallel on 7H10/OADC, 

7H10/OADC/kan, and 7H10/OADC/hyg plates to confirm the loss of hyg and 

pCreSacB1. The unmarked mmcO (ΔmmcO::loxP, abbreviated ΔmmcO) deletion mutants 
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in M. tuberculosis mc
2
6230 and M. tuberculosis H37Rv were named ML1222 and 

ML1224 (Table 1), respectively. Mutants were complemented with replicative vectors 

pML1641, pML1252, or pML1262, where indicated. 

 

Southern Blot Analysis  

Chromosomal DNA was extracted from wt and mutant strains according to 

standard protocols (35), subsequently 5 μg was digested with XmaI. Digested genomic 

DNA was separated on a 1% agarose gel; the gel was subsequently prepared and 

transferred according to standard protocols (36). The DNA was cross-linked to the 

membrane using a UV-crosslinker (240,000 µJ) and prehybridized for 3 h at 42°C in Dig-

Easy hybridization solution (Roche). For analysis of the wt and mutant genomic regions, 

a probe was generated by PCR from wt genomic DNA using the primer pair 

CN1702/CN1703 and labelled using the PCR DIG labelling mix (Roche). Hybridization 

was carried out in the presence of 250 ng of digoxigenin-labeled PCR fragment at 50°C 

overnight. The membrane was washed and the hybridized digoxigenin-labeled probe was 

detected with an HRP-conjugated anti-digoxigenin antibody following the 

recommendations of the manufacturer (Roche). An imaging system and the software 

LabWorks (UVP) were used to visualize the luminescence of blots. The software 

Gimp2.0 was used to adjust the contrast of images. 

 

Protein Overexpression, Purification, and Antibody Production  

Protein for antibody production was overexpressed from pML1231 in E. coli 

strain BL21 (DE3). Plasmid pML1231 expresses mmcOΔ2-35 from a T7 promoter; the 
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TAT secretion signal and putative lipidation site were removed to avoid complications 

from insufficient secretion or membrane association. Cells were grown to OD600 0.6 and 

expression was induced by the addition of 1mM IPTG for 3 hours. After lysis, protein 

was present and nearly pure as inclusion bodies. Protein was purified using the Strep-Tag 

(II) and Strep-tactin Sepharose (IBA Lifesciences). Polyclonal antiserum was produced in 

rabbits using the adjuvant Titermax (Open Biosystems). 

 

Anaylsis of Proteins by Gel Electrophoresis and Western Blot  

Cell lysates of M. tuberculosis were analyzed by separation on 10% SDS-PAGE 

and subsequent staining with Coommassie Blue G-250 stain or by transfer and Western 

blot. Protein sample loading buffer contained 1% β-mercaptoethanol to ensure reduction 

of cysteines. MmcO was detected using polyclonal anti-serum (This study) and, where 

indicated, RNA polymerase (RNAP) was used as loading control and detected with 

mono-clonal antibody clone 8RB13 (Neoclone). Goat anti-rabbit and goat anti-mouse 

(Sigma) secondary antibodies conjugated to horseradish peroxidase were used. Blots 

were visualized with ECL Western blotting substrate (Pierce). An imaging system and 

the software LabWorks (UVP) were used to visualize and quantify the luminescence of 

blots. The software Gimp2.0 was used to adjust the contrast of images. 

 

Induction of mmcO Expression in M. tuberculosis by Copper 

M. tuberculosis mc
2
6230 was grown to OD600 1.0 in liquid culture. Then, cultures 

were split and either left un-induced or induced with 200 μM CuSO4 for an additional 48 

hours. Cells were collected, washed twice with PBS 0.02% Tyloxapol and resuspended in 
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5 μL PBS 1% SDS buffer per mg wet cell pellet. Cells were lysed by sonication and 

boiled with protein sample loading buffer before SDS-PAGE and Western blot analysis 

as above.  

 

Whole Cell Lysate Oxidase Assays  

Oxidase assays were performed as described with modifications (20, 37). M. 

tuberculosis mc
2
6230 and derivatives were grown in media as above to approximately 

OD600 1.0. Cells were collected and washed twice with 100mM Tris pH 7.8 100mM NaCl 

0.02% Tyloxapol and resuspended in the same buffer at 5 μL buffer per mg wet cell 

pellet. Cells were lysed by sonication and lysate was cleared by centrifugation 5 min at 

16000 g. Cleared supernatent was used in oxidase assays. The oxidase reaction mix 

contained 50 mM sodium acetate pH 5.5, 250 μM CuSO4, 10 μL cell lysate and 20 mM 

2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) or 2 mM 

dimethoxyphenol (DMP) or 2 mM para-phenylenediamine (pPD) as substrates. Reactions 

(200 μL) were mixed in 96-well clear plastic, flat-bottom microplates (Costar) sealed 

with clear polypropylene film (USA Scientific) and monitored by microplate reader 

(Biotek Synergy HT). Reactions proceeded at room temperature (~23°C) with shaking 

and absorbance was read every 5 min for up to 8 hours. Change in absorbance of ABTS, 

DMP and pPD was monitored at 436 nm, 570 nm and 468 nm, respectively. Ferroxidase 

assays were conducted as above with 200 μM FeSO4 as the substrate. Fe(II) was injected 

into wells and oxidation was monitored by increase of absorbance at 315 nm (38) over 15 

min, before precipitates formed. Reaction absorbance in all cases was corrected by 

subtracting absorbance of substrate mix without lysate; samples were further normalized 
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by protein concentration of lysate which was determined by Bradford assay (Pierce). 

Oxidation rates of ABTS were determined using the extinction coefficient of oxidized 

ABTS at 436 nm, ε 29300 M
-1

 cm
-1

 (20). The kinetics of Fe(II) oxidation were 

determined using the extinction coefficient at 315 nm ε315 = 2200 M
-1

 cm
-1

 (38). 

Oxidation rates are expressed as μM min
-1

 mg
-1

 (ABTS oxidation) or mM min
-1

 mg
-1

 

(Fe(II) oxidation) where mg represents the mass of total protein in the water soluble 

fraction used in the oxidase assays. 

 

Copper Susceptibility of M. tuberculosis 

Drop assays to determine copper susceptibility were performed as described (4). 

Briefly, M. tuberculosis mc
2
6230 and derivatives or M. tuberculosis H37Rv and 

derivatives were grown in media as above to approximately OD600 2.0, washed in PBS 

pH 7.4 0.02% Tyloxapol and serially diluted in 10-fold increments in the same buffer, 3 

μL drops were spotted onto plates (media as above) containing increasing concentrations 

of CuSO4. Plates were incubated at 37°C for 10-12 days until single colonies were visible 

at the lowest dilutions.  

 

Subcellular Fractionation of M. tuberculosis 

Protein localization was determined by subcellular fractionation as described (34). 

Briefly, M. tuberculosis mc
2
6230 was grown in liquid culture, cells were collected and 

washed in PBS, and resuspended in PBS 1mM PMSF at 4 μL per mg wet cell pellet. 

Samples were lysed by sonication and incubated with 1 mg/mL lysozyme plus 15 U 

benzonase at 37°C to complete cell wall and chromosomal DNA digestion. Unbroken 
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cells were removed by centrifugation at 3200 g. Samples were diluted five-fold and 

centrifuged at 120000 g for 1 h, pellet (P100.1) and supernatant (S100.1) were separated, 

pellet was resuspend and centrifugation was repeated on both samples. The final pellet 

(P100.2, membrane fraction) and supernatant (S100.2, cytosolic fraction) along with 

cleared cell lysate were analysed by SDS-PAGE and Western blot as above. Antibodies 

against IdeR (39) and GlpX (obtained from Dr. Axel Siroy) were used as markers for 

cytosolic proteins, and antibody against Rv1698 (4) was used as a marker of the 

membrane fraction.   
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RESULTS 

The MmcO Protein is Highly Conserved in Pathogenic Mycobacteria 

MmcO (Rv0846c) was predicted as a multicopper oxidase based on conservation 

of active site residues and homology to other multicopper oxidases (40). MmcO shares 

homology with multicopper oxidases throughout the order Actinomycetales and is 

conserved among almost all pathogenic mycobacteria with the notable exception of M. 

leprae, which contains only a pseudogene (Figure S1). MmcO shares between 69 and 

99% amino acid sequence identity with its homologs in other pathogenic mycobacteria 

such as M. bovis and M. marinum. MmcO is over 40% identical to its homologs in 

Corynebacterium glutamicum and C. diphtheria. Interestingly, there is no multicopper 

oxidase annotated in the non-pathogenic strains M. smegmatis, M. chelonae, and M. 

terrae.  

 

Generation of an M. tuberculosis ΔmmcO Mutant 

To examine the role of MmcO in copper resistance in M. tuberculosis we 

generated mmcO deletion mutants by homologous recombination. The gene mmcO does 

not belong to an operon. Since the surrounding genes are transcribed in the opposite 

direction, disruption of mmcO is unlikely to affect transcription of other genes. Marked 

double cross-over mutants (ΔmmcO::loxP-gfp
2+

m-hyg-loxP, abbreviated ΔmmcO::hyg) 

were selected by hygromycin resistance and screened for GFP fluorescence. Mutants 

were subsequently unmarked, indicated by the loss of these markers, using an expression 

vector encoding Cre-recombinase. We generated mutants in both the virulent M. 

tuberculosis strain H37Rv and the avirulent strain mc
2
6230. The avirulent mutant 
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mc
2
6230 contains deletions of the RD1 region as well as pantothenate biosynthesis genes 

panCD (32). The avirulent strain had the same copper susceptibility as its virulent parent 

strain H37Rv and was used primarily for biochemical assays. Marked mutants 

(ΔmmcO::hyg) and unmarked mutants (ΔmmcO::loxP, abbreviated ΔmmcO) in M. 

tuberculosis mc
2
6230 and M. tuberculosis H37Rv (unmarked only) were confirmed by 

Southern blot (Figures 1A and B). The deletion strategy employed replaced the mmcO 

gene, except 13 bp at the 3’ end, with a single loxP site. Loss of MmcO in M. 

tuberculosis mc
2
6230 was confirmed by Western blot (Figure 1C).  

 

Figure 1. Generation of an M. tuberculosis ΔmmcO mutant. A. Depiction of genomic 

regions of M. tuberculosis wild-type (wt), ΔmmcO::hyg (marked mutant) and ΔmmcO 

(unmarked mutant). B. Southern blot of genomic DNA from strains depicted in A 

digested with XmaI. The location of probe is shown in A. Mutants were made in both the 

avirulent M. tuberculosis strain mc
2
6230 and virulent M. tuberculosis H37Rv. C. 

Western blot of proteins in lysates of the mc
2
6230 and ΔmmcO::hyg strains grown in 
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cultures with (+) and without (-) 200 μM CuSO4. MmcO protein was detected with 

αMmcO antiserum. RNA polymerase (RNAP) was used as a loading control and was 

detected with a monoclonal antibody.  

