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 Tuberculosis, caused by Mycobacterium tuberculosis, is global health burden as it 

remains one of the most devastating human infectious diseases causing two million deaths 

annually and latently infecting a third of the world’s population. We previously demonstrated 

that M. tuberculosis induces an enzyme, heme oxygenase (HO1), that produces carbon 

monoxide (CO) gas and that M. tuberculosis adapts its transcriptome during CO exposure. 

We now demonstrate that M. tuberculosis carries a novel resistance gene to combat CO 

toxicity. We screened an M. tuberculosis transposon library for CO-susceptible mutants and 

found that disruption of Rv1829 (carbon monoxide resistance, cor) leads to marked CO 

sensitivity. Heterologous expression of Cor and Cor homologue from Thermotoga maritima 

(TM0160) in Escherichia coli rescued it from CO toxicity, suggesting a conserved function 
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across diverse microbial species. Importantly, the virulence of the cor mutant is attenuated in 

a mouse model of tuberculosis. Thus, Cor is necessary and sufficient to protect bacteria from 

host-derived CO. Evolutionary modeling suggested that Cor forms an active site, thus we 

predicted that Cor has enzymatic activity. To determine potential Cor enzymatic activity, we 

profiled the mycobacterial metabolome using liquid-chromatography mass spectrometry and, 

in vitro, monitored metabolite fluctuations in the presence and absence of recombinant Cor. 

Our activity-based metabolomic profiling data showed the accumulation of phosphatidic acid 

and multiple phospholipids in the presence of Cor, indicating its potential role in catalyzing a 

reaction involved in phospholipid biosynthesis. Our in vivo metabolomic analysis of a Cor 

mutant strain showed that in the presence of CO, levels of dihydroxyacetone phosphate is 

increased, whereas levels of glycerol-3-phosphate is reduced, which is required for 

phospholipid biosynthesis. Furthermore, we identified key metabolic enzymes in Mtb that 

physically interact with Cor using bioinformatics and immunoprecipitation techniques. 

Specifically, Cor interacted with glycerol-3-phosphate dehydrogenase 2, an enzyme that 

catalyzes the interconversion of glycerol-3-phosphate to dihydroxyacetone phosphate. Taken 

together, this represents the first report of a role for HO1-derived CO in controlling infection 

of an intracellular pathogen and the first identification of a CO resistance gene in a 

pathogenic organism, which may have a critical role in phospholipid biosynthesis.
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CHAPTER ONE 
Introduction 

 
 
 

Introduction 

 Mycobacterium tuberculosis (Mtb) remains a devastating human infectious disease, 

causing two million deaths annually. As an intracellular pathogen, Mtb is exposed to 

multiple host antimicrobial pathways, including toxic gases such as superoxide, nitric oxide 

and carbon monoxide (CO). To survive, mycobacteria evolved mechanisms to resist the toxic 

environment, and herein we focus on a relatively new field, namely, the role of a newly 

discovered gene, cor, that is required for CO resistance and pathogenesis in Mtb. In 

particular, we focus on general antimicrobial properties of CO and new genetic evidence 

characterizing the ability of Mtb to resist CO toxicity. Briefly we also discuss the induction 

of heme oxygenase during Mtb infection and its relevance to Mtb pathogenesis, the ability of 

mycobacteria to catabolize CO, and the transcriptional reprogramming of Mtb by exposure to 

CO. Developing a complete molecular and genetic understanding of the pathogenesis of Mtb 

is essential to its eventual eradication. 

 

Mycobacterium tuberculosis 

 The success of a pathogen during infection depends upon its abilities to respond to 

and overcome a battery of host defense mechanisms. In response to bacterial infection, host 

cells generate a variety of toxic compounds to mediate microbial killing such as excess 

hydrogen ion (H+), hydrogen peroxide (H2O2), hypochlorous acid (HOCl), nitric oxide 
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(NO), and carbon monoxide (CO). To promote intracellular survival, some pathogens such as 

Mycobacterium tuberculosis (Mtb) evolved multiple pathways to evade these host defenses. 

For example, mycobacteria utilize superoxide dismutase [1] and catalase [2,3] to convert the 

toxic reactive oxygen intermediates superoxide and H2O2 to water and oxygen, while they 

also employ multiple mechanisms to resist nitric oxide toxicity [4-8]. 

 Understanding Mtb resistance mechanisms against host defenses is of paramount 

importance as it is an endemic and epidemic pathogen that latently infects approximately 

one-third of the world’s population [9]. Upon Mtb infection, host immune pathways are 

activated, resulting in macrophage and T cell recruitment [10]. The long-term success of Mtb 

as an intracellular pathogen lies primarily in its ability to remain dormant and persist within 

host macrophages for extended periods of time. This is facilitated in part by the induction of 

genes that comprise the dormancy regulon by stimuli present in the Mtb microenvironment 

including low oxygen, NO, nutrient starvation, and CO (Figure 1) [11-14]. The genes in the 

dormancy regulon, many which are of unknown function, likely contribute to TB persistence 

by facilitating its long-term survival [15]. 
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Figure 1. Role of carbon monoxide in M. tuberculosis pathogenesis. Macrophage infection 

by Mtb induces HO-1. HO-1 catabolizes heme to release CO, iron and biliverdin. CO 

produced by HO-1 can alter Mtb gene transcription by activating the DosS/DosR two  
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Figure 1. (cont’d) component signal transduction system to stimulate a dormancy program. 

CO-mediated growth inhibition is resisted by the expression of a genetically encoded Mtb 

gene. Some mycobacteria can catabolize CO via CO dehydrogenase for growth. 

Alternatively, CODH may function in resisting host-derived nitric oxide.
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 Recent studies have described the deleterious effects of CO on various microbes, 

while unveiling the potential bacterial targets of CO action. In Escherichia coli, 

Pseudomonas aeruginosa, and Staphylococcus aureus, exposure to CO inhibits key enzymes 

of the electron transport chain required for bacterial respiration, resulting in microbial death 

[16,17]. In contrast to the aforementioned organisms, Mtb is able to withstand high 

concentrations of CO, suggesting a potential CO resistance pathway not previously described 

in microorganisms [12]. Herein, we describe the role of the reactive gas compound CO and 

its relevance during microbial infection, while highlighting the ability of Mtb to withstand 

CO toxicity. 

 

Mtb infection increases heme oxygenase expression 

 In humans and mice, three isoforms of heme oxygenase exist, HO-1, HO-2, HO-3 

(encoded by Hmox1, Hmox2, and Hmox3 genes, respectively). All three isoforms catabolize 

heme, releasing as products free iron, biliverdin and CO. HO-2 and HO-3 are constitutively 

expressed, whereas HO-1 is induced by bacterial lipopolysaccharide, hypoxia, tumor necrosis 

factor (TNF), reactive nitrogen and oxygen intermediates [18,19] and also by Mtb infection 

[12,20]. Upregulation of HO-1 may benefit host cells since CO and biliverdin/bilirubin can 

act as signaling molecules as well as provide cytoprotection. CO contributes to the 

cytoprotective effects of HO-1 by preventing free heme accumulation within cells, 

suppressing endothelial cell apoptosis, and modulating an anti-inflammatory response in 

macrophages upon exposure to bacterial lipopolysaccharide [21-23]. Likewise, both 
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biliverdin and bilirubin (under the influence of biliverdin reductase) can protect cells from a 

variety of cytotoxic insults [24]. 

 Notably, HO-1 deficient mice manifest decreased ability to overcome pathogenic 

infection and to recover from inflammatory diseases, xenotransplantation, and heart diseases 

(reviewed in [25]). In humans, a polymorphism in the Hmox1 promoter result in differential 

expression of HO-1 such that individuals with fewer (GT)n repeats in the Hmox1 promoter 

transcribe more HO-1 in response to various stimuli, resulting in enhanced protection from 

both infectious and non-infectious diseases [26]. This strongly indicates that robust cellular 

HO-1 expression is crucial to overcome infectious and non-infectious diseases by mediating 

a wide range of host regulatory pathways. 

 Previously, Shiloh et al. [12] and others [20] found that during Mtb infection, HO-1 is 

induced in both infected macrophages and mice suggesting that increased levels of CO might 

be present during Mtb infection (Figure 1) [12]. This induction occurred very early during 

mouse infection, i.e. within 10 days, and was concentrated in nascent granuloma and tissue 

macrophages [12]. The precise signaling mechanism of HO-1 induction by Mtb is unknown, 

though bacterial factors, free heme, and inflammatory cytokines likely combine to induce 

HO-1 transcription. Although the exact concentration of CO in lungs during Mtb infection is 

not known, CO concentrations can range from 2–50 ppm, depending on the physiologic 

status of the individual. Thus, the average, nonsmoking human exhales approximately 2 ppm 

[27,28] while patients with a variety of infectious and inflammatory conditions producing 

significantly more [27,[29-32]. 
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 What might be the function of HO-1 during infection? Considering that the induction 

is robust at the direct site of infection, i.e. macrophages within granuloma, it is feasible that 

HO-1 may be involved in controlling Mtb growth. Given the pleiotropic signaling activity of 

HO-1 and CO, other mechanisms might also be HO-1/CO dependent during Mtb infection. 

For example, HO-1 enhances interferon regulatory factor 3 (IRF3) phosphorylation and 

interferon-β (IFN-β) production in Listeria or virally infected macrophages [33] and Mtb 

infection of macrophages rapidly induces IRF3 phosphorylation and IFN-β production [34]. 

Thus, the observed activation of the IRF-3/IFN-β pathway during Mtb infection [34] may 

also be HO-1 dependent. In addition to regulating cytokine production, HO-1 and CO may 

also be involved in triggering the autophagy pathway for eradication of intracellular bacteria 

termed xenophagy [35]. Autophagy plays a major role in controlling Mtb infection infection 

[36,37] and recent work found that inhibition of HO-1 prevented endotoxin-induced 

autophagy [38], suggesting that during Mtb infection, upregulation of HO-1 with 

concomitant CO production enhances multiple innate immunity mechanisms. 

 

Carbon monoxide as a carbon and electron source in mycobacteria 

 Albeit a toxic gas, carbon monoxide also functions as an intermediate molecule in 

bacterial metabolic pathways. Certain aerobic and anaerobic microorganisms, particularly 

those that utilize CO as the sole carbon and energy source (carboxydotrophs), employ the 

enzyme carbon monoxide dehydrogenase (CODH) to convert reactive carbon monoxide into 

more stable compounds [39]. Specifically, CODH catalyzes the reaction CO + H2O -> CO2 

+ 2e- + 2H+ when organic carbon is absent (autotrophic growth) and carbon monoxide is 
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present [40]. CO dehydrogenase is a complex metalloprotein composed of 3 polypeptides. In 

the carboxydotroph Oligotropha carboxydovorans, the three structural genes of CODH are 

coxL (for CO oxidation protein, Large subunit), coxM (medium subunit) and coxS (small 

subunit) (Figure 1). The entire cox cluster is transcriptionally induced when the bacteria are 

grown under autotrophic conditions in the presence of CO but not under heterotrophic 

conditions (organic carbon rich) [40]. Although the mechanism of this transcriptional 

induction remains unknown, these genes are necessary for autotrophic growth [41]. In 

aerobes, CODH coordinates molybdenum in its active site to oxidize CO to CO2 and the 

electrons generated from the oxidation reaction is transferred to the final electron acceptor 

such as ferredoxin, cytochromes, FMN or FADH2, which are then subsequently coupled to 

other energy requiring processes [42,43]. CODH in anaerobic microbes also catalyzes CO 

oxidation, but instead of coordinating molybdenum in its active site, it contains a Ni-Fe 

active site. When coupled to acetyl-CoA synthase (ACS), CODH converts CO2 to CO in the 

Wood-Ljungdahl pathway for subsequent synthesis of a major carbon source, acetyl-CoA 

[44,45]. Thus, oxidation of CO can simultaneously produce energy for the cell and additional 

sources of carbon. 

