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Previous work in the laboratory of Dr. Richard Friedman identified the eis gene as 

capable of enhancing the survival of avirulent Mycobacterium smegmatis within U-937 

macrophage-like cells (140). Studies were undertaken to identify the promoter for eis in 

both M. smegmatis and M. tuberculosis H37Ra. A 412 base pair region upstream of the 

eis coding sequence, as well as a DinR-like cis element, was necessary for the full 

expression of eis in both mycobacteria. To study the expression of eis further, a 

destabilized luciferase-based reporter system was constructed for fusion of the 412 base 

pair eis promoter. The expression of eis was monitored throughout culture growth of both 

M. smegmatis and M. tuberculosis H37Ra using this novel reporter and quantitative real

time PCR. In M. smegmatis, eis was induced upon transition from logarithmic to 

stationary phase as detected by both luciferase activity and real-time PCR. In M 

tuberculosis H37Ra, expression from the eis promoter driven luciferase construct could 

not be detected, although real-time PCR showed that eis was constitutively expressed. 

Analysis of groEL2 expression by real-time PCR in comparison with phsp60 driven 

luciferase production showed that this novel luciferase system could also detect 

expression changes in M tuberculosis H37Ra. The lack of luciferase expression from the 

eis promoter suggested that the utility of this system was dependent on the promoter. 

eis and groEL2 expression were then monitored in both mycobacteria during the 

infection of U-937 cells. In M. smegmatis, analysis of eis expression using luciferase 

suggested that eis was not induced during initial infection, but showed that eis is 

repressed between 3 h and 24 h of infection. Luciferase production from the eis promoter 
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did not change upon the infection of macrophages with M. tuberculosis H37Ra, 

suggesting that the eis promoter construct was non-functional. Real-time PGR analysis of 

eis expression during infection of U-937 cells with M. tuberculosis H37Ra showed that 

eis is constitutively expressed during macrophage infection. A comparison of groEL2 

expression and luciferase activity fromphsp60 showed high variability in heat-shock 

expression and suggested that the luciferase system was not suitable for detecting groEL2 

expression changes during macrophage infection. 



INTRODUCTION 

Tuberculosis is one of the most destructive infectious diseases to plague mankind. 

According to World Health Organization estimates, nearly one billion people will be 

infected within the next twenty years and 35 million will die (http://www.who.int/inf-

fs/en/factl 04.html). Current drug therapies used to combat Mycobacterium tuberculosis 

are less than efficient due to lengthy treatment periods and the increase in antibiotic 

resistant strains. Thus, understanding the molecular mechanisms of pathogenesis is 

essential for the development of better methods of treatment and prevention. Our 

understanding of this organism has been advanced recently with the determination of the 

complete M. tuberculosis genome and the advent of advanced genetic techniques like 

DNA chip microarray analysis. Other techniques that aid in differentiating gene 

expression during the infectious process have shown promise in elucidating pathogenic 

pathways. Many of these techniques utilize green fluorescent protein or other reporter 

systems to look at expression of genes that may be involved in virulence. These types of 

studies could lead to the development of antisense genetic therapies or to the 

identification of virulence-specific proteins that could be used in vaccines. 

History of tuberculosis 

Tuberculosis is an ancient disease known to have affected people even prior to the 

Colombian era. Anthropological evidence has been able to confirm the existence of 

mummified individuals exhibiting signs of miliary tuberculosis dating back over 4,000 

years. These anthropological findings strongly indicate that M. tuberculosis has evolved 

with its human host longer than any other known infectious agent. Acid-fast bacilli have 
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also been foimd in the lungs of a mummy from Southern Peru dating close to 700 AD 

(13) providing proof that tuberculosis was a disease affecting mankind at the inception of 

an era where the domestication of animals was the crux of cultural survival and the 

beginning of present day husbandry practices. 

Mycobacterium tuberculosis, the etiological agent of tuberculosis, is a facultative 

intracellular bacillus. It is spread from individuals with active tuberculosis to others via 

infectious aerosolized droplets; i.e. it is an airborne infectious disease. The bacillus is not 

stainable using the standard Gram stain technique. Due to its thick, lipid-rich cell wall it 

must be stained using the acid-fast staining procedure. Aside from the pulmonary 

infection typically associated with M. tuberculosis infection, there are several forms of 

extrapulmonary tuberculosis. These include a variety of diseases ranging from 

disseminated tuberculosis involving multi-organ systems to more localized forms as is 

found in genitourinary tuberculosis or pericardial tuberculosis (13). From the 

archaeological evidence and historical accounts of epidemics, we know that M. 

tuberculosis has evolved with man over several centuries. This co-evolution of man and 

disease is probably the reason why M. tuberculosis is capable of residing in and 

persisting within a host cell few other organisms can, the human macrophage. 