 

Expression of the mmcO Gene is Increased by Copper 

Previously, quantitative RT-PCR experiments showed that mRNA levels of 

mmcO are increased by addition of 50 μM copper in Sauton’s medium (41). Expression 

of the mmcO gene is regulated by the copper responsive transcription regulator RicR 

(42). To examine how MmcO protein levels changed in M. tuberculosis under copper 

stress, we utilized the avirulent M. tuberculosis mc
2
6230 strain and its isogenic ΔmmcO 

mutant. A single band with the apparent molecular mass of 56 kD, the predicted size of 

MmcO, was detected by Western blot in the wt M. tuberculosis untreated sample (Figure 

1C). MmcO protein levels increased over basal expression levels by six-fold when 200 

μM copper was added to the medium (7H9 supplemented with OADC, pantothenate and 

casamino acids) (Figure 1C). In addition to the dominant band with the same 

electrophoretic mobility as basal MmcO, a faint band with a higher apparent molecular 

mass was observed in the copper induced sample. MmcO contains a Twin-Arginine 

Translocation (TAT) signal at the N-terminus (43). Previous reports showed that the TAT 

secretion system is more easily saturated than the Sec secretion system leading to 

incomplete transport and processing of TAT substrate proteins (44, 45). Thus, the 

additional band might result from unprocessed MmcO in copper-stressed M. tuberculosis 

due to incomplete translocation and processing of the TAT secretion signal when the 

mmcO gene is overexpressed.  
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Figure 2. M. tuberculosis has multicopper oxidase activity. A. Oxidation of 2,2'-azino-

bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) by wt M. tuberculosis mc
2
6230 and 

the ΔmmcO mutant. Cultures were grown and treated with 200 μM copper for 48 hours 

prior to lysis or left untreated. B. ABTS oxidation by MmcO, MmcOC35A or MmcOC486A 

in cell lysates of the ΔmmcO mutant. Cultures were grown in the absence of additional 

copper. Assays were performed in triplicate and error bars represent standard deviations. 

 

MmcO is a Multicopper Oxidase  

We used in vitro oxidation assays to examine whether MmcO has the predicted 

multicopper oxidase activity. Several attempts to obtain soluble, functional MmcO from a 

variety of systems and conditions failed. Expression of mmcO with or without TAT 

signal sequence under the control of the T7 promoter in E. coli BL21 (DE3), regardless 
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of temperature during growth or induction, or addition of copper to growth medium, 

resulted in inclusion body formation. Expression of a fusion protein of MmcO with the 

maltose binding protein at the N-terminus in E. coli also resulted in insoluble protein, 

possibly due to the lack of TAT signal or missing chaperones. Fusion of the E. coli CueO 

signal peptide (amino acid residues 1 to 28) with MmcO lacking its native TAT signal 

peptide (MmcO amino acid residues 36 to 504), with the gene fusion expressed under the 

control of the cueO native promoter, resulted in only very low levels of protein even 

under copper induction. The CueO-MmcO fusion protein did not complement the loss of 

CueO in an E. coli ΔcueO strain. Expression of mmcO using inducible expression 

systems in M. smegmatis (46, 47) resulted in only very low amounts of protein, which 

could not be purified.  

Therefore, we used cleared whole cell lysates of different strains to characterize 

the multicopper oxidase activity in M. tuberculosis. To this end, we monitored oxidation 

of 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), a widely used 

substrate for multicopper oxidases because of its rapid oxidation and easy photometric 

detection, by whole cell lysates of wt mc
2
6230 and the ΔmmcO mutant (20, 37). Wild-

type lysate showed slow ABTS oxidation (2 μM min
-1

 mg
-1

 total soluble protein in 

assay), which was 17-fold increased when cultures were exposed to copper for 48 hours 

before lysis (34.5 μM min
-1

 mg
-1

) (Figure 2A). This result is consistent with the low 

expression of mmcO under standard growth conditions and six-fold increased expression 

when cells were copper stressed (Figure 1C). The mutant ΔmmcO was unable to oxidize 

ABTS independent of copper stress during growth (oxidation rate 0 under either 

condition) demonstrating MmcO (Rv0846c) is the only multicopper oxidase present in M. 
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tuberculosis under the conditions tested. Wild-type whole cell lysates also oxidized other 

known multicopper oxidase substrates such as para-phenylenediamine and 

dimethoxyphenol (data not shown). Overexpression of mmcO in the ΔmmcO mutant 

restored ABTS oxidation activity, which was increased compared to copper-stressed wt 

M. tuberculosis (Figure 2B). The rate of ABTS oxidation by MmcO was 588.2 μM min
-1

 

mg
-1 

and 409.1 μM min
-1

 mg
-1

,
 
in untreated and copper treated samples, respectively. 

These results demonstrate that rv0846c encodes a copper responsive multicopper oxidase 

in M. tuberculosis. Therefore we have renamed Rv0846c mycobacterial multicopper 

oxidase (MmcO). 

 

The Putative Lipidation Site is Dispensible for MmcO Activity 

We investigated the role of the putative lipidation site, cysteine 35 (predicted by 

the LipoP server (48)), in MmcO oxidase activity. Mutation of the putative lipidation site 

cysteine 35 to alanine (MmcOC35A) leaves the TAT translocation signal intact and had 

only a minor effect on oxidase activity (Figure 2B). ABTS was oxidized by MmcOC35A at 

450.9 μM min
-1

 mg
-1

 or 236.8 μM min
-1

 mg
-1

 in untreated or copper treated samples, 

respectively, a slight reduction compared to wt MmcO. The protein levels of mutant 

MmcOC35A and wt MmcO in the M. tuberculosis ΔmmcO mutant were similar, indicating 

the mutation did not lead to degradation (data not shown). This result showed that 

lipidation of MmcO is not essential for the multicopper oxidase activity of MmcO, but 

rather stimulates its activity in M. tuberculosis. 
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Figure 3. Fe(II) oxidation by MmcO in whole cell lysates of M. tuberculosis. The 

indicated M. tuberculosis strains mc
2
6230 (wt) and derivatives were grown to OD600 1.0 

and treated with 200 μM copper for 48 hours prior to lysis. Oxidation of ferrous to ferric 

iron in cell lysates was determined by measuring the absorbance at 315 nm. The 

ferroxidase assay was performed in triplicate. Error bars represent standard deviations. 

 

The Active Site Cysteine 486 is Required for MmcO Activity 

Multicopper oxidases contain one cysteine residue which is critical to the 

coordination of the Type 1 (T1) copper, the site of substrate oxidation (27). In MmcO, the 

T1 copper is coordinated by Cys486, based on alignment with fully characterized 

multicopper oxidases (Figure S1). Mutation of the cysteine in the T1 E. coli CueO 

(C500S) resulted in protein which was expressed and fully folded but non-functional, and 

could be crystalized under the same conditions as wt CueO (49, 50). Similarly, the 

MmcOC486A protein failed to restore ABTS oxidation activity to the M. tuberculosis 

ΔmmcO mutant (Figure 2B). Like the MmcOC35A mutant, MmcOC486A expressed in 

ΔmmcO could be detected at similar levels to wt MmcO by Western blot(data not 
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shown). These results show that while the putative lipidation site is dispensable for 

activity, the active site Cys486 residue is absolutely required for substrate oxidation. 

 

MmcO Has Ferroxidase Activity  

Some multicopper oxidases can oxidize metals. Well-known multicopper 

oxidases Fet3P from Saccharomyces cerevisiae and ceruloplasmin from humans are 

ferrous and cuprous oxidases (51). Examples of bacterial metalloxidases include CueO, 

which can oxidize Fe(II) to Fe(III) and Cu(I) to Cu(II) (50) and the Pseudomonas 

aeruginosa multicopper oxidase which also oxidizes Fe(II) to Fe(III) (52). Thus, we 

examined whether MmcO had ferroxidase activity similar to other MCOs. Cultures of wt 

M. tuberculosis, the ΔmmcO mutant and the complemented strains were grown in 7H9 

medium with supplements (OADC, casamino acids and pantothenate) and exposed to 200 

μM copper prior to lysis. Oxidation of Fe(II) by whole cell lysates was monitored by 

absorbance at 315 nm, which reflects the appearance of Fe(III) in solution (38). Because 

Fe(III) quickly forms insoluble particles in solution, the ferroxidase assay was stopped 

after 15 minutes, when such particles appeared. The parental strain M.tuberculosis 

mc
2
6230 and the ΔmmcO mutant expressing mmcO or mmcOC35A had ferroxidase activity 

(Figure 3). Ferroxidase activity was increased in cultures exposed to copper before lysis 

compared to untreated cells (data not shown). Wild-type M. tuberculosis mc
2
6230 lysates 

oxidized Fe(II) at a rate of 6.6 mM min
-1

 mg
-1

. Overexpression of mmcO and mmcOC35A 

in the ΔmmcO strain resulted in ferroxidase rates of 21.6 and 19.9 mM min
-1

 mg
-1

, 

respectively. Similar to oxidation of ABTS, loss of the lipidation site cysteine 35 only 

slightly decreased oxidase activity compared to wt MmcO. The ΔmmcO mutant slowly 
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oxidized Fe(II) with a rate of 3.6 mM min
-1

 mg
-1

, but oxidation activity did not reach the 

maximum achieved by wt lysates (Figure 3). It is possible that other oxidases or excess 

copper in the whole cell lysates of the ΔmmcO mutant resulted in slightly increased 

oxidation of Fe(II) over air background. Expression of mmcOC486A in the ΔmmcO mutant 

did not significantly alter Fe(II) oxidation compared to that obtained with the lysate of the 

ΔmmcO strain. These results demonstrate that MmcO has iron oxidation capacity in 

addition to ABTS and phenol oxidase activity and that the active site residue cysteine 486 

is required for this catalytic activity.  

 

MmcO is Required for Copper Resistance in M. tuberculosis 

Multicopper oxidases are required for copper resistance in several bacterial 

species (20-22, 24). Thus, we hypothesized that MmcO may also be required for copper 

resistance in M. tuberculosis. We used a serial dilution assay on 7H10 with OADC 

(H37Rv) or 7H10 with OADC and supplemented with pantothenate and casamino acids 

(mc
2
6230) containing increasing amounts of copper to determine the copper 

susceptibility of ΔmmcO mutants. Mutant strains did not show any growth defects on 

standard 7H10 medium (Figures 4A, B and C) in agreement with previous results that 

MmcO is not required for in vitro growth under standard conditions by Transposon Site 

Hybridization (TraSH) (53). However, the ΔmmcO mutant was susceptible to copper at 

50 μM in solid medium (Figure 4A) while wt grew normally at copper concentrations up 

to 75 μM (Figure 4B). Overexpression of mmcO or mmcOC35A restored growth of 

ΔmmcO at 50 μM copper; however, mmcOC486A only slightly complemented growth 

(Figure 4A). Additionally we compared the ΔmmcO mutant to our previously 
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characterized copper-susceptible mutant Δrv1698 (4). The ΔmmcO mutant was highly 

susceptible to 75 μM copper while Δrv1698 grew normally (Figure 4B), consistent with 

previous findings (4).  