 More recent evidence suggests that CO utilization via CODH is widespread among 

diverse microbial species, including the mycobacterial species M. bovis BCG, M. gordonae, 

M. smegmatis, and M. tuberculosis [43] [46,47]. Mtb encodes for orthologues of CODH 

subunits [40]. The CODH structural genes are arranged in the transcriptional order 5’ coxM 

(Rv0375c) -> coxS (Rv0374c) -> coxL (Rv0373c) 3’, a genome structure shared by the 

majority of bacteria with cox homologues [40]. All three of the putative Mtb CODH proteins 
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demonstrate high overall sequence similarity with O. carboxydovorans and all sequenced 

mycobacterial genomes including that of M. avium, M. bovis, M. leprae, and M. smegmatis 

encode for cox homologues with extremely high sequence similarity to Mtb [48]. Notably, as 

more genomes have been sequenced, cox homologues have been identified in several 

additional pulmonary pathogens, including Burkholderia sp., Rhodococcus sp., and 

Pseduomonas sp. (our unpublished observations). 

 The identification of cox homologues in various mycobacteria species prompted Park 

et al. to test the ability of mycobacteria to grow in vitro on CO as the sole carbon source [48]. 

Strikingly, all of the mycobacteria tested were able to grow on CO at 30% atmosphere as the 

sole carbon source, albeit more slowly [48]. Growth on CO required a long lag period after 

the bacteria were first subjected to CO-growth media, suggesting transcriptional induction of 

CO utilization genes [48]. Notably, CO-dependent growth of virulent Mtb was not tested. 

Additionally, Mtb and some of its relatives were found to utilize CO at <1-5 parts per million 

(ppm), an environmentally and physiologically relevant range since CO in the atmosphere 

and lungs measure at approximately 0.1 to 0.5 ppm and <3 ppm, respectively [27,47]. To 

date, no mutants in the cox genes have been reported in Mtb. However, that Mtb has retained 

these large genes during its evolution as a pathogen without a known ex vivo existence 

suggest that Mtb might utilize CO as an alternative carbon source, which may confer a 

selective advantage for Mtb within the nutrient-limited confines of a macrophage. An 

alternative explanation may be that the cox genes serve another function, namely, nitric oxide 

detoxification [49]. Although recombinant CODH from mycobacteria was able to oxidize 

NO and protect E. coli from NO mediated toxicity [49], direct genetic evidence that the cox 
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genes are required by Mtb in vitro or in vivo to protect Mtb is lacking. Thus, mycobacterial 

CODH may have at least two activities, namely, CO uptake and NO detoxification, and 

further pathogenesis assays will be needed to dissect the precise function(s) of Mtb CODH 

(Figure 1). 

 

Significance of Bacterial Membrane Stability 

 Bacteria have evolved multiple mechanisms to overcome stress conditions and the 

bacterial cell membrane serves as the initial barrier against environmental stressors [50]. 

Many studies have shown that bacteria alter their lipid profiles to adapt to stresses such as 

unfavorable pH, temperature, and host antimicrobial compounds [50,51]. A recent study 

showed that in response to lipid-rich environments such as those found in host cells, the Mtb 

transcriptome profile drastically shifts and induces genes in ameliorating reductive stress 

[52]. Furthermore, this study speculates that when Mtb experiences reductive stress, it 

initiates pathways that enable the bacterium to modify membrane properties, resulting in 

tolerance to environmental stresses [52]. As of yet, no study has been conducted to determine 

if CO directly or indirectly impacts bacterial phospholipid composition. The question of 

whether CO is able to influence the bacterial membrane lipid profile remains to be pursued 

and one that our study begins to address. Furthermore, bacterial membrane stability is crucial 

for full functionality of essential membrane associated enzymes, such as those involved in 

electron transport and oxidative phosphorylation. Additionally, important reactions involved 

in glycerol metabolism occur at the membrane, including the conversion of glycerol-3-

phosphate to dihydroxyacetone phosphate via the glycerol-3-phosphate dehydrogenase 
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enzyme [53]. During aerobic growth, E. coli express a membrane associated FAD-dependent 

glycerol-3-phosphate dehydrogenase (GlpD) and is only fully active when associated with 

the cytoplasmic membrane [53]. Therefore, it is crucial that bacterial membrane integrity is 

preserved, not only to act as a barrier to stresses but as a key site for essential enzyme 

activities. 

 

Gene expression of Mtb in the presence of carbon monoxide 

 Since Mtb resides within the lung, and since CO is exhaled continuously, it is 

reasonable to predict that Mtb might have evolved mechanisms to detect and respond to 

changing CO fluxes, partly to sense the host immune status. In fact, both prokaryotes and 

eukaryotes have developed systems for sensing carbon monoxide [29] [31,54,55]. For 

example, in eukaryotes the transcription factor NPAS2, implicated in regulating circadian 

rhythm, was shown to bind CO resulting in decreased DNA binding activity [56]. Likewise, 

the bacterium Rhodospirillum rubrum expresses a CO-binding transcription factor, CooA, 

whose function is to stimulate production of a CO oxidation system distinct from the one 

found in O. carboxydovorans [57-60]. How do organisms sense and measure CO? 

Commonly, these proteins contain an associated heme moiety which is not surprising given 

the propensity of CO to bind heme [55]. However, the physiologic conditions and precise 

mechanisms used by these proteins to bind both heme and CO are diverse. For instance, 

CooA from R. rubrum can only bind CO when its heme is in the ferrous (Fe2+) state, a 

reduced condition found stably only under purely anaerobic conditions [60-62]. Thus, an 

organism like Mtb, which expresses a CO oxidation system under aerobic conditions [48] 



13 

 

would be unlikely to express a CooA homologue, and in fact no CooA homologue can be 

identified in the Mtb genome. 

 To test the response of Mtb to CO, we exposed Mtb to CO in vitro and assessed the 

effects using transcriptional profiling [12]. We found that CO induces the transcription of a 

cohort of genes known as the dormancy (dos) regulon [12]. This induction occurred at CO 

concentrations as low as 20 ppm headspace CO, but was most robust at concentrations above 

2000 ppm [12]. Mtb lacking the DosS/DosT two component system was unresponsive to CO, 

indicating that DosS is the primary sensor for CO. Notably, DosS also sense NO and hypoxia 

via its heme binding domain (Figure 1) [63]. To confirm CO sensing can occur in vivo, we 

infected wild-type mouse macrophages and macrophages deficient in HO-1 and found a 

significant abrogation of dormancy gene induction in the absence of HO-1[12]. Similar 

results were obtained by Kumar et. al, confirming that Mtb can sense CO in vitro and in vivo 

[20]. 

General antimicrobial properties of carbon monoxide 

 It has been nearly four decades since preliminary studies have described the 

antibacterial effects of carbon monoxide. Specifically, CO was found to inhibit DNA 

replication in E. coli and it was postulated that CO might disrupt unwinding of the DNA 

duplex during replication, rather than directly inhibiting DNA polymerase activity [64]. 

However, it was later discovered that CO halts DNA replication by reducing the intracellular 

concentration of ATP and dNTPs. By disrupting enzymes in the electron transport and ATP 

production pathways, it was found that the presence of CO led to the depletion of 

deoxynucleoside triphospate pools in E. coli [65]. CO was also found to inhibit growth of the 
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airborne bacteria Serratia marcescens by causing a flux in energy-generating pathways, 

namely the electron transport system [66]. 

 Recently there has been revived interest in examining the role of exogenous CO on 

bacterial growth using lipid-soluble carbon monoxide-releasing molecules (CORMs). The 

original CORMs were metal carbonyl compounds that release CO at physiologically relevant 

concentrations in biological systems [67]. More recently, newer CORMs have been 

synthesized that represent unique chemistry [68] and multiple CORM compounds are 

effective antimicrobial molecules against both gram negative and gram-positive bacteria. In a 

recent study by Nobre et al., cultures of E. coli and S. aureus were treated with CORM-2 and 

CORM-3 under aerobic and anaerobic conditions to determine cell viability [69]. In the 

presence of either CORM, the strains suffered the toxic effects of CO as marked by a 

significant reduction of CFU/mL compared to cells not treated with a CORM. Furthermore, 

the study reveals that the bactericidal effects of CO were observed under both aerobic and 

anaerobic conditions, indicating that there are additional bacterial targets for CO aside from 

the components involved in aerobic respiration [69]. The potency of CORMs as 

antimicrobial compounds is further underscored by a study that described reduced cell 

viability of laboratory and antibiotic-resistant strains of P. aeruginosa when treated with 

CORM3 [16]. ALF-62, a different class of CO-RM containing molybdenum, and CORM2 

were recently tested on E. coli to elucidate the mechanism by which CO inhibited bacterial 

growth [68]. In their study, Tavares et al. report an accumulation of endogenous reactive 

oxygen species (ROS) in the presence of these CORMs and observe rescued growth of 

CORM treated E. coli when supplemented with various antioxidants [68]. 
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In vitro survival of mycobacteria in the presence of CO and identification of CO resistance 

gene, cor, in Mtb 

 Although CO toxicity is widespread among diverse bacterial species, Mtb can 

withstand elevated CO concentrations with only minimal growth inhibition [12]. Under 

aerobic conditions, when Mtb are treated with CO during log phase, the bacteria are able to 

effectively resist CO-mediated growth inhibition [12]. Considering that Mtb senses CO in 

vitro via the DosS/DosT two-component system and its growth in vitro is not severely 

diminished in the presence of CO (unlike other bacteria when treated with CO), we 

hypothesized that Mtb CO resistance is genetically encoded. To identify such a gene, we 

generated an Mtb transposon mutant library and screened for mutants that did not grow in the 

presence of CO when compared to its growth in the presence of air [70]. Interestingly, we 

identified such a mutant and mapped the transposon insertion to a gene region conserved in 

mycobacterial species and even phylogenetically distinct organisms such as Thermatoga 

maritima and Rhodococcus fascians. To confirm that the newly identified gene does indeed 

confer CO resistance, we complemented the mutant with the cloned gene of interest, and 

observed a rescued growth phenotype in the presence of CO [70]. Moreover, the mutant Mtb 

strain is attenuated for virulence in a mouse aerosol model of Mtb infection. Thus, host-

derived CO can limit Mtb growth in mice [70]. This discovery of a novel protein involved in 

CO resistance marks the initial identification of a CO resistance gene in a pathogen. Multiple 

lines of experimentation are being actively pursued (biochemical, genetic, bioinformatics) to 
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characterize the molecular function of this mycobacterial CO resistance protein to ultimately 

determine its role in contributing to Mtb pathogenesis. 

 

Concluding remarks 
 
 The effects of CO on bacterial and mammalian cells are diverse including acting as a 

signaling molecule involved in regulating gene expression [54,56] to serving as a potent, 

toxic gas capable of inhibiting bacterial growth [70]. Amongst human pathogens, 

Mycobacterium tuberculosis is currently the only one known to change its gene expression in 

response to varying CO concentrations. Some mycobacteria can use CO as a source of 

energy, but whether Mtb does so during infection remains unknown. However, when host 

macrophages produce CO Mtb responds by expressing its own CO resistance genes. The 

ability of Mtb to survive in the presence of CO, in contrast to other known pathogens, 

indicates that Mtb has uniquely evolved mechanisms to bypass CO toxicity. The 

identification and characterization of a CO resistance gene and its associated pathways will 

provide a more comprehensive understanding of Mtb pathogenesis and on a broader scale, 

host-pathogen interactions. 
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CHAPTER TWO 
Methodology 

 
MATERIALS AND METHODS 

 
Strains and media 

 

 We grew Mtb Erdman and mutants in Middlebrook 7H9 medium or on Middlebrook 

7H10 agar (Difco) plates containing 10% oleic acid-albumin-dextrose-catalase (Remel). 