IMMUNOLOGY OF TUBERCULOSIS 

Since the immunological response to M. tuberculosis is not an area of research 

presented in this dissertation, the discussion of the immunology of tuberculosis will be 

brief. The immiinological response to M tuberculosis infection is a very complex process 

that is highly dependent on both the virulence potential of the microorganism and the 



overall fitness of the host immune system. Studies on the immune response to M. 

tuberculosis have been performed primarily in humans and in mice (2). The cell-

mediated arm of the immune system, primarily in the form of T-cells, is intimately 

involved with communicating with innate immune system effectors in the defense against 

M. tuberculosis. There is very little evidence that host B cells and antibodies play a 

significant role in the defense against mycobacteria and they are generally ignored as true 

players in the immune response to mycobacteria (2). It is known, however, that B cells 

are present in large quantities during M. tuberculosis infection in both mice and humans 

and that they contribute to lung pathology to some extent (15). B cells are capable of 

capturing rare, low-affmity foreign antigens and present antigen-derived MHC class II 

restricted peptides to T cells (112). In this sense, B cells are crucial in the coordination 

and maturation of humoral and cell-mediated immune responses (112). The role of B 

cells and antibodies will not be a focus in the following discussion because of the 

"minor" role they play in the immunology of tuberculosis and because they are not 

directly relevant to my project. 

The primary mediator of host immune defense to M. tuberculosis hinges on the 

macrophage (48). In the lung, alveolar macrophages engulf bacteria as droplet nuclei 

containing mycobacteria that are inhaled into the deep regions of the lung. An important 

immune component during the infection is the presentation of M. tuberculosis antigens 

by the alveolar macrophages. The interaction of macrophages presenting bacterial 

antigens to the cell-mediated arm of the immune system is the first interactive force that 

drives a series of downstream effectors of the immune response to M. tuberculosis. 



Tuberculosis can be divided into two separate pathologies that correlate to the 

outcome of infection (128). The first is what is known as primary tuberculosis where the 

host is incapable of mounting a healthy immune response to the organism. The second is 

called post-primary tuberculosis where the host is able to mount a sufficient, initial 

immune response, but one that eventually becomes compromised and results in activation 

of disease. 

Primary tuberculosis 

Primary tuberculosis is disease that results from the original infection of the host 

by M. tuberculosis. This initial immune response is unable to eradicate the organism and 

contain the infection immediately. Over a period of several weeks following the original 

infection, the bacteria multiply and kill host macrophages (44). The organisms' release 

from host macrophages is followed by the infection of other host cells (44). In hosts 

where immune status has not been compromised, i.e. a healthy individual, infection by M. 

tuberculosis is well controlled via a granulomatous response. This granulomatous 

response essentially walls off the infection once key cellular mediators have interacted 

with infected macrophages. These key mediators include T-cells of the THi lineage, 

capable of stimulating infected macrophages via INF-y, causing increased oxidative burst 

activity, phagolysosomal fusion, and antigen presentation (47). Other key mediators such 

as natural killer cells and even B-cells have been found in granulomatous regions and are 

responsible for signaling events that aid in the destruction of the invading mycobacteria. 

Stabilized granulomas prevent the spread of M. tuberculosis to other organs of the body 

and can be maintained for the lifetime of the host as long as the host sustains a healthy 
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immune status (47). This situation comprises approximately 90% of the 2.5 billion 

infections around the world and is what is classically termed "latent infection" or 

"latency." 

Post-primary tuberculosis 

Post-primary tuberculosis is thought to occur via two distinct avenues, the 

inhalation of additional mycobacterium or the reactivation of dormant bacteria found 

within granulomatous lesions (44). In the cases where the hosts' immune system has been 

compromised, as can happen in individuals with AIDS, the granuloma is unable to 

maintain a sufficient barrier between the mycobacteria and the remainder of the hosts' 

environment. This situation represents approximately 10% of the global M. tuberculosis 

infections and is responsible for the 3 million or so deaths from this disease that occur 

every year (http://www.who.int/mediacentre/factsheets/fsl04/en/). Often, the 

mycobacteria replicate locally causing pulmonary tuberculosis. Mycobacteria are then 

coughed out of the deep lung by the host and spread to the next individual. These 

represent active cases and as many as 15 new infections annually can be attributed to a 

single active individual (http://www.who.int/mediacentre/factsheets/fsl04/en/). In some 

cases, the mycobacteria are able to reach the bloodstream, since it is intimately associated 

with the lung, and can spread systemically causing miliary tuberculosis. In miliary 

tuberculosis bacteria gain access to multi-organ systems and can cause several types of 

tuberculosis including genitourinary tuberculosis, meningeal tuberculosis, and even CNS 

tuberculosis (13). These individuals are not only infectious, but become severely ill and 

typically die within a short period of time. 