To confirm that copper susceptibility was the direct result of loss of MmcO, and 

not from an unknown interaction between MmcO and components of RD1 or 

pantothenate biosynthesis in the avirulent M. tuberculosis strain mc
2
6230, we repeated 

the experiment using H37Rv and its isogenic mutant ML1224 (H37Rv ΔmmcO, Table 1). 

Deletion of mmcO in H37Rv resulted in copper susceptibility similar to results obtained 

in M. tuberculosis mc
2
6230 (Figure 4C). M. tuberculosis H37Rv and H37Rv ΔmmcO 

grew equally well on standard 7H10 medium with OADC, which contains 6.3 μM 

copper. However, ΔmmcO had a severe growth defect on plates containing 50 μM copper 

and did not grow on plates containing 75 μM copper. These results show that MmcO is 

required for copper resistance in M. tuberculosis, and that this activity is dependent on a 

functional active site (Cys486) and independent of the putative lipidation site Cys35.  
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Figure 4. MmcO is required for copper resistance in M. tuberculosis. Liquid cultures 

of strains were grown to ~OD600 2.0 washed, normalized and serially diluted. A. Drops of 

3 μL of 10
-1

 to 10
-6

 dilutions of M. tuberculosis mc
2
6230 and derivatives were spotted 

onto Middlebrook 7H10/OADC agar plates containing casamino acids, pantothenate and 

6.3 μM CuSO4 or 50 μM CuSO4. The experiment was performed twice and representative 

data are shown. B. Growth of the M. tuberculosis strains mc
2
6230, ΔmmcO and Δrv1698 

on Middlebrook 7H10/OADC agar plates containing casamino acids, pantothenate and 

6.3 or 75 μM CuSO4. C. Serial dilutions of wt M. tuberculosis H37Rv and its 

corresponding ΔmmcO mutant were spotted onto Middlebrook 7H10/OADC agar plates 

containing 6.3, 50 or 75 μM CuSO4. 

 

MmcO is Associated with Membranes 

Many multicopper oxidases are membrane associated including eukaryotic Fet3p 

of S. cerevisiae and hephaestin in humans, and CotA of Bacillus subtillis (54). However, 

periplasmic multicopper oxidases of Gram-negative bacteria (CueO of E. coli and the 
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multicopper oxidase of Campylobacter jejuni) are not membrane associated (24, 45). 

MmcO carries a potential lipidation site at Cys35 and is secreted by the TAT secretion 

system (43), indicating this protein may be membrane associated in the periplasm of M. 

tuberculosis. We characterized the localization of MmcO by subcellular fractionation. 

Separation of the membrane fraction from the cytosol and soluble periplasmic fraction 

was monitored with the marker proteins Rv1698 (membrane) and GlpX and IdeR 

(cytoplasm) (Figure 5). Seventy percent of MmcO was membrane-associated (Figure 5). 

The incomplete fractionation pattern may be an overexpression artifact as observed 

before (Figure 1C).  

 

Figure 5. MmcO is membrane associated in M. tuberculosis. M. tuberculosis mc
2
6230 

cells were lysed and fractionated by ultra-centrifugation to separate water-soluble from 

membrane proteins. GlpX and IdeR were used as controls for water-soluble proteins and 

Rv1698 was used as a marker for membrane proteins.  
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DISCUSSION 

MmcO is Required for Copper Resistance in M. tuberculosis  

Deletion of the mmcO gene results in at least 10-fold increased sensitivity to 50 

μM copper compared to wild-type M. tuberculosis. Lack of the copper metallothionein 

MymT or Rv1698 increases the susceptibility of M. tuberculosis to 150 μM copper (4, 

55). By contrast, the putative copper efflux pump CtpV had only a minor effect on copper 

resistance in M. tuberculosis (56), possibly due to redundancy with another P-type 

ATPase, CtpG, which is induced under copper stress in the M. tuberculosis ΔctpV mutant 

(56). Direct comparison revealed that the M. tuberculosis ΔmmcO mutant was more 

susceptible to copper than Δrv1698 mutant under the same conditions. These results 

indicate that MmcO is a major component of copper resistance of M. tuberculosis.  

Comparison between the different mutants is difficult because the published 

experiments were performed under different conditions. For example, liquid culture 

copper exposure and subsequent colony-forming unit counts were used to determine the 

copper susceptibility of the M. tuberculosis ΔctpV mutant (56). We have observed that 

addition of copper to liquid medium, even in the presence of copper-binding albumin 

causes cells to form aggregates, which makes determinations of optical density or even 

colony-forming unit counts difficult or error-prone (4). Further, albumin binds copper 

(57), and thus decreases the effective concentration of copper in the culture medium and 

increases the apparent minimal inhibitory concentration of copper. Finally, some 

experiments were performed using Middlebrook 7H11 medium which contains 

enzymatically digested casein, a mixture of small peptides and amino acids which are 

known to sequester copper, masking the true susceptibility of mutant strains to copper 
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(58). We found that 7H11 medium protects against copper toxicity much more than 7H10 

medium supplemented with acid hydrolyzed casein, possibly due to incomplete protein 

digestion of enzymatically treated casein. A further complication is that the published 

deletion mutants were generated using different disruption methods: by transposon 

mutagenesis or allelic exchange with or without leaving resistance markers in place. 

Clearly, direct comparison of maker-free M. tuberculosis mutants with in-frame deletions 

of copper homeostasis genes, under the same conditions, preferably using medium 

without albumin and amino acids, is required to ultimately quantify the contributions of 

individual proteins to the different mechanisms of copper homeostasis in M. tuberculosis. 

 

MmcO is a Multicopper Oxidase with Ferroxidase Activity 

Several ferroxidases, including CueO of E. coli and McoC of C. jejuni, also have 

cuprous oxidase activity (59), suggesting that the physiological role of MmcO might be 

to oxidize toxic Cu(I). Indeed, elimination of the oxidase activity of MmcO impairs its 

ability to protect M. tuberculosis against copper (Figure 4). However, siderophore 

oxidation has been proposed as an indirect mechanism by which bacterial MCOs could 

protect against copper toxicity. According to this model, a side-reaction of Fe(II)-

siderophore complexes is to reduce Cu(II) to the more toxic Cu(I) and thus, CueO 

oxidation of Fe(II) loaded siderophores results in lower levels of Cu(I) (60). It has not 

been definitively determined whether CueO protects E. coli from Cu(I) toxicity by direct 

oxidation of Fe(II)-siderophores or by a combination of both mechanisms (60).  
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Figure 6. Model of copper homeostasis in M. tuberculosis. The outer membrane (OM) 

is an asymmetrical bilayer containing extractable lipids in both leaflets. The inner leaflet 

contains long chain mycolic acids (red) which are covalently linked to the 

arabinogalactan-peptidoglycan polymer (61). The inner membrane (IM) is a typical 

plasma membrane composed of phospholipids (61). Channel proteins required for copper 

influx and efflux across the OM are unknown. The P-type ATPase, CtpV, pumps copper 

out of the cytoplasm and is localized in the IM (56). MymT protects the cytoplasm 

against copper stress by sequestering four to six copper ions (55). TatB recognizes and 

binds the twin-arginine (RR) motif on the N-terminus of MmcO prior to translocation 

(62). MmcO is translocated to the periplasm by the Twin-Arginine Translocation system 

(TatABC) probably as folded protein (43). After translocation, MmcO remains membrane 

associated, likely through acylation (green) at cysteine 35. MmcO protects M. 

tuberculosis against copper stress, probably by oxidizing toxic Cu(I) to less toxic Cu(II) 

in the periplasm. Rv1698 is also membrane associated and protects M. tuberculosis from 

copper toxicity by an unknown mechanism (4).  

 

Some multicopper oxidases, such as E. coli CueO and Pseudomonas syringae 

CopA, bind additional copper ions outside of the active site. The extra copper binding 

sites of CueO are part of a methionine-rich helix which may serve to feed copper into the 

substrate oxidation site (49). M. tuberculosis MmcO does not contain such methionine-
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rich helix (Figure S1). P. syringae CopA, on the other hand, acts by sequestering excess 

copper, either by binding it in the periplasm or by binding copper in the cytoplasm and 

translocating it to the periplasm (21). However, the active site mutant MmcOC486A did not 

restore full copper resistance to M. tuberculosis demonstrating that MmcO protects M. 

tuberculosis against copper stress mainly by oxidase activity, with possible contribution 

from copper sequestration. It is unclear whether MmcO oxidizes Cu(I) directly or if it 

acts on another substrate, which then reduces or sequesters Cu(I). 

 

Role of Lipidation of MmcO 

MmcO contains a cysteine residue downstream of the Twin-Arginine 

Translocation signal sequence in a predicted lipidation motif. Acyl-transferases link fatty 

acids to a cysteine immediately after the cleavage site of the signal peptidase to convert 

the exported protein into a lipoprotein (63). Lipoproteins can be substrates of the Sec or 

TAT translocation systems (64). While periplasmic proteins in Gram-positive bacteria are 

lipoproteins (65), their counterparts in Gram-negative bacteria are often not acylated (66), 

probably because the outer membrane retains these proteins within the cell boundaries. 

Interestingly, many periplasmic proteins in mycobacteria contain lipoboxes, although 

mycobacteria have an outer membrane (67). For example the periplasmic binding 

proteins associated with ABC transporters are not acylated in Gram-negative bacteria, but 

are lipoproteins in mycobacteria (68, 69). In this study, we show that cysteine acylation 

of the predicted lipoprotein MmcO of M. tuberculosis is dispensable for its function. 

Subcellular fractionation of MmcOC35A showed that a portion of the protein is still 

membrane-associated (data not shown). It is unclear whether this membrane association 
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is transient and due to the hydrophobic helix in the uncleaved TAT signal peptide. Since 

the TAT signal peptide as the translocation signal is not altered, it is likely that the 

MmcOC35A mutant is localized in the periplasm as is wt MmcO. However, we cannot 

exclude the possibility that some MmcOC35A protein might be in the cytosol. Even if this 

were the case, it is unknown whether the usually periplasmic multicopper oxidases would 

be active in the cytosol. It is possible that lipidation orients the MmcO protein in the 

membrane or alters protein conformation such that the active site is more accessible, 

maybe in association with other proteins. Such a scenario would provide an explanation 

for the reduced oxidation activity of MmcOC35A compared to wt MmcO.  