Liquid medium contained 0.05% tween 80. When needed, 7H10 plates were supplemented 

with α-tocopherol (Sigma) at a final concentration of 12.5 µg/ml. M. smegmatis cultures were 

grown in 7H9 Middlebrook medium (Difco) supplemented with glycerol and dextrose. M. 

tuberculosis Erdman and mutants were grown in Middlebrook 7H9 medium supplemented 

with 0.05% Tween 80 and plated on Middlebrook 7H10 agar (Difco) containing oleic acid-

albumin-dextrose-catalase (BBL). All solvents used for metabolite extractions were LC-MS 

grade, acetonitrile and water were purchased from Pierce Biotechnology, Inc. and methanol 

and acetic acid from Fisher Scientific. List of constructs and primers used in this study are 

shown in Table 1 and Table 2, respectively. 
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    Table  1. LIST OF CONSTRUCTS 
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    Table  2. LIST OF PRIMERS 
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Antibodies 

 We prepared a rabbit-polyclonal antibody against Cor by purifying 6xHis-tagged Cor 

from E. coli and immunizing two rabbits with recombinant Cor using incomplete Freund’s 

adjuvant. Loading control antibody against Mpt32 was from BEI resources. . Rabbit anti-Mtb 

antibody was from BEI resources. 

 

Screen 

 We transduced Mtb Erdman with the MycoMarT7 phage [71] and selected for 

kanamycin resistant mutants. Individual mutants were arrayed in 96-well plates. For CO 

susceptibility, mutants were grown to stationary phase and then spotted onto 7H10 plates 

with a 96-pin replicator. Plates were then exposed to 2% CO or air for 3 weeks, and growth 

was assessed by visualization. To identify transposon insertions, we isolated genomic DNA, 

digested with BamHI, religated the DNA to generate kanamycin resistant plasmids and 

transformed E. coli pir-116 cells (Epicentre Biotechnologies). We then isolated plasmids and 

sequenced the insertion sites [72].  

 

Complementation 

 We cloned wild-type Cor under the control of its endogenous promoter into an 

integrating vector (pMV306 [73]) conferring hygromycin resistance. We transformed the Cor 

mutant by electroporation and selected transformants with 50 µg ml-1 hygromycin. 
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Immunoblotting, immunohistochemistry and immunofluorescence 

 For immunoblotting, Mtb strains were grown to late log phase, and bacteria lysed by 

bead-beating. After boiling, protein content was determined and protein accumulation 

determined by Western blotting with rabbit anti-Cor and anti-Mpt32 antibodies.  

 

 

Bioinformatic analysis of Cor sequence 

 DUF151 sequences were collected with PSI-BLAST [74] search (E-value cutoff 0.01, 

5 iterations) against the NR database (Posted date:  Apr 17, 2011; 2,015,132 sequences) 

using the Cor query sequence (gi|15608966). Identified sequences were aligned using 

PROMALS3D[75] and clustered using CLANS[76]. Sequence groups that were remote to 

the Cor cluster were removed (including plant DUF151 sequences and others). To gain 

insight into DUF151 functional sites, residue conservations were calculated using 

AL2CO[77] on 1) a multiple sequence alignment including the close sequence cluster 

(depicted in red and cyan in CLANS map), and on 2) a multiple sequence alignment 

including the extended sequence set (all sequences in CLANS map).  

 

Protein Purification and Nucleic Acid Degradation Assay 

 Recombinant His-MBP Cor and His-MBP were expressed in BL21 E. coli and were 

induced with 1 mM IPTG. Proteins were purified using cobalt-charged TALON resin 

(Clontech) under native, non-denaturing conditions. Recombinant Cor or His-MBP alone at 

different concentrations (0.5, 2.5, 5.0 µM) were incubated with either 4 µg Mtb total RNA or 
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4 µg of M. smegmatis (MC2155) genomic DNA in NEBuffer 3 for 1 hour at 37°C. RNA 

samples were loaded with RNA sample loading buffer (Sigma-Aldrich) and were run on a 

1.2%  ethidium bromide-stained formaldehyde gel, whereas DNA samples were loaded with 

DNA loading dye (New England Biolabs) and were run on a 1% ethidium bromide-stained 

agarose gel.  

 

Metabolomics 

 Mtb Erdman and the cor mutant were grown in quadruplicate in roller bottles and 

exposed to air or 0.2% CO. At time zero (no treatment), day 5 and day 10, 1 x 109 bacteria 

were pelleted and resuspended in cold 100% methanol. Acetonitrile and water were then 

added for a final 40:40:20 ratio, the samples bead-beated and the supernatants collected and 

dried. The samples were then analyzed by GC-MS and LC-MS and statistically significant 

differences determined by Welch’s two-sample test (Metabolon, Inc.). 

 

Metabolite Extraction 

 Cultures of M. bovis were grown in 7H9 media supplemented with OADC without 

Tween 80. Eight liters of M. bovis were grown to an OD600 of 0.8, snap-cooled in an ice-salt 

slurry, pelleted, and washed once in ice-cold PBS. Bacterial cells were then washed in 

distilled H2O and the pellet was resuspended in 80:20:0.2% acetonitrile:water:acetic acid and 

lysed by bead beating. Lysates were pooled and lyophilized and used immediately for 

metabolomic profiling assays or stored at -80 °C. 

 



23 

 

Activity based metabolomic profiling 

 We performed activity-based metabolomic profiling as described previously (de 

Carvalho et al., 2008). Briefly, we combined small molecule extract (10% of total sample 

volume) and 600 nM His-Rv1829 or 600 nM His-MBP (protein control) in buffer (20 mM 

Tris-HCl 7.4, 150 mM NaCl, 1 mM MgCl2, 1 mM FAD, 1 mM FMN, 1 mM NAD, 1 mm 

NADH). After incubating samples at 37 °C for 1 hour, the reaction was quenched with cold 

acetonitrile to yield 70% acetonitrile samples which were subsequently lyophilized. Samples 

were reconstituted in 50:50 H2O:MeOH which were analyzed by LC-MS and statistically 

significant results were determined by using the following parameter filters: p-value (<0.01), 

fold change (>2), and Maxint ( >4000) (Bill Webb, The Scripps Research Institute Center for 

Metabolomics and Mass Spectrometry).  

 

Immunoprecipitation 

 For immunoprecipitation, Mtb Cor was expressed with a C-terminal 3X FLAG tag in 

M. smegmatis. We lysed late log phase bacteria (O.D. 600 of 0.8) by bead beating and the 

lysate was incubated with rabbit anti-Cor antibody (purified or from serum) conjugated to 

Protein G magnetic beads (Life Technologies) according to the Dynabeads 

immunoprecipitation protocol.  For identification of Cor interacting partners, we ran eluted 

proteins on an SDS-PAGE gel (Bio-Rad) and silver stained the gel (Thermo Scientific 

Pierce). Protein bands were excised and analyzed by mass spectrometry.  

 

Co-Immunoprecipitation 
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 To confirm the biochemical interaction between Cor and GlpD2, HA-tagged Mtb 

GlpD2 and FLAG-tagged Mtb Cor were both expressed under a constitutive promoter in M. 

smegmatis.  Bacteria were grown to late log phase and were lysed by bead beating. Lysates 

were incubated with Protein G Dynabeads conjugated to either to anti-Cor or anti-normal 

rabbit IgG. The pulldown was performed according the Dynabeads protocol with the 

following modifications. Lysate and antibody-conjugated magnetic beads were nutated at 4 

°C for 48 hours. For immunoblotting, HA-tagged GlpD2 and FLAG-tagged Cor were probed 

with mouse monoclonal anti-HA or anti-FL, respectively (2% whole cell lysate as input). 

	  	  
GlpD2 Expression, Solubilization and Purification	  
 

 Recombinant His-GlpD2 was expressed in BL21 (DE3) carrying an arabinose-

inducible plasmid pGro7 (Takara Bio, Inc.) expressing GroEL-GroES chaperones. 

Purification and solubilization of His-GlpD2 were performed as described by Yeh et. al, 

2005 with the following modifications. Starter cultures were grown overnight and were 

inoculated 1:100 into fresh LB media supplemented with kanamycin (50 μg/mL) and 

chloramphenicol (34 μg/mL). At an OD600  of 0.05, we induced expression of chaperones by 

adding 0.1% w/v (final) L-arabinose and at an OD600 of 0.4, 1 mM (final) IPTG was added to 

induce expression of GlpD2-His. Cells were induced for 3 hours before harvesting and 

centrifuging at 3,500 rpm for 10 min at 4 °C. We lysed cells by bead beating and removed 

cell debris and unbroken cells by centrifuging at 9000 x g for 30 min at 4 °C.  The 

supernatant was collected and spun at 55,000 rpm for 30 min 4 °C to separate membrane 

proteins into the pellet fraction and soluble cytosolic proteins into the supernatant. The 
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membrane fraction was resuspended in lysis buffer (150 mM NaCl, 50 mM Tris-HCl) 

supplemented with n-Octyl-β-D-glucopyranoside (42.75 mM) and shaken vigorously such 

that the pellet was completely dissolved in solution. Concentration of solubilized protein was 

quantified by Bradford assay and we visualized purified His-GlpD2 by SDS-PAGE and 

Coomassie staining. 

 

GlpD2 Enzymatic Assay 

 To determine GlpD2 enzymatic activity, we used a method previously described (Yeh 

et al., 2005). Briefly, in a 96-well plate format, 50 mM Tris-HCl pH=7.4, 75 mM NaCl, 0.5 

mM MTT, 0.2 mM PMS, and whole cell lysate were combined in 250 uL final volume per 

well as the blank. We initiated the reaction by adding 20 mM DL-glycerol-3-phosphate and 

the increase in absorbance at 570 nm was monitored over 15 min at room temperature on a 

Synergy2 Microplate Reader (Biotek Instruments, Inc.).  

 

Susceptibility to acid, nitric oxide, hypoxia and plumbagin 

 We grew Mtb Erdman and the Cor mutant to late log phase, washed cells in PBS, 

resuspended at an OD600 of 0.1 in 7H9 at either pH 6.6 or 5.0 in the presence or absence of 

NaNO2 (5 mM) and then measured OD600 daily. Alternatively, after washing the cells, we 

resuspended in 7H9-ADN (7H9, 0.2% glycerol, 0.05% Tween 80, 0.5% bovine serum 

albumin, 0.2% dextrose, 0.085% NaCl) at pH 5.5 and exposed the bacteria to NaNO2 (3 mM) 

for 5 days. We determined CFU by plating serial dilutions of the suspensions on 7H10 agar 

plates. For growth under hypoxia, cells were grown in 17 ml test tubes in triplicate and 
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gradual hypoxia was generated following the Wayne model [78]. At each time point, tubes 

were sacrificed and CFU determined. For testing of plumbagin via disc diffusion, Mtb strains 

(wild-type, Cor mutant, Cor complement) were grown to an OD600 of 0.6-0.8 and were back 

diluted to an OD600 of 0.1. Cultures were uniformly spread onto 7H10 plates supplemented 

with oleic acid, albumin fraction V, and dextrose, excluding catalase. Four discs (Oxoid, 

Thermo Scientific) were placed onto each plate and 10 ul of plumbagin dissolved in ethanol 

was spotted onto the discs (0 mM, 20 mM, and 100 mM). Treatment of discs with plumbagin 

was performed in duplicate per strain used in the experiment. The zone of inhibition 

surrounding the discs was measured in millimeters (mm). 