http://www.who.int/mediacentre/factsheets/fsl04/en/
http://www.who.int/mediacentre/factsheets/fsl04/en/


Macrophages successful at degrading M. tuberculosis via phagolysosomal fusion 

are capable of presenting bacterial antigens to CD4+ T-cells via MHC class II. Several 

laboratories have shown that M. tuberculosis is able to interfere with antigen presentation 

not only in macrophages but also in dendritic cells, the most highly regarded antigen 

presenting cell of the immune system. Recently, Dr. Michael Brennan presented evidence 

that the M. tuberculosis protein PPE33 actually interfered with eukaryotic proteosome 

function and hypothesized PPE33's role in limiting the presentation of M. tuberculosis 

antigens via the major histocompatibility complexes (104^'' General Meeting of the 

American Society for Microbiology, New Orleans, LA May 2004). Fortunately, some 

level of bacterial killing and antigen presentation takes place because immune responses 

to a variety of M. tuberculosis antigens have been documented, including Antigen-85 and 

Eis (30, 107). Once CD4+ T-cells have interacted with macrophages, the secretion of 

IFN-y by the T cell stimulates the macrophage to increase oxygen consumption causing a 

rise in oxidative-based killing mechanisms and phagolysosomal fusion (47). 

Mycobacterium tuberculosis has evolved to prevent these highly destructive events 

within the macrophage providing this bacterium a niche where it can survive for decades. 

How this organism is able to do this is not only one of the most puzzling biological 

questions, but also one of the hottest topics in mycobacterial research. 

INTRACELLULAR LIFESTYLE OFM TUBERCULOSIS 

The primary host cell M. tuberculosis encounters upon entry into the lung airways 

is the alveolar macrophage. Macrophages are a branch of the mammalian innate immune 

system that form the first line of defense against an infection. Typically, an infectious 



23 

bacterium would be engulfed by the macrophage and eradicated by two main host 

defense pathways, toxic oxidant exposure and phagolysosomal fusion. Somehow, M. 

tuberculosis is able to survive these pathways and create an environment within the host 

phagocyte where it can flourish and ultimately reside (103). As with all pathogens, there 

must be an initial attachment or adherence step in order for infection to occur, although 

very little is known about this process. 

Uptake of M. tuberculosis into macrophages 

Uptake of the bacillus into macrophage cells happens primarily through receptor-

mediated phagocytosis that involves an array of macrophage surface molecules ranging 

from complement receptors to Fc receptors. The complement receptors responsible for 

binding to M. tuberculosis cells include CRl, CR3, and CR4 (43). It has been shown that 

pathogenic mycobacteria are capable of scavenging the C2a complement fragment (106). 

This allows the mycobacteria to form C3 convertase on its surface to create C3b, making 

the bacillus active for opsonization. Very recent studies using bronchialveolar lavage 

samples from infected individuals have found that M. tuberculosis is coated with C3 

complement allowing it to use CR3 receptors to gain entry into the macrophages (45). 

Another receptor used to mediate phagocytosis is the macrophage mannose receptor, 

which binds to the mannose-capped lipoarabinomannan (ManLAM) of M. tuberculosis 

(43). One interesting finding is that LAM from M. tuberculosis H37Ra interacts with the 

CD14 receptor on cells of monocytic lineage (1). CD14 is a high affinity receptor for 

lipopolysaccharides of gram-negative bacteria and is involved in the phagocj^osis of 

apoptotic cells (1). Other receptors like Sp-A (surfactant protein A) found in pulmonary 



alveoli, macrophage scavenger receptors, and Fey receptors are all able to bind to bacilli 

during infection. Their roles in the intracellular trafficking of macrophages containing 

phagosomes and/or host cell signaling events still remain unclear (43). One certainty 

stemming from studies involving binding and uptake is that M. tuberculosis has acquired 

several methods to efficiently enter macrophages, a cell that was designed to kill such an 

invader. 