 

Role of Protein Localization in Copper Resistance of M. tuberculosis 

MmcO and the putative MCOs of other mycobacterial species contain a Twin-

Arginine Translocation signal sequence, which is utilized by bacteria to translocate 

folded proteins across the inner membrane (70). It is possible that MmcO binds copper in 

the cytoplasm and is then exported; however, there is evidence that MCOs can be folded 

and exported without the full complement of cofactors (49, 71-73). Fusions of the MmcO 

signal peptide with β-lactamase indicate that MmcO is a periplasmic protein (43), similar 

to several other bacterial multicopper oxidases including CueO (20), CopA of 

Pseudomonas syringae (21), and C. jejuni McoC (59). The putative localization of 

MmcO in the periplasm and its important role in copper resistance indicate that 

detoxification of periplasmic Cu(I) is the physiological role of MmcO in M. tuberculosis 

(Fig. 6). CtpV and MymT both protect the cytoplasm from copper stress and hence the 

absence of either one of those proteins may, at least partially, be compensated for by the 
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other protein (Fig. 6). Locational redundancy of CtpV and MymT may explain why the 

M. tuberculosis ΔctpV mutant is not much more susceptible to copper than the wild-type 

(56). The absence of Rv1698 causes copper to accumulate in M. tuberculosis (4); 

however, its mechanism of action and its precise localization are unclear (13). Taken 

together, this study showed that MmcO is a principal component of copper resistance of 

M. tuberculosis. It is important to identify the missing proteins of copper homeostasis in 

M. tuberculosis (Fig. 6) and to elucidate the interplay of these mechanisms to understand 

how M. tuberculosis withstands the copper overload of the phagosome in macrophages 

(15). A better understanding of copper homeostasis in M. tuberculosis may also help to 

utilize copper in the development of novel anti-TB drugs, as shown recently (74). 
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SUPPLEMENT 

Multiple sequence alignment of multicopper oxidases 

Sequences of mycobacterial multicopper oxidases and others were obtained by 

Blast search of sequenced genomes in the NCBI database. Alignment was performed 

using ClustalW, and the alignment image was generated with JalView. 
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Supplemental Figure 1. Alignment of putative MCOs in mycobacteria and other 

bacteria. Mtu: M. tuberculosis, MmcO; Mbo: M. bovis, Mb0869c; Mma: M. marinum, 

MMAR_4770 ; Map: M. avium paratuberculosis K10, MAP0701c ; Maa: M. avium 

avium, MaviaA2_3747 ; Cgl: Corynebacterium glutamicum, CopO (cg3287 or 

NCgl2865); Cdi: C. diphtheriae, CDHC02_0060; CueO: E. coli CueO. Red stars indicate 

conserved active site residues (Type II or Type III copper coordingating residues); bold 1 

indicates conserved Type I copper coordinating residue. 
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ABSTRACT 

Copper resistance mechanisms are crucial for many pathogenic bacteria, including 

Mycobacterium tuberculosis, during infection because the innate immune system utilizes 

copper ions to kill bacterial intruders. Despite several studies detailing responses of 

mycobacteria to copper, the pathways by which copper ions cross the mycobacterial cell 

envelope are unknown. Deletion of porin genes in Mycobacterium smegmatis leads to a 

severe growth defect on trace copper medium but simultaneously increases tolerance for 

copper at elevated concentrations, indicating that porins mediate copper uptake across the 

outer membrane. Heterologous expression of the mycobacterial porin gene mspA reduced 

growth of M. tuberculosis in the presence of 2.5 µM copper by 40% and completely 

suppressed growth at 15 µM copper while, wild-type M. tuberculosis reached its normal 

cell density at that copper concentration. Moreover, the polyamine spermine, a known 

inhibitor of porin activity in Gram-negative bacteria, enhanced tolerance of M. 

tuberculosis for copper suggesting that copper ions utilize endogenous outer membrane 

channel proteins of M. tuberculosis to gain access to interior cellular compartments. In 

summary, these findings highlight the outer membrane as the first barrier against copper 

ions and the role of porins in mediating copper uptake in M. smegmatis and M. 

tuberculosis.  
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INTRODUCTION 

Copper is an important micronutrient and participates in essential metabolic 

functions in most cells. It is a crucial co-factor of heme-copper oxidases, which are found 

in the respiratory pathway of oxygen consuming bacteria and in eukaryotes (1). In 

Mycobacterium tuberculosis, the activity of the heme-copper oxidase is essential for in 

vitro growth (2). Furthermore, copper ions are co-factors of periplasmic or surface 

anchored superoxide dismutases (3) and multicopper oxidases (4). Pathogenic bacteria, 

including M. tuberculosis, Staphylococcus aureus, and Burkholderia pseudomallei, likely 

utilize Cu,Zn superoxide dismutases to combat the oxidative burst generated by the host’s 

innate immune system (5-7). Multicopper oxidases have been associated with virulence 

of Salmonella enterica (8) but also contribute to copper tolerance in Escherichia coli (9) 

and M. tuberculosis (10), and iron acquisition by Pseudomonas aeruginosa (11). While 

copper in small amounts is beneficial, higher concentrations are toxic. Hence, microbes 

have evolved resistance mechanisms to maintain copper homeostasis over a broad 

concentration range (reviewed in reference (12)). More recently it has become clear that 

copper resistance is not only important for environmental bacteria, but also for 

pathogenic microbes. For example, Streptococcus pneumoniae (13), P. aeruginosa (14) 

and M. tuberculosis (15, 16) require copper resistance mechanisms for full virulence. The 

link between copper resistance and virulence is very plausible, as copper poisoning has 

emerged as a strategy by which macrophages kill phagocytosed bacteria (17, 18).  

M. tuberculosis is equipped with at least two copper-responsive repressors, CsoR 

(19) and RicR (20). CsoR regulates its own expression and is encoded in an operon with 

the putative copper efflux pump CtpV (19). The RicR regulon includes the genes 
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encoding a mycobacterium-specific cytoplasmic copper metallothioneine (MymT) and a 

periplasmic multicopper oxidase (MmcO) (10, 20, 21). Although copper resistance 

pathways are of great interest (reviewed in (22-24)), little has been done to investigate 

how copper enters bacterial cells to be utilized metabolically or to exert its bactericidal 

properties. 

Porins are believed to be the most likely pathway for copper uptake in Gram-

negative bacteria (12). This hypothesis is largely based on a study from the year 1977 by 

Lutkenhaus, who described the isolation of porin-deficient copper-resistant E. coli 

mutants on copper-rich minimal medium (25). In contrast, isogenic porin mutants of E. 

coli lacking the general porins OmpF and/or OmpC, showed no difference in copper 

resistance (26) or were even more susceptible to copper (27) contradicting the previous 

interpretation of Lutkenhaus’ study.  

Nevertheless, copper ions, which are small and hydrophilic, could utilize the porin 

pathway to enter bacterial cells (28). In mycobacteria, the only known and characterized 

porins are MspA, MspB, MspC and MspD from M. smegmatis (29, 30). These porins are 

very similar to each other; MspB, MspC and MspD diverge only in 2, 4 and 18 amino 

acids, respectively, from MspA (31). However, the homo-octameric structure of Msp 

porins, forming one central channel, differs considerably from the homotrimeric structure 

of porins from Gram-negative bacteria, where each subunit forms one channel (29).  

The existence of porins in M. tuberculosis has been demonstrated previously (32, 

33), but specific porin genes are still unidentified. We hypothesized that copper uptake in 

mycobacteria is a porin-mediated process. We found that the porin MspA and its 

paralogues are essential for the acquisition of copper, especially at low copper 
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concentrations. Further, we establish the mycobacterial outer membrane as an efficient 

diffusion barrier for toxic copper ions and demonstrate that copper susceptibility of M. 

smegmatis and M. tuberculosis is a function of the porin expression level and the porin 

type. These results may have important implications for the role of putative porins in the 

pathogenicity of M. tuberculosis.  
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MATERIALS AND METHODS 

Chemicals, Strains and Growth Conditions 

All M. smegmatis strains and M. tuberculosis mc
2
6230 (ΔRD1, ΔpanCD) (34) 

were routinely grown on Middlebrook 7H10 medium (BD) or in Middlebrook 7H9 broth 

supplemented with 0.02% tyloxapol. Additionally, 10% oleic acid-albumin-dextrose-

catalase (OADC) and 24 μg/mL pantothenate were added to support the growth of M. 

tuberculosis mc
2
6230 (34). Trace copper versions of Middlebrook and Hartmans-de Bont 

(HdB) medium were prepared as previously described (15). Copper was supplied in the 

form of copper sulfate. The construction of the M. smegmatis SMR5 porin mutants 

MN01 (ΔmspA), ML10 (ΔmspA, ΔmspC) and ML16 (ΔmspA, ΔmspC, ΔmspD) has been 

published previously (30, 31, 35). Control strains carried the empty mycobacterial 

expression vector pMS2 (36). The pMS2 derived vectors pMN013 (pimycmspA) and 

pMN016 (psmycmspA) were used for the expression of mspA in M. tuberculosis and M. 

smegmatis, respectively (30, 37). The isogenic plasmids pMN041, pMN042, pMN043 

(30) were used to express mspA, mspB or mspC in ML10. Hygromycin B (50 μg/ml) was 

added to all media as required. Spermine, ampicillin, copper sulfate and all media 

constituents were purchased from Sigma. Noble agar (BD) was used for self-made 

Middlebrook 7H10 plates. Hygromycin was purchased from Calbiochem and alamarBlue 

reagent from AbD Serotec.  

 

Bacterial Drop Assay 

The drop assay was performed as previously described (15). Briefly, M. 

smegmatis strains were grown over night in self-made trace copper 7H9 medium. 
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Cultures were filtered through a 5-µm filter disk to remove clumps and then adjusted to 

an optical density at 600 nm (OD600) of 0.1. The OD-adjusted cell suspensions were then 

further diluted in 10-fold increments to an OD600 of 1x 10
-6

, and 5 µL of each of these 

serial cell dilutions was then spotted on self-made 7H10 plates containing trace, 25 or 

100 µM copper. Plates were incubated for 3 to 5 days at 37°C and scanned using an 

Epson V700 scanner for documentation. To obtain individual colonies, 10 µL of the 

lowest dilution was plated on self-made 7H10 plates containing trace amounts or 6, 12.5, 

25, 50 or 100 µM copper. The plates were incubated at 37 °C for 4 days. Pictures of 

individual colonies were taken using a Zeiss microscope (Stemi 2000-C) equipped with a 

Zeiss camera (Axiocam MRc) at 8- or 25-fold magnification. 

 

Growth Curves of M. tuberculosis 

Precultures of M. tuberculosis were grown in vented tissue culture flasks at 37°C 

using HdB medium without agitation. The flasks were manually shaken once a day. If 

necessary, clumps were broken by mild sonication in a sonication bath (FS60H; Fisher). 