 

CO treatment of E. coli 

 All BL21 (DE3) E. coli cultures were grown under aerobic conditions at 37°C, 

shaking at 250 r.p.m.  The E. coli strain containing the IPTG-inducible expression vector 

pJ401 (DNA 2.0, Inc.) with either the Cor gene insert or TM0160 gene insert and the control 

E. coli strain (pJ401-RFP) were grown in LB medium plus kanamycin (50 ug/ml) to an 

OD600 0.35 and induced with IPTG (1 mM final concentration). The cultures were induced 

for three hours with IPTG to allow for maximal expression of protein (detected by 

Coomassie, data not shown). The cultures were then back-diluted to an OD600 0.1 in M9 

Minimal Salts (BD Difco) media supplemented with MgSo4 and CaCl2. At an OD600 of 0.3, 

E. coli cultures were treated with tricarbonyldichlororuthenium (II) dimer (CORM-2, Sigma-

Aldrich) as previously described by Tavares et al., 2011. Briefly, CORM-2 was prepared as 

stock solutions dissolved in DMSO and used at final concentrations of 0 uM (DMSO only), 
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25 uM, or 250 uM. E. coli were treated for 30 minutes at the indicated concentrations and 

were serially diluted and spotted onto square LB agar plates with kanamycin (50 ug/ml) and 

incubated overnight at 37°C. For bacterial enumeration, E. coli were spread onto plates and 

also incubated overnight at 37°C to determine CFU. Cor protein expression was determined 

by western blot, using the anti-Cor antibody. 

 

Mouse infections 

 We infected BALBc mice (Jackson Laboratories) using a Madison aerosol exposure 

chamber to deliver ~200 bacilli per mouse. Prior to aerosolization, bacteria were washed 

repeatedly and sonicated to generate a single cell suspension. At day zero, we plated total 

organ homogenates from both lungs (5 mice per group) to determine the initial inoculum per 

Mtb strain. At subsequent time points, we plated serial dilutions of organ homogenates from 

lung (left lung) or liver (left lobe) from 5 mice per group. For microscopy, we insufflated and 

fixed the upper right lobe of the lung with 10% neutral-buffered formalin for 24 hours, then 

embedded in paraffin and stained as described above. Animal experiments were reviewed 

and approved by the Institutional Animal Care and Use Committee of University of 

California at San Francisco and University of Texas, Southwestern. For organ CFU 

comparisons, statistically significant differences were determined by the non-parametric 

Kruskal-Wallis test. For mouse survival assays (10 mice per strain), survival curves were 

compared by Kaplan-Meier analysis. 
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CHAPTER THREE 
Results 

 
DISCOVERY AS COR AS A CO RESISTANCE GENE 

 
Introduction 

 Mycobacterium tuberculosis (Mtb) infects 1/3rd of the world’s population and causes 

8 million active cases of disease annually. Tissue macrophages are the primary cell within 

which much of the host-Mtb interaction occurs, and macrophages utilize multiple strategies 

to control Mtb infection, including elaboration of reactive oxygen and nitrogen intermediates, 

acidification of the phagosome, fusion of phagosomes with lysosomes, delivery of 

antimicrobial peptides to the phagolysosome and autophagic engulfment of Mtb [79,80]. 

However, a complete understanding of the immune mechanisms that control Mtb infection is 

lacking. Likewise, how Mtb resists host immunity and persists indefinitely is only beginning 

to be elucidated. 

 Sustained in vivo and intracellular survival of Mtb, a hallmark of latent infection, has 

selected for bacteria that can resist host antimicrobial systems [81] These include oxidative 

radicals produced by the respiratory burst, NO toxicity from inducible nitric oxide synthase 

(NOS2) and phagosomal acidification [82]. In response, Mtb has evolved strategies to 

interfere with host defenses such as excluding NOS2 from the phagosome [83,84] and 

arresting phagosome maturation to prevent acidification [85]. Furthermore, Mtb can 

intrinsically resist the toxicity mediated by host pathways such as hydrogen peroxide through 

catalase [86,87], NO through DNA repair [88], protein degradation [89] and antioxidant 
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defense [90], and acidification through adaptation [91], cell wall stabilization [92,93] and 

nitrate respiration [94] Thus, in many cases, the presence of a host antimicrobial pathway has 

selected for mycobacterial genes that can prevent bacterial death. 

 Humans and mice produce CO by the enzyme heme oxygenase (HO1) [95,96], which 

catalyzes the degradation of heme into biliverdin, iron and CO in a reaction requiring O2 and 

NADPH [97,98]. HO1 is primarily expressed within alveolar, liver and spleen macrophages, 

and is induced by inflammatory mediators such as lipopolysaccharide, tumor necrosis factor, 

interleukin-1, and oxidative stress [99]. The CO is exhaled, with the average, nonsmoking 

human exhaling approximately 2 parts per million (ppm) [27,28]  while patients with a 

variety of infectious and inflammatory conditions producing significantly more [99-103]. No 

studies have been performed to date on the CO concentration in exhaled air from individuals 

with tuberculosis. 

 We [12] and others [20] have shown that Mtb infection of macrophages and mice 

induces HO1. HO1-derived CO then induces a set of ~50 genes known as the dormancy 

regulon via a two component signal transduction system mediated by the sensor histidine 

kinases DosS and DosT and this induction is diminished in HO1 deficient macrophages and 

with chemical inhibition of HO1 . Recently it was shown that HO1 deficient mice are more 

susceptible to Mycobacterium avium [104,105] and Mtb infection than wild type mice [105], 

although this enhanced susceptibility was attributed to either inappropriate granuloma 

formation [107, 108] or macrophage toxicity from heme accumulation [108] and not to an 

antimicrobial activity of CO. To that end, the identification of a specific CO resistance gene 
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in Mtb, an organism that is highly evolved for human survival, would provide strong 

evidence that HO1 derived CO functions as an anti-bacterial mechanism in humans. 

 Although CO has been present since the beginning of life [106], little is known about 

how bacteria survive in its presence, as CO can be toxic to proteins containing iron and other 

transition metals. Weigel and Englund [65] showed that CO halts aerobic growth of E. coli 

by rapidly inhibiting ATP production and preventing DNA replication. More recent work has 

confirmed that E. coli, Pseudomonas aeruginosa and Staphylococcus aureus are susceptible 

to exogenous CO [16,69,107]. In contrast, Mtb is resistant to high levels of CO [12]. Because 

heme oxygenase is induced during an Mtb infection [12] the CO produced is sensed by Mtb 

[12,20], and Mtb is resistant to CO [12], we hypothesized that Mtb encodes resistance genes 

for CO. 

 Here we identify a novel host-pathogen interaction centered on the effects of host-

derived CO on mycobacterial pathogenesis. We find that Mtb encodes a CO resistance gene 

that is both necessary and sufficient for CO resistance and that this gene is essential for long-

term survival of Mtb in mice. This represents the first identification of a CO resistance gene 

in Mtb, and highlights the critical importance of HO1 in controlling infection of an 

intracellular pathogen. 
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Results 

Identification of Rv1829 as a CO resistance gene 

 Because HO1 is important for control of Mtb during mouse infection [89,104,105], 

and because we previously showed that Mtb is resistant to exogenous CO [12], we 

hypothesized that Mtb encode CO resistance genes. We created a transposon library in the 

Mtb Erdman strain using the ΦMycomarT7 phage developed by Sassetti and Rubin [71] and 

screened for mutants that would not grow in the presence of CO. We screened ~2500 

individual mutants on plates and identified one mutant whose transposon insertion was 

mapped to Rv1829 that was unable to grow in the presence of CO both on plates (Figure 2A, 

B) and in liquid culture (Figure 2C). Because it conferred carbon monoxide resistance, we 

named the gene cor. Notably, cor mutant bacteria demonstrated normal growth under aerobic 

conditions (Figure 2A, B, C -CO). The gene organization of the region encompassing cor 

does not indicate that it is part of an operon (Figure 3C). Nonetheless, to exclude the 

possibility that the transposon insertion resulted in a polar disruption of neighboring genes, 

we cloned cor under the control of its native promoter and integrated the construct into the 

attB site in the cor mutant. Heterologous expression of cor rescued the susceptibility of the 

mutant bacteria to grow in the presence of CO on plates (Figure 2A) and in liquid culture 

(Figure 2C). We confirmed that Cor was absent in the cor mutant and that its synthesis was 

restored in the complemented strain using an anti-Cor antibody (Figure 2D). Thus, we 

conclude that the cor mutant phenotype is due specifically to disruption of cor and not to a 

polar effect on neighboring genes, including the neighboring SoxR-like transcription factors. 
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Figure 2. Identification of cor (Rv1829) as a CO resistance gene. (A) Serial dilutions of 

M. tuberculosis Erdman, cor mutant bacteria, or the cor mutant complemented with cor (cor-

comp) were plated and exposed to ambient air or CO (0.2%) for 3 weeks. (B) Quantitation of 

CFU data from the experiment represented by panel A (one of three similar experiments 

shown). (C) WT, wild type. M. tuberculosis Erdman, the cor mutant, and the complemented 

strain were grown in 7H9 liquid medium in the presence or absence of CO, and CFU were 

enumerated. *, P ჼ� 0.05 compared to M. tuberculosis Erdman (by Student’s t test). (D) 
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Western blots of lysates of M. tuberculosis Erdman, the cor mutant, or the complemented 

strain were probed with anti-Cor antibody.   
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 cor is a gene of unknown function in Mtb that encodes a 164 amino acid protein 

(Figure 3A). It is an evolutionarily ancient gene that is found in bacteria, archea and plants 

and contains a DUF151 domain (Figure 3A). There are >500 sequences in the CDART 

database containing this domain, including other pathogenic Mycobacteria (M. avium, M. 

kansasii, M. abscessus, M. leprae) and other pathogens such as Rhodococcus sp. and 

corynebacteriae (Figure 3B) and the genomic organization of the cor region is shared 

between mycobacteria and Rhodococcus sp. (Figure 3C) suggesting shared function. 

Bioinformatics and molecular modeling using the crystal structure of the Cor homologue 

from Thermotoga maritima demonstrate that Cor likely dimerizes (Figure 3D). We purified 

recombinant Cor in E. coli for biochemical experiments and found using native gel 

electrophoresis that Cor forms a dimer (Figure 3E, compare denaturing gel on left to native 

gel on right). The structure of the Thermotoga maritima homologue is novel, and therefore 

provides little insight to function. However, recently the DUF151-domain containing wild 

rice Oryza minuta protein OmBBD was reported to exhibit nuclease activity (37). We tested 

recombinant Cor purified from E. coli as a 6x-His-MBP fusion protein for nuclease activity 

and found that it lacked DNAse or RNAse activity compared to His-MBP alone (Figure 4). 