At mid-exponential phase (OD600, ~1.0), the cells were centrifuged (Eppendorf centrifuge 

5810R; Rotor A-4-81; 3,000 × g; room temperature for 10 min), and each cell pellet was 

resuspended in 300 ml fresh HdB medium to give an OD600 of 0.05. Then the cells were 

split in 2 150-ml cultures. Copper sulfate was added to one of the duplicate cultures to a 

final concentration of 15 μM. Then, the 150 ml cultures were subdivided once more into 

3 50-ml cultures to obtain triplicates and cultured without agitation in T75 tissue culture 

flasks. All cultures were treated equally during the entire duration of the experiment. 
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MmcO Induction Assay  

Strains were grown in 10 ml HdB medium containing only trace amounts of 

copper ions (<1µM) (15). At an OD600 of 1.0, copper sulfate was added to the individual 

cultures to a final concentration of 2.5, 7.5, 10, 15, 20 or 30 µM. After 24 h, cells were 

harvested by centrifugation for 10 min at 3,000 x g and 4°C (Eppendorf centrifuge 

5810R; Rotor A-4-81), resuspended in 600 µl phosphate-buffered saline (PBS) plus 2% 

SDS and lysed via bead beating using 0.1 mm glass beads (rpi Corp.), and the proteins 

were solubilized by heating at 95°C for 10 min. The insoluble debris and glass beads 

were removed by centrifugation at 16,000 x g. The protein content of each sample was 

determined spectroscopically by its A260/A280 ratio using a UV-visible spectrometer 

(Nanodrop 2000; Thermo). Protein (100 μg) was loaded onto a 10% polyacrylamide gel, 

and Western blot analysis was performed according to standard methods. Proteins were 

detected using antibodies raised against MmcO (10), MspA (31) and RNA polymerase 

(Neoclone) and anti-mouse or anti-rabbit secondary antibody linked to horseradish 

peroxidase; blots were visualized with ECL Western blot detection kit (Thermo). Bands 

representing proteins of interest were quantified by calculating the integrated optical 

density (IOD) using LabWorks software (UVP). 

 

alamarBlue Assay 

A microplate alamarBlue assay (MABA) was performed as previously described 

with some minor modifications (38, 39). Briefly, bacterial strains were grown in HdB 

medium, filtered through a 5-µm filter disc and diluted in 2x HdB medium to an OD600 of 

0.05. The assay was performed in 96-well microplates. Solutions of copper sulfate, 
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ampicillin, or spermine were prepared at various concentrations 4-fold higher than the 

intended final concentration during the assay. Copper and spermine or ampicillin and 

spermine were mixed in equal parts in the well prior addition of medium and cells. The 

maximum volume per well was 160 μl. The assay mixtures containing M. smegmatis or 

M. tuberculosis were incubated for ~16 h or 6 to 10 days, respectively, prior addition of 

30 μl alamarBlue mix (equal parts of alamarBlue dye solution and 10 % Tween 80). Dye 

conversion was measured fluorometrically (excitation, 530 nm; emission, 590 nm) using 

a Synergy HT plate reader in bottom reading mode (Biotek). 
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RESULTS 

Porins are Essential for Copper Acquisition by M. smegmatis 

Previous studies from our laboratory established porins as key mediators of 

nutrient acquisition in M. smegmatis (30). To investigate if porins are also involved in the 

acquisition of copper, we examined porin mutants of M. smegmatis for copper-related 

growth defects. For this purpose, M. smegmatis wild-type and the well-characterized 

porin mutants MN01 (ΔmspA), ML10 (ΔmspA ΔmspC) and ML16 (ΔmspA ΔmspC 

ΔmspD) (30) were grown to stationary phase and then normalized by optical density and 

spotted onto 7H10 solid medium containing trace amounts or 25 µM copper (Fig. 1A and 

B). Growth was assessed after 3 days at 37°C. The copper-sensitive M. smegmatis mutant 

ML77 (ΔmctB) (15) was included to control for copper susceptibility. No apparent 

growth defect was observed for the wild-type strain under either condition. In contrast, 

the porin double mutant ML10 and triple mutant ML16 grew poorly on trace copper 

medium (Fig. 1A). Single colonies of ML16 grown under similar conditions showed a 

similar growth defect, although much more pronounced (see Fig. S1 in the supplemental 

material). The growth defects were alleviated either by expression of mspA (Fig. 1A; see 

Fig. S1 in the supplemental material) or by addition of extra copper to the growth 

medium (Fig. 1B, see Fig. S1 in the supplemental material). The growth of the ΔmspA 

mutant MN01 (Fig. 1A) and the ΔmspC mutant ML02 (see Fig. S1 in the supplemental 

material) was not impaired on trace copper medium, indicating that deletion of only one 

porin gene is not sufficient to affect copper uptake and that in M. smegmatis copper is 

also taken up by alternatively expressed porins, such as MspB and MspC. 
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To confirm that the MspA paralogues MspB and MspC are able to take up copper, 

we individually expressed the genes for these porins in ML10 using syngeneic plasmids 

that only differ in the porin gene they express (30). Similar expression levels of these 

porins were confirmed by Western blot analysis (see  Fig. S2 in the supplemental 

material). The drop assay confirmed that the expression of mspA, mspB or mspC 

promoted growth of ML10 on trace copper medium. In summary, these results indicate 

that the porin mutants ML10 and ML16 suffer from an uptake defect for copper ions, 

which appears to be the primary cause for impaired growth on trace copper medium. 

Previous studies indicate that MspD is the least conserved and shows the least 

pore activity of all four Msp porins in M. smegmatis (30). Deletion of mspD from ML10, 

which created ML16, did not further decrease the porin content of ML16 (30), which 

suggests that M. smegmatis is unlikely to utilize MspD for nutrient acquisition. In light of 

these studies, and because ML10 and ML16 had identical copper-dependent phenotypes 

in our experiments (Fig. 1), we have no indication that MspD is of any significance for 

the copper metabolism in any of the M. smegmatis strains utilized. 

 

Lack of Porins Protects M. smegmatis from Copper Poisoning  

Although copper supplementation is beneficial for growth of M. smegmatis, 

excess copper is toxic. Because ML10 and ML16 are deficient in copper uptake, we 

hypothesized that these porin mutants are more resistant to copper. Indeed, the drop assay 

on 7H10 plates containing 100 µM copper revealed that the porin mutants ML10 and 

ML16 are copper-tolerant while the growth of wild-type M. smegmatis and the single 

porin mutants MN01 (ΔmspA) (Fig. 1C) and ML02 (ΔmspC) (data not shown) was 
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impaired. As expected, expression of mspA in either ML10 (Fig. 1F) or ML16 (Fig. 1C) 

increased sensitivity to copper. Similar results were obtained for mspB and mspC 

expressed in ML10 (Fig. 1F). Taken together, these data demonstrate that the 

susceptibility of M. smegmatis to copper ions is a direct function of the porin content in 

the outer membrane. 

 

Figure 1. Copper-dependent phenotypes of M. smegmatis porin mutants. (A to C) 

Ten-fold serial dilutions of wild-type M. smegmatis SMR5 (wt) and the porin mutants 

MN01 (ΔmspA), ML10 (ΔmspA ΔmspC), ML16 (ΔmspA ΔmspC ΔmspD) and the mspA-

expressing ML16 strain were spotted on self-made Middlebrook 7H10 medium plates 

containing increasing concentrations of copper. ML77 (ΔmctB) was included as copper-

sensitive growth control. (D to F) The porin genes mspA, mspB or mspC were expressed 

in M. smegmatis ML10 from plasmids pMN041, pMN042, and pMN043, respectively. 

The experiments were repeated four times with similar outcomes. Images of plates 

containing trace (A and D), 25 µM (B and E) or 100 µM (C and F) copper from one 

representative experiment are shown. The copper content of HdB medium was <1 µM.  
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Growth Kinetics of M. tuberculosis in the Presence of Copper  

To evaluate at which concentration copper ions affect the growth of M. 

tuberculosis, we utilized the microplate alamarBlue assay which is the current standard 

for susceptibility testing of mycobacteria (40). Under the applied conditions, we did not 

detect any growth of M. tuberculosis at or above 15 µM copper in HdB medium (Fig. 

2A). This outcome accurately reflects our previous finding that M. tuberculosis is more 

sensitive towards copper than M. smegmatis (15) and demonstrates suitability of 

alamarBlue for testing of copper susceptibility in mycobacteria. However, due to the 

small sample volume, the alamarBlue assay is prone to errors from evaporation and thus 

not suitable for long-term growth experiments with slow growing mycobacteria. Growth 

curves over a period of 24 days were therefore recorded by measuring the optical density 

of 50-ml cultures. In contrast to the copper susceptibility profile of M. tuberculosis 

obtained in alamarBlue assays, we found that M. tuberculosis is actually able to grow in 

the presence of 15 µM copper but growth is delayed and starts on day 10, while growth in 

trace copper medium began on day 6 (Fig. 2B). The generation time of M. tuberculosis 

increased from ~50 h in trace copper HdB medium to ~75 h in 15 µM copper. Both 

cultures entered stationary phase at similar cell densities (Fig. 2B). The delayed-growth 

phenotype in copper medium demonstrates that M. tuberculosis has the ability to recover 

from and adapt to elevated copper levels over time. Indeed, increasing the incubation 

time of the alamarBlue assay from 7 to 9 days did reveal growth of M. tuberculosis at 15 

and even at 17.5 µM copper. However, the adaptive copper resistance mechanisms 

reached their upper limit at ~20 µM copper (see Fig. S3A and B in the supplemental 

material). 
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Figure 2. Response of M. tuberculosis mc
2
6230 to copper. (A) alamarBlue assay of M. 

tuberculosis mc
2
6230 (Mtb), Mtb expressing mspA (Mtb + mspA) and M. smegmatis in 

response to increasing copper concentrations. The error bars represent standard 

deviations of three replicate wells (in a 96-well plate) of the same experiment. (B) 

Growth curves of M. tuberculosis mc
2
6230  (grey lines) and M. tuberculosis mc

2
6230 

expressing mspA (black lines) in HdB minimal medium containing 15 µM (diamonds) or 

trace amounts (circles) of copper. Growth was monitored by measuring light scattering at 

600 nm (OD600). Standard deviations were calculated from samples of three 50-ml 

cultures grown in parallel. (C) Western blot analysis of MmcO, MspA and RNA 

polymerase (RNApol) from protein extracts of M. tuberculosis mc
2
6230 and M. 

tuberculosis mc
2
6230 expressing mspA grown at the indicated copper concentrations. The 

band intensities of MmcO were quantified and normalized to the respective RNA 

polymerase signals, which were also used as a loading control. Then the samples were 

compared with wild-type M. tuberculosis mc
2
6230 grown in trace copper medium. 
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Overexpression of Porin Genes Induces Copper Stress in M. tuberculosis  

To characterize the role of the outer membrane in protection against copper stress, 

we expressed the M. smegmatis porin mspA in M. tuberculosis to promote copper uptake 

across the outer membrane. In contrast to wild-type M. tuberculosis, the presence of only 

2.5 µM copper inhibited the growth of the mspA-expressing strain by ~40% (Fig. 2A). 