Thus, cor appears to be a CO resistance gene of unknown function. 
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Figure 3. Cor is a conserved, ancient protein. (A) Alignment of cor from M. tuberculosis 

to orthologues from Thermotoga maritima, M.leprae, M.smegmatis, Rhodococcus fascians, 

and Streptomyces species AA4. Sequence alignment of Cor homologues shows conserved 

amino acids (in rainbow colors) by conservation, with invariant nonhydrophobic residues 

colored in red. This color scheme is identical in the modeled crystal structure in panel D.  
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(B) Species-distribution taxonomic tree in “sunburst” format. The distribution and 

evolutionary conservation of all known homologues of Cor are shown. (C) Alignment of the 

Cor genomic region from M. tuberculosis with the orthologous genomic region from 

Rhodococcus sp. demonstrates conservation of multiple surrounding genes. (D) The Cor 

sequence was mapped to the representative DUF151 structure, which highlighted a conserved 

surface cleft formed at the interface (also relatively conserved) of two DUF151 monomers 

(shown in red). (E) Cor was purified from E. coli as a 6x-His-tagged protein and then run on a 

denaturing SDS-PAGE gel (left panel) or a native gel (right panel) with appropriate 

molecular mass markers. The predicted molecular masses of cor are 18 kDa for the monomer 

and 36 kDa for the dimer. In the left panel, lanes are total lysate (lane 1), flowthrough (lane 

2), final wash (lane 3), and imidazole elution (lane 4)
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Figure 4. Cor does not exhibit RNAse or DNAse activity. (A) Coomassie showing 6x-His-

MBP and 6x-His-MBP-Cor purified from E.coli and then run on a denaturing SDS-PAGE gel 
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with appropriate molecular mass markers. (B) Nucleic acid degradation assay using 

recombinant Cor or His-MBP alone at different concentrations (0.5, 2.5, and 5.0 µM) 

incubated with either 4 µg of M. tuberculosis total RNA or (C) 4 µg of M. smegmatis (mc2 

155) genomic DNA in NEBuffer 3 for 1 h at 37°C. RNA samples were loaded with RNA 

sample loading buffer and were run on a 1.2% ethidium bromide-stained formaldehyde gel, 

whereas DNA samples were loaded with DNA loading dye and were run on a 1% ethidium 

bromide-stained agarose gel. 
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The Cor mutant is not hypersusceptible to multiple stresses 

 Although we isolated the cor mutant in a screen for CO sensitivity, cor may encode 

for a general stress survival factor rather than providing isolated protection against CO 

toxicity. Therefore, we tested the ability of the mutant to survive when exposed to conditions 

expected to exist in vivo, namely exposure to: acid pH, NO, oxidative stress and hypoxia. We 

found that the growth phenotype of the cor mutant when exposed to acid pH (Figure 5A), 

NO (Figure 5A), hydrogen peroxide via plumbagin treatment (Figure 5B) or hypoxia 

(Figure 5 C,D) was indistinguishable from wild type. Thus, we conclude that amongst the 

stresses tested, the mutant strain is increasingly susceptible to CO only. 
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Figure 5. The cor mutant is not hypersusceptible to acid pH, nitric oxide, hypoxia, or 

hydrogen peroxide. (A) M. tuberculosis Erdman, the cor mutant, and the cor mutant 

complemented with cor were diluted into 7H9-ADN to an OD600 of 0.05 at pH 5.5 or pH 5.5 

plus sodium nitrite. Six days later, bacteria were diluted and plated and CFU enumerated 

after 3 weeks. (B) M. tuberculosis Erdman, the cor mutant, and the complemented strain 
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(cor-comp) were grown to late log phase and resuspended to an OD600 of 0.1, and bacteria 

were plated to generate a dense lawn. Sterile paper discs placed on the plate were 

impregnated with 10 ჼ�l plumbagin, plates were incubated for 3 weeks, and the zone of 

inhibition was measured. (C and D) M. tuberculosis Erdman (black circles) and the cor 

mutant (red squares) were grown in 17-ml test tubes in triplicate, and gradual hypoxia was 

generated following the Wayne model. At each time point, tubes were sacrificed and OD600 

(C) and CFU (D) were determined. Data represent the results of one of three similar 

experiments. Data represent means ±  standard deviations (SD) for both panels. 



42 

 

The cor mutant develops a reducing environment and has reduced glycerol-3-phosphate 

levels 

 Based on the crystal structure of the Thermatoga maritima homologue, we 

hypothesized that Cor might have enzymatic activity. Therefore, we tested if the cor mutant 

has a different small molecule metabolite pool than wild type bacteria when exposed to CO, 

and asked if differences in metabolites might provide insight into Cor’s function. We 

extracted a small molecule fraction from wild type and cor mutant bacteria grown in the 

presence and absence of CO and profiled the mycobacterial metabolite pool. We found that 

of the roughly 150 metabolites surveyed, that NAD+ and mycothione levels were 

significantly reduced in the CO-treated mutant compared to CO-treated wild type at the 10 

day time point (Figure 6 A, B) indicating that the cor mutant has a dysregulated redox 

environment with accumulation of reducing equivalents (the full list of metabolites is 

available as Table 3). Additionally, key metabolites in central metabolic pathways, 

particularly in glycerol metabolism were dysregulated in the cor mutant compared to wild-

type.  Specifically, dihydroxyacetone phosphate levels accumulated in the cor mutant, 

whereas the levels of glycerol-3-phosphate, which is required for phospholipid biosynthesis, 

were reduced (Figure 6 G, H). We also found that the cor mutant had significantly elevated 

levels of unsaturated (Figure 6 C-E) and saturated (Figure 6 F) long chain fatty acids, likely 

indicative of increased anabolism of fatty acids. This result is consistent with a previous 

study of a Mtb WhiB3 mutant that develops a reducing environment and concomitant 

anabolism of a variety of lipids [108]. 
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Figure 6. The cor mutant has a dysregulated intracellular redox environment. (A and B) 

M. tuberculosis cultures were exposed to CO in vitro in quadruplicate and harvested after 0, 

5, and 10 days. Small-molecule metabolites were extracted, and 145 known biochemicals 

were quantified using GC-MS and LC-MS. Normalized metabolite levels produced under the 

indicated treatment conditions, where the mean metabolite value for wild-type M. 

tuberculosis served as the denominator, are shown. Compared to wild-type bacteria, the cor 

mutant treated with CO had significantly reduced levels of mycothione (A), NADჼ� (B), and 

glycerol-3-phosphate (G) but had increased levels of linoleate (C), linolenate (D), 

palmitoleate (E), nonadecanoate (F), and dihydroxyacetone phosphate (H). Differences 

between CO-treated M. tuberculosis Erdman and the mutant at 10 days were statistically 

significant. *, P < 0.05 (by Welch’s two-sample t test). 
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Table 3. Heat map of mycobacterial metabolite pool (WT vs cor mutant +/- CO). 
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Expression of Mtb Cor in E. coli is sufficient to rescue CO toxicity 

 To ask if Cor alone could confer CO resistance, we transformed E. coli with a vector 

containing cor under the control of a T7 promoter. Both E. coli transformed with the Cor 

expression vector but left uninduced and E. coli expressing an irrelevant protein, RFP, were 

markedly susceptible to CO treatment (Figure 7A, B), as has been reported [68]. In contrast, 

when E. coli were induced to express Cor and exposed to CO, we observed significantly 

reduced CO toxicity such that Cor-expressing E. coli demonstrated a 3 - 4 log improvement 

in growth (Fig. 7A, B). To show that Cor function is conserved across diverse bacterial 

species, we cloned and expressed the Thermotoga maritima homolog of Cor into CO-treated 

E. coli and observed a partial rescue in growth (Fig 7A). Addition of recombinant Cor 

exogenously to CO-treated E. coli did not rescue E. coli from CO toxicity (data not shown). 

We confirmed expression of Cor with our anti-Cor polyclonal antibody (Figure 7C). Thus, 

although the precise activity of Cor remains unknown, it is able to protect E. coli from CO 

toxicity. 
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Figure 7. E. coli CO susceptibility is prevented by cor expression. (A) E. coli transformed 

with an IPTG-inducible vector expressing Cor, RFP, or TM0160 was exposed to the CO 

donor corm-2 for 30 min with or without prior IPTG treatment, and serial dilutions were 

plated. (B) E. coli was grown as described above uninduced or induced to express Cor, and 
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serial dilutions were plated to determine surviving CFU. (C) E. coli expressing Cor was lysed 

and Cor accumulation determined by Western blot analysis. 
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The cor mutant is attenuated in mice 

 To assess the role of Cor in vivo, we compared the outcome of mouse infection with 

wild type Mtb, the cor mutant and the complemented strain. Mice infected with the cor 

mutant survived significantly longer than wild type mice or the complemented strain (Figure 

8A). Indeed, by 250 days post-infection, all the mice infected with wild type or 

complemented strains had succumbed to infection, while more than 50% of the mutant mice 

were still alive. Likewise, the cor mutant was attenuated in both mouse lung (Figure 8B) and 

liver (Figure 8C) by organ CFU assay, and this attenuation was most profound at later time 

points during the infection. Importantly, complementation restored full virulence indicating 

that the attenuated phenotype of the cor mutant was due to disruption of cor.  
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Figure 8. Virulence of the cor mutant is attenuated in mice. BALBc mice were infected 

with 102 CFU wild-type (WT) M. tuberculosis, the cor mutant, or the cor mutant 

complemented with cor via aerosol. (A) Ten mice per group were monitored over time for 

survival. By Kaplan-Meier analysis, differences be- tween groups infected with the cor 

mutant and M. tuberculosis Erdman or the complemented strain are statistically significant. 

(B and C) Five mice per group were sacrificed, mouse lung (B) and mouse liver (C) were 

harvested and homogenized, and CFU were enumerated. *, P <0.05 compared to WT (by the 

nonparametric Kruskal-Wallis test).
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Discussion 

 
 Our study identifies a novel host-pathogen relationship centered on the gas carbon 

monoxide. It was recently shown that HO1 deficient mice are more susceptible to Mtb 

infection, highlighting a role for HO1 in controlling Mtb [105]. To combat CO in vivo, Mtb 

encode at least one CO resistance gene, cor. Although the precise biochemical mechanism of 

protection is unknown, the cor mutant appears to protect against accumulation of excess 

reducing equivalents. Further, cor can protect a heterologous bacterium, E. coli, from CO 

toxicity. Importantly, cor is important for Mtb survival after aerosol infection in mice. 

 Previous work has demonstrated that some mycobacteria can utilize CO as a carbon 

source [48] by fixing CO [47]. This raises the issue of how a gas such as CO could act as a 

potential metabolite, signaling molecule and a toxin. Notably, although the attenuated M. 

tuberculosis strain H37Ra can grow on CO as its sole carbon source [48], CO-dependent 

growth of virulent Mtb strains such as H37Rv, CDC1551 or Erdman has yet to be 

demonstrated. Whether CO is toxic might also depend on the environment experienced by 

the bacteria. For example, we found that Mtb was more resistant to CO when it was exposed 

to CO at higher cell densities (data not shown). It is also possible that at CO toxicity is 

concentration dependent, such that at low CO concentrations, some CO can be fixed by 

mycobacteria [47] but that at higher CO concentrations, CO is toxic. Indeed, dose dependent 

responses to host antimicrobial pathways are common for M. tuberculosis. For example, in 

vitro Mtb is susceptible only to high concentrations of H2O2 [109], but mutation of Mtb 

catalase leads to heightened susceptibility in vitro to H2O2 [3] and in vivo attenuation [2,3]. 

Likewise, whereas Mtb can tolerate [109,110] and alter its transcription program [13] in the 



56 

 

presence of low, non-toxic NO concentrations, higher concentrations are toxic [109, 110] and 

a number of NO resistance genes have been identified [4,5,8] that result in attenuation in 

vivo. 

 Since HO1 derived CO production during infection may both stimulate innate 

immune activities and also be directly bactericidal, our data suggests that CO treatment might 

be useful for therapy against Mtb. CO releasing molecules (CORM) are currently being 

synthesized to serve multiple therapeutic purposes [111] and the ruthenium complex known 

as tricarbonylchloro(glycinato)-ruthenium(II) (CORM-3) is toxic to both Gram negative and 

Gram positive bacteria  in vitro [16,68,69] and in vivo [68]. Whether CORM-3 or similar 

compounds could be effective treatments against Mtb in vivo is unknown. 

 Cor consists entirely of a DUF151 (Domain of Unknown Function) domain, with 

homologues in a variety of organisms including most mycobacteria, Bacteroides sp., 

Chlamydia sp., Streptomyces sp. and Rhodococcus sp. Although the DUF151 domain 

containing protein OmBBD demonstrated DNAse and RNAse activity in vitro [112], we 

failed to detect similar activity with recombinant Cor. OmBBD encodes a C-terminal UvrB 

domain that is absent in the mycobacterial sequences. UvrB is one component of the 

UvrABC endonuclease system, and we propose that OmBBD’s observed nuclease activity 

may come not from the DUF151 domain but from an interaction of the C-terminal UvrB with 

the catalytic UvrC nuclease likely copurifying from E. coli. 

 Since the crystal structure of Cor’s homologue from Thermatoga maritima lacks an 

obvious CO ligand such as a heme, iron or other transition metal (Figure 3D) [113], how 

might Cor be mediating CO resistance? Some bacteria including E. coli, Pseudomonas 
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aeruginosa and Staphylococcus aureus are susceptible to exogenous CO [16,68,69] and this 

susceptibility has been attributed to the ability of CO to poison the bacterial respiratory chain 

[68] or to the ability of some CORM molecules to generate hydroxyl radical (69). The 

respiratory chain of Mtb appears to not be as susceptible to CO toxicity, perhaps owing to the 

ability of Mtb to survive under microaerobic or anaerobic conditions [114] and we did not 

identify mutants in the respiratory chain in our CO screen. This may be limited by the sample 

size of the mutants tested and/or if a mutation occurred in an essential respiratory chain gene 

making cells non-viable. 

 Treatment of the cor mutant with CO led to marked depletion of NAD+ and 

mycothione, suggesting excessive reductive stress mediated by CO in the cor mutant. This 

depletion was also observed in wild type Mtb 5 days after treatment with CO (Figure 6 A, 

B), but whereas wild type Mtb could recover from and adapt to exposure to CO, the cor 

mutant could not. We also observed marked increases in intracellular fatty acids in the CO-

treated cor mutant which could be a result of either decreased catabolism of reduced fatty 

acids in the setting of an altered NAD+/NADH ratio or increased fatty acid anabolism if 

NADPH is also increased in the mutant owing to accumulation of reducing equivalents [108]. 

Taken together, the data suggests that Cor functions to restore redox homeostasis in the 

setting of CO mediated toxicity. Finally, the ability of Cor to protect E. coli from CO toxicity 

argues for a direct protective effect of Cor and experiments are ongoing to test this 

hypothesis. 

 In conclusion, we describe a novel host-pathogen interaction that directly impacts 

Mtb pathogenesis. HO1 is important for controlling mycobacterial growth in mice [104,105], 
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and mycobacteria express Cor to resist CO toxicity. Genetic disruption of cor attenuates 

mycobacterial virulence in a mouse model of chronic tuberculosis infection. These findings 

provide evidence that successful CO resistance is key to Mtb pathogenesis. The capacity of 

host derived CO to restrict bacterial growth may reflect a general innate immune 

antimicrobial mechanism against other intracellular pathogens. 
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CHAPTER FOUR 
Results 

 
COR INTERACTS WITH PROBABLE GLYCEROL-3-PHOSPHATE 

DEHYDROGENASE 

 
Introduction  

 We have previously identified cor as a CO resistance gene essential for 

Mycobacterium tuberculosis pathogenesis, however its biological function remains unknown 

[70]. By understanding how Cor mediates CO resistance, we can gain insight into the 

mechanisms by which CO is toxic to mycobacteria, which has not yet been elucidated. In 

other bacteria such as Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus 

aureus, CO poisons the bacterial respiratory chain, resulting in microbial death [16, 17] 

Remarkably, Cor protein enables Mtb to overcome CO toxicity and we are beginning to 

understand how Cor may confer CO resistance. In some bacteria, CO binds with high affinity 

to heme-containing proteins, particularly to terminal oxidases which disrupts respiration 

[115]. Previous studies show that in addition to targeting terminal oxidases, CO is 

bactericidal to microorganisms not using aerobic respiration for growth indicating multiple 

cellular targets of CO [69]. Because many enzymes involved in key metabolic pathways 

localize to the inner membrane, it is essential that bacterial membrane integrity be preserved, 

especially amidst the toxic effects of CO. 

  Phospholipids play a critical role in maintaining the bacterial membrane. Recent 

evidence suggests that specific lipids, such as cardiolipin (CL), interact with membrane 
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proteins to fine-tune enzymatic activity [116]. In our previous study, we identified the 

location of Cor (Rv1829) within the mycobacterial genome, and found that Cor neighbored 

the pgsA2 (Rv1822) gene, which is involved in cardiolipin biosynthesis. In E. coli, CL has 

been found to interact with proteins involved in oxidative phosphorylation including 

succinate dehydrogenases and terminal oxidases [117,118]. Other key reactions that occur at 

the membrane include the catalytic interconversion of dihydroxyacetone phosphate and 

glycerol-3-phosphate mediated by the membrane-associated FAD-dependent glycerol-3-

phosphate dehydrogenase [119]. This is a crucial reaction for bacterial viability since 

glycerol-3-phosphate serves as the backbone for phosphatidic acid, upon which all 

subsequent phospholipids are built [120]. In mycobacterium, phosphatidylinositol is essential 

to membrane structure and bacterial physiology since strains lacking phosphatidylinositol 

synthase resulted in loss of cell viability, therefore the steps involved in phospholipid 

biosynthesis are vital for bacterial survival [121]. 

 In the following studies, we use multifaceted approaches to identify the molecular 

function of Cor. We hypothesize that Cor works in concert with other mycobacterial proteins 

to enable Mtb to withstand CO toxicity. Using the conventional approach of identifying 

binding partners of known function to the protein of interest, we aim to discover in which 

biochemical pathways Cor may be involved. Furthermore, the mechanism of CO monoxide 

toxicity in mycobacterial species has not yet been elucidated. Identifying Cor binding 

partners will provide us insight into the metabolic pathways that may enable Mtb to adapt to 

high levels of CO. Based on computational analyses and biochemical assays, we have 

identified a probable Mtb glycerol-3-phosphate dehydrogenase (GlpD2;Rv3302c) as a Cor 
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interacting partner. Herein, we aim to confirm the biochemical activity of Mtb GlpD2, which 

has not yet previously been described experimentally. Additionally, using metabolomics 

approaches, we determine whether Cor itself has enzymatic activity. 
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Results 

 

Cor may have enzymatic activity contributing to phospholipid biosynthesis 

 Evolutionary modeling suggested that Cor forms an active site (Figure 3), thus we 

predicted that Cor has enzymatic activity. To determine potential Cor enzymatic activity, we 

profiled the mycobacterial metabolome using liquid-chromatography mass spectrometry and, 

in vitro, monitored metabolite fluctuations in the presence and absence of recombinant Cor. 

We performed our activity-based metabolomic profiling assay (Figure 9) as described by Dr. 

Kyu Rhee at Cornell University, whose laboratory used this assay to characterize Mtb 

enzyme 2-hydroxy-3-oxoadipate synthase [122]. Another group has used this method to 

characterize a glycerol-3-phosphate phosphatase in Mtb [123]. The activity-based 

metabolomic assay takes advantage of the metabolites native to mycobacterial species, which 

serve as a physiologic library of potential substrates on which an uncharacterized protein 

may act upon. This method provides an unbiased approach in identifying previously 

uncharacterized genes since the small molecule extract provides essentially all of the 

metabolites required for enzyme activity. By monitoring the consumption of substrate and 

subsequent accumulation of product, we can assign enzyme activity to previously 

uncharacterized or misannotated genes. 
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Figure 9. Schematic of activity based metabolic profiling. ABMP involves three steps: (1) 

Incubation of purified recombinant enzyme and potential cofactors with a mixture of 

potential substrates from the native cell type. Reaction progress is monitored by serial 

sampling at different time points. (2) Resolution of quenched reaction mixtures using 

aqueous normal phase liquid chromatography to achieve chemical class-specific separation, 

followed by metabolite identification and quantification using accurate mass time-of-flight 

mass spectrometry. (3) Statistical analysis to identify features that are consumed (putative 

substrates, red circles and traces in this schematic) and/or produced (putative products, black 

diamonds and traces) in a time- and enzyme- dependent manner.  
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 For safety purposes and to avoid growing large volumes of the BSL3 agent Mtb, we 

extracted metabolites from Mycobacterium bovis, a close mycobacterial relative of Mtb that 

can be grown safely on a large-scale. Upon harvesting eight liters of BCG culture, we 

resuspended the bacteria in a 80:20:0.2% acetonitrile:water:acetic acid mix and lysed by bead 

beating. Extraction using acidified acetonitrile maximizes the recovery of water-soluble 

metabolites [124], therefore in our ABMP assay, we were focused on analyzing the aqueous 

metabolites upon which Cor could exhibit potential activity. We submitted our prepared 

samples to Dr. Rhee’s laboratory, which were run through an Agilent Accurate Mass 6220 

TOF coupled to an Agilent 1200 LC system in positive and negative modes to follow 

metabolites over time. We compared metabolite pools prepared in mycobacteria before and 

after exposure to either Cor or an unrelated protein (MBP) in the presence of a variety of 

cofactors (NAD, NADH, FMN, FAD). Our preliminary results were inconclusive, which 

yielded multiple metabolites of unknown identity shown in Table 4.  

 

Table 4. Potential candidate ion peaks (positive-ion mode) altered in the presence of 

Cor over the course of 60 minutes. The peaks and their respective predicted empirical 

formulae are listed. 

Candidate Ion      Mass-to-charge (m/z)  Predicted Formula 

A 529.3754 C15 H44 N16 O5 
B 457.1148 C17 H16 N10 O4 
C 376.2613 C21 H34 N3 O3 
D 283.1751 C12 H26 O7 

E 268.1041 C10 H13 N5 O4 
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 We sought to further optimize the assay and the mass spectrometry conditions for a 

more in-depth analysis of Cor molecular function using the same ABMP assay by 

collaborating with Dr. Jeffrey McDonald (University of Texas Southwestern Medical 

Center). We observed shifts in sample peaks from both aqueous and organic phases for a 

more comprehensive understanding of Cor function on a broader array of metabolites. Once 

the reactions were quenched, we tested multiple methods to prepare our samples for LC-MS 

analysis including extracting our quenched and lyophilized reactions with hexane, 

dichloromethane, methanol, or ethyl acetate. Ultimately, we performed a two-phase 

extraction in which 1:1:1 H20:MeOH:DCM was used to separate metabolites into aqueous 

and organic phases. The metabolites that partitioned into each phase were run through the 

LC-MS instrument and analyzed. The scores plot depicts multi-variant data in a two-

dimensional plot with each axes (X,Y) representing a different variable (samples were 

prepared in quadruplicates). Here, we show that the BCG small metabolite pool treated with 

either His-tagged Cor or control protein MBP at 0 and 60 min time points group differently, 

indicating differences in metabolite pools under these conditions (Figure 10A).  

Furthermore, the loadings plots represent the data that underpin the grouping data. 

Specifically, each green sphere represents a unique metabolite and the spheres furthest away 

from the axes origin represent metabolites that had the greatest changes in levels among the 

varying conditions (Figure 10B). After screening through the metabolites with greatest 

differences in their levels, we observed multiple metabolites that accumulated in the presence 

of Cor (Figure 10C). These series of experiments and analyses performed at UT 

Southwestern confirmed that there were true differences in metabolite pools in the extract 
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treated or untreated with Cor. However, after performing multiple biological replicates of the 

assay and analyzing the results on-site, we concluded that our local instruments were not 

adequate enough for our purposes.  While the instrument available on-site, a triple 

quadrupole liquid-chromatography mass spectrometer, is capable of separating compounds 

that partition in the aqueous phase, it does not provide accurate mass of the metabolites. 

Without accurate mass information, we cannot predict an empirical formula. Therefore, we 

sought to analyze our samples at the Scripps Center for Metabolomics (La Jolla, California). 