Importantly, while wild-type grew normally at 15 µM copper, the mspA-expressing strain 

did not resume growth during the entire observation period of 24 days (Fig. 2B). This 

result indicates that the MspA-mediated increase in copper uptake is detrimental to M. 

tuberculosis and highlights the importance of the outer membrane as a diffusion barrier 

against copper. In addition, we found that expression of mspA lead to a stronger copper-

dependent induction of multicopper oxidase gene rv0846c (mmcO) which is part of the 

M. tuberculosis RicR regulon (20). In trace copper medium, the baseline protein level of 

MmcO in the mspA expressing M. tuberculosis strain was 60% above wild-type level 

(Fig. 2C). At 2.5 and 7.5 µM copper, expression levels of MmcO increased to 70% and 

76% above wild-type level, respectively (Fig. 2C). These results indicate that copper ions 

entering the cells through MspA end up in the cytoplasm, where they bind RicR, which 

results in the transcriptional derepression of copper resistance genes, including mmcO. 

 

Spermine Decreases MspA-Mediated Susceptibility to Ampicillin and Copper 

Spermine and other polyamines are known modulators of bacterial porin functions 

(41-43). Thus, we hypothesized that porin-mediated uptake of copper could be blocked 

by the addition of spermine. To establish this assay, we first demonstrated the ability of 
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spermine to block uptake of ampicillin through porins of M. smegmatis. Ampicillin is an 

ideal substrate to investigate the inhibitory activity of spermine on MspA for two reasons: 

(i) ampicillin has been demonstrated to mainly utilize Msp porins to access the periplasm 

of M. smegmatis (44) and (ii) β-lactam antibiotics were previously used to detail the 

interaction between spermine and porins of E. coli and P. aeruginosa (45, 46). The latter 

studies demonstrated that spermine increased resistance to β-lactam antibiotics by 

decreasing porin-mediated outer membrane permeability, which also resulted in specific 

susceptibility phenotypes. To examine if spermine would act in a similar manner on 

mycobacterial porins, we first tested its capacity to desensitize M. smegmatis to 

ampicillin. alamarBlue assays revealed that spermine indeed enhanced growth of M. 

smegmatis in the presence of 80 µg/mL ampicillin in a spermine concentration-dependent 

manner (Fig. 3A). In the absence of any toxic compound, spermine had no growth-

promoting properties. Further, spermine at 25 µM and 50 µM desensitized M. smegmatis 

to copper (Fig. 3B). Similarly, spermine increased the resistance of M. tuberculosis 

expressing the porin gene mspA to copper concentrations of 2.5 and 5 µM (Fig. 3C) but 

had only minor effects on wild-type M. tuberculosis growing at these copper 

concentrations (see Fig. S3 in the supplemental material). These results indicate that 

spermine partially blocks the MspA channel in a dose-dependent manner and 

substantiated our hypothesis that copper enters mycobacterial cells through outer 

membrane pores. 
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Figure 3. Spermine increases the resistance of M. smegmatis and M. tuberculosis 

mc
2
6230 to ampicillin and copper ions. M. smegmatis (A and B), M. tuberculosis 

expressing mspA (C) and M. tuberculosis (D) were exposed to either ampicillin (A) or 

copper (B, C and D) in combination with varying concentrations of the polyamine 

spermine (SPN). Plot D is a partial representation of Fig. S3A in the supplemental 

material. The error bars indicate the standard deviation of at least 3 technical replicates. 

The assays were repeated at least twice and gave similar results. 

 

Evidence for Endogenous Porin-Mediated Copper Uptake in M. tuberculosis.  

To investigate whether copper uptake in M. tuberculosis is also modulated by 

spermine, we grew M. tuberculosis at different combinations of copper (<1 to 20 µM) 

and spermine (0 to 300 µM) concentrations and utilized alamarBlue to obtain a 

quantitative readout for growth. The assay revealed that spermine acted in a 

concentration-dependent manner, showing the strongest protective effect in the presence 
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of 15 and 17.5 µM copper (Fig. 3D; see Fig. S3 in the supplemental material). To better 

demonstrate the growth-enhancing effect of spermine in the presence of copper, we 

calculated the spermine-dependent increase of growth, for trace amounts and 12.5, 15 and 

17.5 µM copper (see Fig. S4 in the supplemental material) using the respective 

alamarBlue fluorescence values shown in Fig. S3A in the supplemental material. 

Spermine did not enhance growth at or below 12.5 µM copper (see Fig. S3 and S4 in the 

supplemental material), which was to be expected, as these copper concentrations are not 

inhibitory to M. tuberculosis (Fig. 2A). Spermine was most effective in the presence of 

17.5 µM copper and enhanced the growth of M. tuberculosis by ~2.3 fold (see Fig. S4 in 

the supplemental material). Similar trends were observed in three independently 

performed assays (see Fig. S3 in the supplemental material). As spermine is known to 

block porins (43, 45, 46), and as we demonstrate in this study that spermine blocks the 

mycobacterial porin MspA, these results indicate that copper uptake by M. tuberculosis is 

a porin-driven process. 
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DISCUSSION 

Msp Porins Mediate Copper Uptake in M. smegmatis 

Copper acquisition by eukaryotic cells is well characterized (47, 48), but little is 

known about copper uptake in bacteria. In this study, we observed two distinct copper-

dependent phenotypes of M. smegmatis porin mutants: (i) a growth defect on trace copper 

medium (Fig. 1A; see Fig. S1 in the supplemental material) and (ii) increased resistance 

to elevated copper levels (Fig. 1C; see Fig. S1 in the supplemental material). Both 

phenotypes indicate that porins are the main mediators for copper uptake across the outer 

membrane in M. smegmatis. 

Of all the essential trace metals ions, only uncomplexed iron is known to utilize 

the porin MspA, which was demonstrated by decreased accumulation of radioactive 
55

Fe 

by the M. smegmatis triple porin mutant ML16 (49). Porins typically discriminate 

substrates based on molecular size, type of charge, and/or hydrophobicity (50, 51). Based 

on these parameters, iron and copper ions appear nearly indistinguishable. Thus, it is 

likely that, as seen for iron, copper uses Msp porins to enter cells of M. smegmatis. 

Despite our long-standing experience with radioactive uptake assays in mycobacteria (30, 

37, 44, 49, 52, 53), we were unable to obtain reliable uptake data with 
64

Cu(II) due to its 

fast decay (half-life ~12.7h) and the high affinity of the mycobacterial cell envelope for 

copper ions. 

Instead, we demonstrated the MspA-dependent increase of copper in the 

cytoplasm by measuring protein levels of the multi-copper oxidase MmcO in response to 

copper. Expression of mmcO is controlled by RicR, a transcriptional repressor of M. 

tuberculosis that functions as an intracellular copper sensor (20). Copper binding to RicR 
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alters its conformation, resulting in release from its DNA target in a dose-dependent 

manner, which then leads to an increase in mRNA levels of RicR-controlled genes (20). 

We demonstrated this correlation by the rising protein levels of MmcO in response to 

excess copper (Fig. 2C); as RicR needs to physically interact with copper for 

transcription derepression to occur (20), higher MmcO levels are a consequence of an 

increasing intracellular copper concentration. Heterologous expression of mspA in M. 

tuberculosis led to an even stronger expression of mmcO in comparison to wild-type (Fig. 

2C), which supports the notion that MspA mediates influx of copper in mycobacteria. In 

conclusion, the porin-dependent copper-specific phenotypes that we describe in this study 

and the MspA-dependent increase of mmcO expression in response to copper provide the 

first experimental evidence that copper uptake across bacterial outer membranes is a 

porin-mediated process. 

  

Redundancy of Porins in Copper Uptake by M. smegmatis.  

We demonstrated that copper uptake is a redundant function of Msp porin 

paralogues, as expression of mspA, mspB or mspC restored the wild-type phenotypes in 

the M. smegmatis double porin mutant ML10 (Fig. 1D to F). Deletion of just one porin 

gene, e.g., mspA, in MN01 (Fig. 1A to C) or mspC in ML02 (see Fig. S1 in the 

supplemental material), was not sufficient to generate copper-specific phenotypes, most 

likely because deletion of one porin gene leads to increased expression of others (30). 

Expression of alternative porin genes might also explain why copper-specific phenotypes 

were not previously observed in single (ΔompF or ΔompC) or double (ΔompF ΔompC) 

porin mutants of E. coli (26). Lack of ompF and ompC is known to induce expression of 
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phoE (50), a porin usually expressed under phosphate limiting conditions (54). Despite its 

label as phosphoporin, diffusion through the PhoE pore is not limited to anions (55) and 

thus is likely to facilitate diffusion of copper ions in the absence of OmpF and OmpC. 

Transcriptional profiling of copper-stressed P. aeruginosa cells also indicated that 

copper uptake is achieved by various porins (56). The expression of at least eight porin 

genes was down regulated, including oprC, a TonB-dependent outer membrane protein 

with a potential role in copper uptake under anaerobic conditions (56). In support of 

copper uptake being achieved through multiple porins, copper susceptibility of the oprC 

mutant of P. aeruginosa was no different from that of the wild-type (57). 

 

Lack of Msp-like Porins Protects M. tuberculosis from Copper Stress  

The inability of M. tuberculosis to grow in the presence of 15 µM copper when 

mspA is expressed (Fig. 2B) shows that M. tuberculosis benefits from the lack of MspA-

like porins, especially when copper approaches hazardous concentrations (>10 µM). This 

finding is relevant, as M. tuberculosis is likely exposed to copper concentrations well 

above 15 µM during the course of infection. For example, copper levels in human blood 

are usually between 15 and 25 µM (58). Copper levels in macrophage phagosomes, in 

which M. tuberculosis survives and replicates (59), can rise up to ~400 µM (18) and 

multiple studies indicate that copper resistance mechanisms are crucial for full virulence 

of M. tuberculosis (15, 16). According to our results, the outer membrane is particularly 

important for copper resistance, as it represents an important barrier against toxic copper 

ions. When this barrier was permeabilized by heterologous expression of the M. 

smegmatis porin gene mspA, M. tuberculosis became susceptible to as little as 2.5 µM 
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copper (Fig. 3A). The sensitivity to such a low copper concentration was surprising, as 

the protein level of MspA in M. tuberculosis is very low and does not exceed ~65 pores 

per µm
2
 outer membrane compared to ~1,500 pores per µm

2
 in wild-type M. smegmatis 

(37). Supposing that the copper uptake across the outer membrane is greater the more 

pores are present, it seems evident that the metabolism of M. smegmatis is adjusted to a 

much higher copper influx than the metabolism of M. tuberculosis. The failure of M. 

tuberculosis to grow at 15 µM copper when mspA is expressed (Fig. 2B) supports this 

conclusion, as does our previous finding that the level of cell-associated copper in M. 

tuberculosis is approximately five orders of magnitude lower than that of M. smegmatis 

(15). 