Our samples were set up by combining small molecule extract and 600 nM His-Rv1829 or 

600 nM His-MBP (protein control) in buffer (20 mM Tris-HCl 7.4, 150 mM NaCl, 1 mM 

MgCl2, 1 mM FAD, 1 mM FMN, 1 mM NAD, 1 mm NADH). After incubating samples at 

37 °C for 1 hour, the reaction was quenched with cold acetonitrile to yield 70% acetonitrile 

samples which were subsequently lyophilized. Samples were reconstituted in 50:50 

H2O:MeOH and they ran our samples over a C18 column for separation of the metabolites, 

performing runs in both negative and positive ionization mode on the Agilent ESI-QTOF, 

which is sensitive enough to determine the accurate mass of the metabolites.  
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A

 

Figure 10. Levels of mycobacterial small metabolites fluctuate in the presence of 

recombinant Cor.  BCG small molecule extract was incubated with His-Cor or His-MBP at 

37° C and quenched at 0 and 60 minutes. (A) Scores plot depicting grouping of different 

reaction conditions (Cor vs. MBP, 0 vs. 60 minutes) 
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Figure 10 (cont’d.) (B) Loadings plot showing all the metabolites that fluctuate in the 

presence of Cor. (C) Metabolites that accumulated in the presence of Cor after 60 minutes. 
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 Using the XCMS Online software, we found multiple metabolites that were altered in 

the presence of Cor compared to the metabolite pool present in the small molecule extract 

alone. Depicted is a differential feature plot or “cloud plot,” which graphically represents the 

altered metabolite pool in the presence of absence of Cor (Figure 11A). Each sphere 

represents a unique ion with an exact mass and based on the METLIN database, the predicted 

metabolite and empirical formula is identified. By screening through the altered metabolites, 

specifically those that are consumed and subsequently accumulate in the presence of Cor, we 

could identify potential substrates and products of Cor enzymatic activity. (Figure 11; Table 

5). Specifically, acetyl phosphate was consumed and phosphatidic acid accumulated in the 

presence of Cor, indicating Cor’s potential role in catalyzing a reaction involved in 

phospholipid biosynthesis (Figure 11 panel B, C). Glycerol metabolism is a crucial step in 

phospholipid biosynthesis and as previously demonstrated [70], Cor mutants have 

dysregulated levels of glycerol-3-phosphate and dihydroxyacetone phosphate, therefore Cor 

may be crucial in maintaining glycerol metabolism.  

 

Table 5. XCMS List of Metabolites that increased/decreased in the presence of Cor. 
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Figure 11. Activity based metabolic profiling. Shown is a cloud plot (A) depicting the 

metabolites that were increased (green) or decreased (red) in the control reaction compared to 
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Cor-treated samples (radius scale: fold-change >2, p-value <0.01, max signal intensity 

>4500. Mass spectra of (B and C, left panel) and box and whiskers plot (B and C, right 

panel) identified metabolites that were consumed, such as acetyl phosphate (B), or 

accumulated, such as phosphatidic acid (C) in the presence of Cor. 
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Cor physically interacts with a probable Mtb Glycerol-3-Phosphate Dehydrogenase 

 To continue elucidating the function of Cor, we used computational tools to identify 

potential Cor binding partners.  Using the STRING database (string-db.org), which contains 

known and predicted protein interactions based on genomic context, we predicted Cor might 

interact with its closest neighbors, including GarA (Rv1827; role in TCA cycle), transcription 

factors (Rv1828, Rv1830), and PgsA2 (Rv1822; role in glycerol metabolism/phospholipid 

biosynthesis). Additionally, another computational tool predicted Cor to interact with FixA 

and FixB, both of which are involved in electron transport (Figure 12A). Experimentally, we 

performed a pulldown assay for direct determination of Cor binding partners by first 

transforming M. smegmatis with a vector carrying a C-terminal 3X-FLAG tagged version of 

Cor under a constitutive promoter. The potential interacting partners that immunoprecipitated 

with Cor were analysed by mass spectrometry and are summarized in Table 6.  

 

Table 6. Collated list of predicted Cor interacting partners. 
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The proteins we identified by IP mass spectrometry include GlpD2, ChoD, and FadA 

(involved in glycerol/lipid metabolism), and FixA (involved in electron transport), to list a 

few (Figure 12B). These IP mass spectrometry findings paired with computational 

predictions suggest that Cor may have a role in central metabolic pathways since it 

potentially interacts with proteins involved in glycerol metabolism, phospholipid 

biosynthesis, and electron transport. To confirm these interactions, we performed directed co-

immunoprecipitation assays with Cor and its potential binding partners identified from the 

initial screen. We co-expressed FLAG-tagged Cor with HA-tagged versions of GlpD2, FixA, 

FixB, ChoD, GlfT2, SodC, and DlaT and found that only GlpD2 successfully co-purifies 

with Cor (Figure 12C). Cor’s interaction with a probable glycerol-3-phosphate 

dehydrogenase suggest that Cor may have a role in glycerol metabolism. 
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Figure 12. Affinity purification of Cor interacting proteins in M. smegmatis and 

interaction of Mtb Cor and GlpD2. (A) Computational prediction of Cor interacting 

partners based on neighboring genes (STRING database) (B) Cor was expressed with a C-

terminal 3X FLAG tag in M. smegmatis. Stationary phase bacteria were lysed and the lysate 

was mixed with Protein G/α-Cor conjugated magnetic beads. Elution released bound proteins 

(white arrows) that were subsequently identified by MS.  (C) Pulldown of HA-tagged GlpD2 

protein by FLAG-tagged Cor probed with mouse monoclonal anti-HA or anti-FL, 

respectively (2% whole cell lysate as input). 
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Mtb GlpD2 may require mycobacterial cofactors to successfully exhibit enzymatic activity 

  

  FAD-dependent Escherichia coli glycerol-3-phosphate dehydrogenase has been 

successfully expressed, purified, crystallized and characterized [53, 119]. Yeh et al. show 

that E. coli GlpD in vitro catalyzes the conversion of glycerol-3-phosphate to 

dihydroxyacetone phosphate. Following the expression and purification scheme as previously 

described [53], we sought to determine if recombinant Mtb GlpD oxidizes glycerol-3-

phosphate to dihydroxyacetone phosphate. After numerous unsuccessful attempts, we were 

able to successfully express and purify Mtb GlpD2-His from E. coli. Briefly, using Mtb 

genomic DNA as template, we cloned His-tagged GlpD2 into the E. coli inducible expression 

vector, pJ401. The list of primers used in this study can be found in Table 2. After 

confirmation PCR and sequence verification, we transformed the GlpD2-His vector into 

BL21. However, after inducing with 1 mM IPTG (final concentration) for 3, 6, and 18 hours, 

we did not observe robust expression of GlpD2-His via Coomassie (Figure 13A). We 

initially speculated that Mtb GlpD2 contains codons rarely used by E. coli, therefore we 

transformed the GlpD2-His vector into Rosetta (DE3) E. coli for optimal codon usage to 

enhance expression. However there was little to no increase in expression in the IPTG-

induced cultures (Figure 13B). To address the possibility that Mtb GlpD2 overexpression in 

E. coli may be toxic, we opted to transform the GlpD2-His vector into OverExpress™ 

Chemically Competent Cells (Lucigen), which are E. coli strains that have genetic mutations 

to allow for expression of potentially toxic proteins. We transformed the GlpD2-His pJ401 

vector into these specialized cells, C41(DE3), C43(DE3), C41(DE3) PLysS, and C43 (DE3) 
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PLysS, which carry a plasmid that expresses T7 lysozyme to prevent basal expression of T7 

RNA polymerase and the potentially toxic protein prior to induction with IPTG. However, 

we did not observe an improvement in Mtb GlpD2-His expression in these E. coli strains 

either (Figure 13C). Finally, taking into consideration that GlpD2 is a membrane-associated 

protein, we speculated that GlpD2 was not folding properly and was thus not being 

adequately expressed in the aforementioned E. coli background strains. Therefore, we 

transformed the GlpD2-His vector into BL21 (DE3) pGro7 cells (Takara Bio., Inc.), which 

under arabinose-inducible conditions, express GroEL-GroES chaperones to assist with proper 

protein folding. Using this system, we were able to successfully overexpress Mtb GlpD2-His 

in E. coli and subsequently purify recombinant Mtb GlpD2, verified in a Western blot probed 

with 1:500 anti-His (Figure 13D).  Notably, even after gel-filtration chromatography, we 

noticed proteins that co-purified with GlpD2-His (Figure 13D).  
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Figure 13. Overexpression of Mtb GlpD2 requires co-expression of chaperones 

GroEL/GroES. (A) GlpD2-His pJ401 vector was transformed into BL21 E. coli. There was 

little to no induction after addition of 1 mM IPTG after 3 hours and no induction after 6 and 

18 hours. Expected GlpD2-His molecular weight is approximately 63 kDa. (B) GlpD2-His 

pJ401 transformed into Rosetta (DE3) E. coli did not exhibit improved expression after 3 
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hours with IPTG induction (C) C41, C41 pLysS, C43, C43 pLysS E. coli were transformed 

with GlpD2-His pJ401 with modest to no increase in  GlpD2 expression after 3 hours and no 

expression after induction for 6 and 18 hours. (D) Transformation of GlpD2-His pJ401 into 

BL21 (DE3) pGro7 yielded robust expression of GlpD2-His (white arrow) for subsequent 

purification using metal affinity column and gel filtration column  (black arrows denote 

trace amounts of co-purifying proteins). Below is a western confirming expression of His-

tagged GlpD2 when induced. 
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 Although we were finally able to express GlpD2 in E. coli, we were unable to 

demonstrate the enzymatic activity of Mtb GlpD2-His using the PMS-coupled MTT 

reduction assay (data not shown). Because membrane proteins are notoriously difficult  to 

purify while maintaining its fully functional enzymatic activity, we used another approach to 

determine GlpD2 activity by taking advantage of whole cell lysates. We reasoned that lysates 

collected from E. coli expressing GlpD2-His would demonstrate higher enzymatic activity 

compared to lysates collected from E. coli not expressing GlpD2-His. However, in our hands, 

we notice little to no increase in enzyme activity in lysates successfully expressing GlpD2-

His (verified by Western blot) compared to uninduced or empty vector controls (Figure 14). 

Based on these results, we aim to optimize the reaction conditions for the enzymatic assay. 

Furthermore, since the glycerol-3-phosphate homologues of E. coli and M. tuberculosis only 

share ~33 percent sequence similarity, Mtb glpD2 may require the use of mycobacterial 

systems, rather than E. coli, to demonstrate  proper enzymatic activity. 
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Figure 14. Mtb GlpD2-His expressed in E. coli does not exhibit enzymatic activity above 

baseline. A PMS-coupled MTT assay was used to determine GlpD2 enzymatic activity. 

Whole cell lysates from E. coli expressing GlpD2-His and empty vector control was added to 

reaction mixture containing 50 mM Tris-HCl pH=7.4, 75 mM NaCl, 0.5 mM MTT, 0.2 mM 

PMS in 250 uL final volume per well. The reaction was initiated by adding 20 mM DL-

glycerol-3-phosphate and the increase in absorbance at 570 nm was monitored over 15 min at 

room temperature. 
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Discussion 

 This study begins to lay the framework for our understanding of Cor’s molecular 

function and its role in mediating CO resistance in Mtb. We have previously shown that Cor 

is primarily comprised of the DUF151 domain, a domain that others have shown to confer 

DNAse and RNAse activity [112]. In our hands, however, recombinant Cor failed to 

demonstrate either activity. Moving forward, we sought to characterize Cor by identifying 

potential interacting partners, a classic technique used to gain insight into the function of the 

unknown protein based on the function of binding partners. Cor physically interacts with a 

probable Mtb glycerol-3-phosphate dehydrogenase, the enzyme responsible for oxidizing 

glycerol-3-phosphate to dihydroxyacetone phosphate in an FAD-dependent manner for 

energy production. Conversely, a G3P synthase converts dihydroxyacetone, which is shuttled 

from the glycolytic pathway, to glycerol-3-phosphate for phospholipid biosynthesis [120]. 

Although in our IP-mass spectrometry we did not identify a potential interaction with Cor 

and glycerol-3-phosphate synthase, Cor may still be closely linked in regulating glycerol-3-

phosphate metabolism due to its interaction with GlpD2, which catalyzes the reverse 

reaction. The difficulty in purifying active Mtb GlpD2 and observing enzymatic activity in 

vitro could be attributed to the fact that enzymatic assays were performed using E. coli lysate 

expressing Mtb GlpD2. Perhaps Mtb glycerol-3-phosphate dehydrogenase may require 

additional cofactors or components that are available in mycobacterial lysates but not in E. 

coli, thus owing to the failure of Mtb GlpD2 to demonstrate enzymatic activity above 

background.  
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  In our earlier study, we observed that when exposed to CO, the cor mutant had 

increased levels of intracellular fatty acids in addition to the decrease in glycerol-3-phosphate 

(Figure 6 G, H). Fatty acids are linked to the glycerol backbone via ester-linkage to generate 

a phosphatidic acid and subsequent phospholipids [120]. Furthermore, in this study, we see 

potential enzymatic activity for Cor involved in the increase of phosphatidic acid and 

subsequent phospholipids. Taken together, these data suggest that without Cor, glycerol-3-

phosphate levels are reduced, resulting in fatty acid accumulation, thereby not allowing for 

proper phospholipid synthesis. Current studies are ongoing to determine the lipid profile of 

wild-type and cor mutant Mtb strains in the absence and presence of CO to more directly 

assess the effects of Cor on phospholipid composition.  Paired with this experiment, fixed 

samples of these strains will be used for electron microscopy to determine if membrane 

stability is compromised due to the absence of Cor alone, the presence of CO alone, and/or 

due to the combined effects of the presence of CO in the absence of Cor. Therefore, we can 

determine if Cor has a role in positively impacting membrane stability, allowing for better 

survival of CO-treated Mtb. In summary, our findings show that Cor may interact with key 

metabolic enzymes to facilitate Mtb survival in the presence of CO.



 

84 

CHAPTER FIVE 
Conclusions and Recommendations 

 
 
 

Summary of research findings 

 

 We recently discovered a novel carbon monoxide resistance gene, cor, which is 

essential for Mycobacterium tuberculosis pathogenesis.  Moreover, we have begun to 

elucidate the role of Cor in mediating CO resistance in Mtb. Globally, Mtb is the primary 

cause of death from an infectious disease [125] therefore, it is imperative that we understand 

how Mtb resists host immunity and sustains long-term intracellular survival. Upon Mtb 

infection, host macrophages induce expression of heme oxygenase-1, which converts heme 

to iron, biliverdin, and the antimicrobial compound, carbon monoxide. Since Mtb has 

evolved multiple pathways to overcome host defenses such as an acidified phagosome and 

reactive oxygen and nitrogen species, we hypothesized that Mtb encodes for a gene that 

enables it to survive CO toxicity. To this end, we screened approximately 2500 Mtb 

transposon mutants in the presence of CO and identified cor as the gene required for CO 

resistance in Mtb. To provide a more comprehensive understanding of Cor’s ability to 

mediate CO resistance in the context of Mtb pathogenesis, we sought to characterize the 

molecular function of Cor.  

 After isolating and identifying the cor mutant in the CO screen, we observed growth 

kinetics comparing mutant and wild-type strains in liquid or on solid media in the presence or 

absence of carbon monoxide. Under aerobic growth conditions, the cor mutant grew as well 
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as wild-type, however, when growth conditions included CO, growth of the mutant was 

severely impeded compared to wild-type. To exclude the possibility that the disruption of 

genes neighboring the transposon insertion contributed to the observed phenotype, we 

complemented wild-type cor in the cor mutant background. As predicted, complementation 

rescued the ability of the cor mutant to grow in the presence of CO. 

 To defend against microbial infection, host macrophages have evolved such that the 

intracellular microenvironment is harsh and unfavorable for microbes. During infection, Mtb 

encounters acidic pH, oxidative stress, NO, and hypoxia, but has developed unique 

mechanisms to neutralize host defense pathways. To assess the specificity of cor against 

multiple stresses, we exposed wild-type and cor mutant Mtb to acid, H2O2, NO, and 

hypoxia. We showed that among the stresses we tested, the cor mutant was as equally 

susceptible to the stress conditions as wild type. This suggests that there was not a 

compounded effect of each stress condition on the growth of the cor mutant, thereby 

indicating that the mutant is only susceptible to CO.  

 Cor is an evolutionary ancient gene that is conserved across diverse bacterial species 

including other pathogenic Mycobacteria, Rhodococcus sp., Corynebacteria, and the non-

pathogenic Thermotoga maritima. We showed that Cor is necessary for growth in the 

presence of CO in Mtb. Moreover, we sought to determine if Cor alone is sufficient to rescue 

growth in a heterologous organism, such as E. coli, which has been shown to be susceptible 

to CO treatment [68, 69]. When we separately expressed Cor and TM0160 in CO-treated E. 

coli, we observed partial growth rescue indicating that Cor is sufficient to rescue CO toxicity. 
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Furthermore, this suggests that Cor and its homologue TM0160 have a conserved role across 

diverse bacterial species.  

 In addition to showing that Cor is sufficient and necessary in vitro, we assessed the 

role of Cor in vivo.  When we infected mice with wild-type, Cor mutant, and complemented 

Mtb in a survival assay, we showed that mice infected with the cor mutant survived 

significantly longer than wild type mice or the complemented strain. Furthemore, when 

bacteria were enumerated in an organ CFU assay, we showed that the cor mutant was 

attenuated in both the mouse liver and lung. Overall, the in vitro and in vivo studies have 

shown that Cor is essential for Mtb pathogenesis and CO resistance.  

 We have identified a novel host-pathogen interaction describing the role of host 

derived-CO as antimicrobial compound and the role of a bacterial protein that protects 

against CO toxicity.  To gain insight into the role of Cor in mediating CO resistance, we 

wanted to determine the molecular mechanism of Cor function.  We performed a pull-down 

assay with recombinant Cor expressed in M. smegmatis, a non-pathogenic close relative of 

Mtb. Through IP-mass spectrometry and co-immunoprecipitation techniques, we confirmed 

the physical interaction Cor and a lipid metabolism enzyme, glycerol-3-phosphate 

dehydrogenase (GlpD2). Identifying this interaction between these proteins helped us lay the 

foundation for our understanding of Cor function and its potential role in mediating key 

metabolic cellular processes.  Additionally, Mtb GlpD2 is only currently annotated as a 

probable glycerol-3-phosphate dehydrogenase. Therefore, we wanted to confirm the 

enzymatic activity of the membrane-associated Mtb GlpD2 in its ability to convert glycerol-

3-phosphate (G3P) to dihydroxyacetone phosphate (DHAP). Owing to the difficulties in 
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purifying membrane-bound proteins such as GlpD2 we were not able to observe  purified 

GlpD2 enzymatic activity monitoring the conversion of G3P to DHAP. We then attempted to 

use E. coli whole cell lysates expressing GlpD2 for our enzyme assays, however, we still did 

not observe GlpD2 activity above baseline. Notably, the Mtb GlpD2 has only 32% sequence 

identifity with E. coli GlpD2 (NCBI BLAST-P), so perhaps expressing and isolating Mtb 

GlpD2 from E. coli is sub-optimal. There may be other components found in mycobacterial 

lysates that are required for Mtb GlpD2 expression and full enzymatic activity.  

 The crystal structure of the Cor homologue in Thermotoga maritima suggests that Cor 

forms an active site at the dimer interface. Therefore, we postulated that Cor may have 

enzymatic activity, which we assessed by using in vivo and in vitro metabolomics 

approaches. We examined the small molecule metabolite pool of the Cor mutant compared to 

wild-type in the presence of CO to determine if any differences in the metabolite composition 

between strains would help reveal Cor function. We demonstrated that NAD+ and 

mycothione levels were significantly reduced in the CO-treated mutant compared to CO-

treated wild type, suggesting the cor mutant develops a reducing environment. Levels of 

glycerol-3-phosphate were also reduced in the cor mutant, which was a notable finding since 

we have confirmed the interaction between Cor and glycerol-3-phosphate dehydrogenase. 

This indicates that Cor may function to regulate GlpD2 and possibly glycerol/lipid 

metabolism pathways. Additionally, there were increased levels of long chain fatty acids in 

the cor mutant indicating either increased anabolism or decreased catabolism of fatty acids.  

Another possibility for the accumulation of fatty acids in the cor mutant could be that the 

fatty acids are not properly diverted to the phospholipid biosynthesis pathway. The limiting 
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levels of glycerol-3-phosphate, which fatty acids are linked to for synthesis of phospholipids,  

may contribute to fatty acid accumulation. Another point of evidence linking Cor function to 

phospholipid biosynthesis arises from our in vitro activity-based metabolomic profiling 

assay. The metabolite pool treated with purified recombinant Cor showed accumulating 

levels of phosphatidic acid and a variety of phospholipids compared to the small molecule 

extract treated with control protein. Although we have not elucidated the exact mechanism of 

Cor function, we demonstrate that Cor interacts with a glycerol metabolism enzyme and is 

required to maintain appropriate metabolite levels within cells. Furthermore, we show Cor 

may have a role in phospholipid biosynthesis pathways. From here, we can design directed 

experiments to pinpoint the molecular mechanism by which Cor mediates CO resistance in 

Mtb. 
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Future directions 

Determine if Cor has enzymatic activity using point mutants 

 Molecular modeling predicts that Cor forms an active site and our activity-based 

metabolomic profiling data indicated that Cor has enzymatic activity contributing to 

phospholipid synthesis. We generated point mutants of residues predicted to form the active 

site, which have been transformed into the Mtb Cor mutant background. To determine which 

residues are important for Cor to mediate CO resistance, I propose to grow Mtb expressing 

either wild-type Cor or the individual Cor point mutants in the presence of CO and screen for 

strains that have a growth defect. Western blots will be performed to confirm expression of 

wild-type Cor and the point mutants. Strains unable to grow in the presence of CO indicate 

that the mutated residue is critical for Cor function and its ability to confer CO resistance.  

 

Does Cor alter GlpD2 activity? 

 Cor binds GlpD2 based on IP-mass spectrometry analysis and co-

immunoprecipitation assays. Our in vivo metabolomics data showed that G3P levels are 

reduced in the cor mutant when exposed to CO. Taken together, these data suggest that Cor 

may have a role in regulating GlpD2 activity. To further confirm the interaction between Cor 

and GlpD2, I propose to conduct a purified pulldown assay and I predict that purified Cor 

will successfully pulldown purified GlpD2. To assess if Cor alters GlpD2 enzymatic activity, 

I will perform the PMS-coupled MTT assay with purified GlpD2 in the presence or absence 

of Cor or an unrelated control protein.  I predict that if Cor plays a role in maintaining GlpD2 

activity, then enzyme kinetics of GlpD2 will shift in the presence of Cor. Additionally, I have 
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generated Cor point mutants which can also be tested in this assay to determine which 

residues in Cor are important in contributing to GlpD2 activity. 

 

Lipid profiling  

 The integrity of the phospholipid membrane is crucial for cell viability since it acts as 

a permeability barrier but also as a site for enzyme activity essential for cell survival. 

Therefore, it is imperative that membrane integrity be preserved, especially in the midst of 

stress such as CO. To determine if CO has direct impact on membrane stability, I propose to 

grow wild-type Mtb with/without CO and examine the lipid profiles of CO-treated versus 

untreated Mtb via liquid-chromatography mass-spectrometry. If CO impacts the lipid 

composition, then we would expect to see an altered lipid profile in Mtb treated with CO 

compared to untreated Mtb. Additionally, we would examine the lipid profiles of wild-type, 

mutant, and complemented Mtb strains to determine whether the mutant has an altered lipid 

profile compared to the mutant and complemented strains. Furthermore, to gain insight into 

the structural integrity of the membrane, I propose to collect fixed samples of wild-type, 

mutant, and complemented Mtb untreated or treated with CO. Additionally we can examine 

the lipid profiles and membrane structure of the Mtb point mutants. Overall, if Cor is 

important for phospholipid synthesis and membrane stability, then we would expect altered 

or dysregulated levels of phospholipids and compromised membrane integrity of CO treated 

Cor mutant Mtb. Membrane integrity can also be determined by measuring membrane 

potential to assay if the proton motive force is preserved. These experiments would confirm 

the role of Cor in potentially mediating CO resistance by maintaining membrane integrity. 
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 In conclusion, our discovery and characterization of Cor, a novel CO resistance 

protein essential for Mtb pathogenesis, provides further insight into host-pathogen 

interactions and identifies a potential therapeutic target to combat Mtb infection. 
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