 

Spermine Inhibits Porin-Mediated Susceptibility to Ampicillin and Copper in 

Mycobacteria.  

The inhibitory properties of spermine on MspA are indicated by (i) the spermine-

induced resistance of M. smegmatis to ampicillin and copper ions and, (ii) the spermine-

mediated increase in copper resistance by M. tuberculosis when mspA is expressed. 

Together, these phenotypes support the conclusion that spermine interferes with the 

channel activity of MspA and establish spermine as chemical probe to study the 

permeability of the mycobacterial outer membrane to hydrophilic solutes.  

We also demonstrated that the growth of wild-type M. tuberculosis in copper-

containing media was enhanced by spermine (Fig. 3D), albeit not as strongly as for the 

mspA-expressing M. tuberculosis strain (Fig. 3C). It therefore stands to reason that M. 

tuberculosis acquires copper by porins and that spermine acts on endogenous porins of 
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M. tuberculosis in a manner similar to that we observed for the M. smegmatis porin 

MspA. The striking similarity of spermine-induced phenotypes between mycobacteria 

and Gram-negative bacteria also prompted Sarathy et al. in their recent study to postulate 

that in M. tuberculosis and Mycobacterium bovis BCG, fluoroquinolones are being taken 

up by porins (60). Although our M. tuberculosis spermine assays support their 

conclusion, it should be noted that not all porins are susceptible to polyamines (41)  and 

that spermine and other polyamines are also known to alter bacterial susceptibility to 

toxic solutes by mechanisms independent of porins (46). These aspects were seemingly 

overlooked when the spermine-induced drug resistance phenotype of M. bovis BCG and 

M. tuberculosis was attributed solely to the blockage of putative porins without providing 

any evidence that mycobacterial porin functions are indeed susceptible to inhibition by 

polyamines (60). A direct link between spermine-induced susceptibility phenotypes of M. 

tuberculosis and endogenous porin activities can only be demonstrated in biochemical 

experiments, which require purified proteins. Unfortunately, as specific porin genes of M. 

tuberculosis are still unknown, such in vitro studies are currently impossible. However, 

the inhibitory effect of spermine on the MspA-mediated uptake of ampicillin and copper 

we have described provides a reasonable model to explain the reported spermine-induced 

fluoroquinolone resistance phenotypes of M. bovis BCG and M. tuberculosis (60).  

Regulation of porin functions by endogenously produced polyamines has 

previously been proposed for E. coli (61) but to our knowledge has not yet been 

examined in M. tuberculosis. Indeed, the genome of M. tuberculosis seems to encode a 

putative spermine synthase (rv2601), which might indicate that M. tuberculosis uses 

endogenous spermine to modulate porin-mediated influx across its outer membrane. 
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Furthermore, the spermine concentration in mammalian cells fluctuates but is typically 

about ~1 mM (62) and therefore high enough to have an impact on porin-mediated uptake 

processes in M. tuberculosis. The effects of host- or bacterium-produced spermine on 

survival of M. tuberculosis have not been characterized. 

 

Alternative Pathways for Copper Uptake in Mycobacteria 

The nonavailability of M. tuberculosis porin mutants precludes phenotypic studies 

that detail the role of porins in copper susceptibility, and the copper/spermine assay alone 

does not exclude the presence of alternative pathways for copper uptake in M. 

tuberculosis. In methanotrophic bacteria, copper appears to be mainly acquired by a 

system similar to the siderophore-mediated uptake of iron (43). Binding of copper to the 

virulence associated siderophore yersiniabactin has been reported recently to promote 

urinary tract infections by E. coli (63). Like most bacteria, mycobacteria, including M. 

smegmatis and M. tuberculosis, utilize siderophores for the acquisition of iron which is 

especially crucial for virulence of M. tuberculosis (64). However, although copper has 

been utilized in the purification process of siderophores from M. tuberculosis, there is no 

evidence of a physiological role in copper acquisition, especially as the copper-

siderophore complex appears to be unstable (65).  

  

Implications for Drug Discovery  

We identified the outer membrane as an important determinant of copper 

resistance in M. tuberculosis. We showed that intracellular copper resistance mechanisms 

of M. tuberculosis were quickly overwhelmed when copper ions were allowed to cross 
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the outer membrane of M. tuberculosis more efficiently. This study is therefore an 

important step forward to understand how M. tuberculosis protects itself from copper-

dependent innate immune functions. Accelerated uptake and intracellular accumulation of 

copper is detrimental to M. tuberculosis and weakens its ability to survive in the host 

(15). Compounds that chemically induce a copper sensitivity phenotype in M. 

tuberculosis may therefore provide an opportunity to therapeutically enhance host-

induced copper-dependent innate immune functions. Driven by this hypothesis, the first 

proof-of-concept compounds have recently emerged (39). Overwhelming the copper 

resistance mechanisms of M. tuberculosis is thus a viable path to new drugs and more 

effective antituberculosis chemotherapy. 
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SUPPLEMENTAL FIGURES 

Figure S1. Single colony morphology of M. smegmatis SMR5, ML02 (ΔmspC), ML10 

(ΔmspA, ΔmspC), ML16 (ΔmspA, ΔmspC, ΔmspD) and ML16 expressing mspA grown in 

the presence of indicated copper concentrations on homemade Middlebrook 7H10 

medium plates. A copper concentration of <1 µM indicates trace copper levels. 

Magnification of colonies is 8-fold. Size bar in top left picture indicates 1 mm at an 8-

fold magnification. The insets show colonies at 25-fold magnification. 
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Figure S2. Western blot of porin extracts from M. smegmatis SMR5, the porin double 

mutant ML10 (ΔmspA, ΔmspC), and ML10 expressing mspA, mspB or mspC from 

vectors pMN041, pMN042 or pMN043, respectively. 

 

Figure S3. Two-dimensional dose-matrix experiment to demonstrate the growth 

promoting effects of spermine (SPN) on M. tuberculosis mc
2
6230 in the presence of 

copper. The results of four independently prepared Alamar Blue assays are shown. The 

fluorescence value of each condition is normalized to the respective growth control (<1 

µM Cu / no SPN). Parts of Fig. S3A are shown in Fig. 3D.  
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Figure S4. Spermine (SPN) enhances growth of M. tuberculosis in the presence of 

sublethal copper concentrations. Relative growth was calculated from data points 

shown in Fig. S3A by normalizing relative fluorescence values in each category to the 

respective no SPN condition.  
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SUMMARY AND DISCUSSION 

MmcO is Critical to Copper Resistance in M. tuberculosis 

We showed that Rv0846c protein is a bona fide multicopper oxidase, and is able 

to oxidize several organic substrates in vitro (Rowland and Niederweis, 2013). Thus we 

renamed Rv0846c mycobacterial multicopper oxidase (MmcO). In addition to oxidizing 

organic substrates, we showed the MmcO oxidizes iron. Several multicopper oxidases 

that oxidize iron also have copper oxidation activity (Singh et al., 2004). We showed that 

MmcO is required for copper resistance in M. tuberculosis, and that activity was 

dependent on a functional active site, but independent of a putative lipidation site at the 

amino-terminus (Rowland and Niederweis, 2013). Moreover, strains lacking MmcO 

activity were more susceptible to copper than previously defined copper-susceptible 

mutants, such as the ΔmctB mutant (Rowland and Niederweis, 2013; Wolschendorf et al., 

2011).  

The mechanism by which MmcO protects M. tuberculosis against copper stress is 

unclear. The multicopper oxidase of E. coli, CueO, is able to oxidize copper directly 

(Singh et al., 2004). Thus, oxidation of toxic Cu
1+

 to less toxic Cu
2+

 is one possible 

mechanism of protection by MmcO. Alternatively, CueO can also oxidize iron-loaded 

siderophores (Kim et al., 2001). It has been hypothesized that siderophores reduce Cu
2+

 

to Cu
1+

, and that CueO oxidation of siderophores reverses this activity (Kim et al., 2001; 
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Rensing and Grass, 2003). To date, the exact mechanism of multicopper oxidase 

protection against copper overload has not been shown in any bacterium.  

In vivo mechanisms of copper protection may prove difficult to parse. 

Multicopper oxidases often have low substrate specificity in vitro and act on a wide 

variety of substrates of varying sizes (Kosman, 2010). Indeed, fungal multicopper 

oxidases can oxidize large, polymeric structures such as lignin (Giardina et al., 2010). 

Additionally, multicopper oxidases have a variety of roles in different cell types. For 

example, the circulating multicopper oxidase in human serum, ceruloplasmin, is required 

for iron delivery to cells and copper and iron homeostasis (Hellman and Gitlin, 2002). 

Other oxidases, including Fet3P and multicopper oxidase of Pseudomonas aeruginosa, 

are also required for iron homeostasis (De Silva et al., 1995; Huston et al., 2002). The 

spore coat-associated multicopper oxidase of Bacillus subtilis is required for melanin 

generation, and used in protecting the spore from UV damage (Hullo et al., 2001). For 

intracellular multicopper oxidases, it is unclear if low substrate specificity is maintained 

in vivo, or if there are mechanisms for limiting activity (Quintanar et al., 2007).  

If MmcO acts on small molecule targets in vivo, such activities could be identified 

through a high-throughput mass-spectrometry approach. If MmcO oxidizes small 

molecules such as siderophores, a comparative lipidomics approach using wildtype and 

ΔmmcO strains would reveal a decrease in the presence of the oxidized form of 

siderophore in the mutant strain. This approach would also reveal multiple targets of 

oxidation if they exist. 

To date, it has not been shown that a bacterial multicopper oxidase oxidizes 

copper in vivo. All experiments showing cuprous oxidase activity have been performed in 
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vitro, using caged Cu
1+

 substrates under anaerobic conditions (Singh et al., 2004). 

Methods to show metal oxidation or reduction in vivo are limited. Dyes and fluorescent 

substrates, which change color or fluorescence intensity upon metal binding, are usually 

not specific, or are not active in cells (Satriano et al., 2013). Metal binding probes are 

often capable of binding many metals with the same charge and relatively similar size. 

The in vitro copper-sensing dye dithizone is capable of binding multiple metals, 

including biologically relevant zinc; furthermore, dithizone cannot distinguish the 

different oxidative states of copper (Paradkar and Williams, 1994). The resulting 

absorbance spectra of different metal-dithizone complexes overlap precluding 

deconvolution of different metal or ion-complexes (Paradkar and Williams, 1994). The 

fluorescent intracellular zinc probe, TPEN, is often described as specific, but in fact binds 

many biologically relevant metals with higher specificity than zinc (Sigdel et al., 2006). 

To avoid convoluted absorbance or excitation-emission spectra, some groups have 

developed ratiometric metal ion sensors, based on known metal binding proteins. Liu and 

colleagues engineered a fusion protein of the metal binding domain of a copper-

responsive transcriptional regulator, Ace1, and a yellow fluorescent protein, which is 

specific for Cu
1+

 (Liu et al., 2013). The resulting plasmid-encoded fusion successfully 

detected changes in the copper pool of bacterial and eukaryotic cells (Liu et al., 2013). 

Such a fusion protein could be modified with a secretion signal (TAT or Sec) for export 

to the periplasm, to detect changes in the copper pool of the ΔmmcO mutant. 
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Porins are the Primary Pathway for Copper Uptake in M. tuberculosis 

The method by which copper enters mycobacterial cells is unknown. In other 

bacteria with outer membranes, it is assumed that copper utilizes porins, water filled 

outer membrane channels, to gain access to cells (Nies and Herzberg, 2013). In E. coli, it 

was shown that strains resistant to copper had mutations in genes encoding outer 

membrane proteins (Lutkenhaus, 1977), but these results were contradicted by later work. 

Deletion mutants of porins ompC and ompF were not more resistant to copper than their 

parent strains, and were even more susceptible to increased copper (Egler et al., 2005; Li 

et al., 1997). Other bacteria, particularly methanobacteria, use small molecule chelators, 

called methanobactin (or chalkophores), to bind and accumulate copper 

(Balasubramanian and Rosenzweig, 2008). This system of copper acquisition is 

analogous to the siderophore system of iron uptake. Because the mechanism of copper 

uptake is unknown in mycobacteria, and because copper resistance is critical for 

virulence, we attempted to characterize copper uptake in M. smegmatis and M. 

tuberculosis. There is no evidence for a methanobactin-like system in mycobacteria. M. 

smegmatis has several known porins including MspA (Stephan et al., 2005). M. 

tuberculosis also contains porins, although their identities are as yet unknown (Kartmann 

et al., 1999). Therefore, we hypothesized that porins are required for copper uptake in 

mycobacteria. 

The M. smegmatis genome encodes a well characterized porin, MspA, which has 

three homologues named MspB, MspC, and MspD. These four porins differ only slightly 

in amino acid sequence (2, 4, and 18 residues respectively), compared to MspA (Stahl et 

al., 2001). Specific identities of general porins of M. tuberculosis are currently unknown 
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and there are no homologues of Msp proteins. We, therefore, first characterized the role 

of general porins in copper susceptibility and resistance in M. smegmatis.  

We showed that loss of porins results in reduced growth on low copper medium, 

likely due to limitation of this essential nutrient, and resistance to copper at high 

concentrations (Speer et al., 2013a). Loss of a single Msp protein resulted in a more 

subtle copper susceptibility/resistance profile, while loss of two or three Msp proteins 

(ΔmspA, ΔmspC; or ΔmspA, ΔmspC, ΔmspD) magnified the phenotype (Speer et al., 

2013a). Additionally, the double-porin mutant could be complemented by expression of 

mspA, mspB, or mspC (Speer et al., 2013a). This result further highlights the dual role of 

copper in cells, and reveals the importance of balancing copper needs against toxicity.  

Because porins have not yet been identified in M. tuberculosis, we employed two 

approaches to show that copper enters through pores. First we overexpressed mspA in M. 

tuberculosis. The increase of porins in M. tuberculosis increased susceptibility to copper 

(Speer et al., 2013a). Additionally, we showed that this copper reached the cytoplasm by 

monitoring expression of a copper responsive gene. Protein levels of MmcO are known to 

increase in response to copper stress (Rowland and Niederweis, 2013), thus we 

deteremined MmcO levels by Western blot to show that mspA-expressing M. tuberculosis 

accumulated copper in the cytoplasm.   

Finally we showed that porin-mediated uptake of copper could be blocked in 

mycobacteria. Polyamines are known to block porins of Gram-negative bacteria (Iyer and 

Delcour, 1997; Samartzidou and Delcour, 1999), and have previously been used to 

investigate copper uptake via porins (Balasubramanian et al., 2011). In M. smegmatis, 

addition of the polyamine spermine increased bacterial resistance to copper, while having 
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no affect on growth by itself. Addition of spermine to M. tuberculosis or mspA-

expressing M. tuberculosis also protected cells against copper stress (Speer et al., 2013a). 

This result showed that porins are at least partially responsible for copper uptake in M. 

tuberculosis. 

These results indicate that porins are utilized in mycobacteria to obtain copper. 

Particularly, we have identified the Msp proteins as a major pathway for copper uptake in 

M. smegmatis. Without knowing the identities of outer membrane porins or channel 

proteins in M. tuberculosis, we cannot yet identify the exact mechanisms of copper 

uptake. Identification of channel-forming proteins in M. tuberculosis will allow us to 

further characterize the exact role of outer membrane proteins in copper uptake and 

susceptibility.  

 

Spatial Separation of Copper Resistance Proteins and Functional Redundancy 

The copper resistance proteins are localized to each of the subcellular 

compartments in the M. tuberculosis (Figure 1, introduction). The copper 

metallothionein, MymT directly protects the cytoplasm by sequestering excess copper 

ions (Gold et al., 2008). CtpV also protects the cytoplasm by exporting copper into the 

periplasm (Ward et al., 2010). In turn, the periplasm is protected by MmcO likely by 

oxidizing toxic Cu
1+

 to less toxic Cu
2+

. However, alternative mechanisms are possible. 

MctB is also localized to the periplasm and membrane associated (Siroy et al., in 

preparation); however, the mechanism by which MctB protects M. tuberculosis against 

copper stress is unclear (Rowland and Niederweis, 2012). It is possible that MctB affects 

outer membrane integrity and thus loss of MctB results in increased permeability to 
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copper. Finally, unknown proteins must be present to efflux copper out of M. 

tuberculosis, across the outer membrane. 

The spatial distribution of copper resistance proteins in M. tuberculosis across 

bacterial compartments reveals potential redundancies in the system. To determine the 

overlaps in mechanisms, M. tuberculosis mutants with deletions of multiple genes 

involved in copper resistance must be analyzed. For example, deletion of ctpV and mymT 

may reveal a severe copper susceptibility phenotype, as the two encoded proteins protect 

the cytoplasm against copper overload. Similarly, loss of copper efflux combined with 

loss of MmcO might be particularly detrimental to the periplasm. It is clear that 

individual copper resistance proteins are not essential, but disruption of several pathways 

at once may prove lethal.  

 

Copper Resistance Mechanisms of M. tuberculosis are Potential Drug Targets 

Copper has long been used as an antimicrobial agent. As early as 3000 BC copper 

was used to sterilize wounds and water (Grass et al., 2011). Many ancient civilizations 

used copper to treat a variety of diseases (Grass et al., 2011; Hodgkinson and Petris, 

2012). Indeed, copper was used to treat infections, including tuberculosis, until the advent 

of antibiotics (Grass et al., 2011). Given the increase in multi- and extensively-drug 

resistant M. tuberculosis strains, the use of copper to aid anti-tuberculosis treatments is an 

intriguing possibility. 

Recently there has been renewed interest in using copper in tuberculosis 

chemotherapy. Beginning with the characterization of MctB, it has been suggested that 

copper homeostasis mechanisms represent novel drug targets in M. tuberculosis 
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(Wolschendorf et al., 2011). The recent identification of new copper homeostasis 

mechanisms of M. tuberculosis reveals potential drug targets. For example, by blocking 

copper efflux by CtpV, or inhibiting the activity of MctB, M. tuberculosis would be 

forced to accumulate copper. Loss of CtpV or MctB increases copper susceptibility and 

leads to virulence defects.  

Additionally, inhibiting the copper binding capacity of MymT increases the 

copper susceptibility of M. tuberculosis (Gold et al., 2008). While loss of MymT alone 

does not result in a virulence defect (Gold et al., 2008), it is possible that loss of MymT 

function in combination with current or future anti-tuberculosis chemotherapies may 

result in a more potent drug treatment.  

Drugs that target the multicopper oxidase, MmcO, may also be highly effective. It 

is clear that loss of MmcO is deleterious to M. tuberculosis, and induces a high level of 

copper susceptibility (Rowland and Niederweis, 2013). The localization of MmcO in the 

periplasm (McDonough et al., 2008) is an additional benefit for several reasons. First, 

drugs targeting MmcO will increase copper stress in the periplasm, where copper exerts 

negative effects in multiple ways. Second, loss of multicopper oxidases in other bacteria 

results in an increase of total bacterial copper content (Tree et al., 2005); as such, 

inhibition of MmcO oxidase activity may result in an increase in periplasmic and/or 

cytoplasmic copper, increasing the deleterious effects of the drug. Recent work has 

shown that MmcO is not required for virulence in mice (Shi et al., 2014). However, 

unlike other animal models and humans, mice do not form hypoxic granulomas (Via et 

al., 2008). As such, it is possible MmcO plays a role in virulence in humans. 
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Another method to utilize copper to target M. tuberculosis is the use of copper 

complexing compounds to overwhelm the native copper resistance mechanisms, instead 

of targeting individual proteins. Recently, diacetylbis(N(4)-methyl-3-thio-semicarbazone) 

(ATSM), a bis-thiosemicarbazone used in medical imaging and which is known to bind 

copper, was used as a proof-of-concept compound to increase the bactericidal effects of 

copper against M. tuberculosis. In the absence of copper, ATSM had almost no inhibitory 

effect on M. tuberculosis; however, upon the addition of copper, ATSM was highly 

effective (Speer et al., 2013b). These results indicate that overloading copper resistance 

mechanisms of M. tuberculosis is a viable method for drug treatment.  

 

Conclusions 

In this work we have improved our understanding of copper homeostasis 

mechanisms of M. tuberculosis. More work is needed to characterize the full complement 

of copper uptake and resistance systems in M. tuberculosis. The identities of porins 

required for uptake as well as those required for copper efflux are unknown. The copper 

resistance systems of M. tuberculosis also appear redundant, but the exact overlaps 

between proteins and mechanisms are unknown. We have shown that a putative 

multicopper oxidase has phenoloxidase and ferroxidase activities. Further we have 

proven its role in copper resistance. We have also demonstrated that copper enters 

mycobacteria through general porins.  These results advance our understanding of the 

basic physiology of M. tuberculosis and provide a strong platform for future 

investigations into the role of copper resistance in tuberculosis pathogenicity. 
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