Reactive oxygen and nitrogen oxidants and mycobacteria 

One of the primary host defense mechanisms to intracellular pathogens like M. 

tuberculosis is the production of toxic oxidants (93). Oxidants are formed by the host 

with the intention to damage and eradicate an invading organism. Two primary oxidant 

sources are created during an infection, which mycobacteria encounter during interaction 

with macrophages. The first is the endogenous production of toxic oxygen species as a 

by-product of aerobic metabolism. This occurs by the sequential univalent electron 

reduction of molecular oxygen to form superoxide radicals, hydrogen peroxide, and 

hydroxyl radicals (84). These toxic oxygen species can also be formed from reactions 

involving glucose metabolism and exposure to UV irradiation (84). The second source of 

oxidant production is the exogenous formation of toxic oxygen and nitrogen species by 

phagocytic cells. 

Upon encountering a pathogenic microorganism and immediately following 

phagosome formation, there is a marked increase in oxygen consumption by 

macrophages. Increased oxygen intake by the phagocyte signals the activation of the 

membrane associated NADPH-dependent oxidase complex (20). This complex creates 



superoxide via the reduction of molecular oxygen, which is then able to dismutate to 

hydrogen peroxide. The phagocyte NADPH-oxidase complex is composed of several 

components. gpQF*^™, encoded for by CYBB on the X chromosome (101), contains a 

hydrophobic N-terminus that maintains heme moieties and is believed to be involved 

with interaction with gp91''''°'' also has a binding site for NADPH at its C-

terminus, which is thought to be covered by a span of 20 amino acids in the inactive state 

(101). p22''''°'' contains a proline-rich span that is involved in the interaction with SH3 

and is encoded by CYBA on chromosome 16q24. 

Reactive oxygen intermediates (ROI) are formed by the sequential univalent 

reduction of molecular oxygen prior to the end formation of water (84). These include 

superoxide anions, hydrogen peroxide, and hydroxyl anions. Before the production of 

hydrogen peroxide, the addition of a single electron to molecular oxygen forces the 

production of superoxide anion (84). Superoxide anions are quickly self-reduced at 

physiological pH to form hydrogen peroxide. In vitro, the reaction of hydrogen peroxide 

with superoxide anion produces the hydroxyl radical. This reaction is relatively inert at 

physiological pH, unless a transition metal catalyst such as ferric iron is present to push 

the Haber-Weiss reaction to produce hydroxyl radical (84). Toxic oxygen products tend 

to target bacterial enzymes involved in the biosynthesis of branched-chain amino acids 

and dehydratases (84). In the presence of low pH, as may occur in mature phagosomes, 

superoxide can become protonated to form HO2, which can subsequently react with itself 

to form hydrogen peroxide. In addition, superoxide may participate in the Haber-Weiss 

reaction in the presence of iron (84). Hydrogen peroxide is a more destructive oxidant 



than superoxide mainly because it readily diffuses across cell membranes. Hydrogen 

peroxide mediates oxidation of cellular membranes and enzymes, causes DNA damage 

and mutagenesis, and also inhibits membrane transport processes (84). The role of 

oxidative damage by hydroxyl radical is still an issue of controversy. Damage caused by 

both superoxide and hydrogen peroxide may be a derivative of the damage incurred from 

hydroxyl radical activity (84). Hydroxyl radicals have been implicated in the oxidation of 

proteins, DNA, and lipids. It is hypothesized that the destructive nature of hydroxyl 

radicals lie in a boundary of close proximity to its local production because of its limited 

diffusion (29). 

Saprophytic (e.g. M. smegmatis) and pathogenic (e.g. M. tuberculosis, M. bovis 

BCG, and M. avium) mycobacteria respond differently to toxic oxidant stresses, 

particularly to toxic oxygen species (37, 39, 109). For example, Sherman and coworkers 

showed that M. smegmatis pretreated with low levels of hydrogen peroxide survived 

subsequent challenge with typically lethal peroxide levels (109). The ability of M. 

smegmatis to survive a lethal dose of hydrogen peroxide after pretreatment mirrors the 

survivability of Gram-negative bacteria in similar situations (109). Low doses of 

hydrogen peroxide activate the expression of the regulatory protein OxyR, which is 

known to induce the expression of at least nine other proteins in E. coli, offering 

protective effects against subsequent lethal peroxide challenge. Similarly, M. smegmatis 

displayed a protective OxyR-type response with the induction of de novo protein 

synthesis (109). Even though the pathogenic mycobacteria share similar oxyr^-ahpC 

genomic organization to M. smegmatis, the protective effects afforded to M. smegmatis 



were not displayed. It is interesting that the induction of novel protein synthesis was 

found post exposure to low levels of peroxide, however. In addition, the OxyR 

homologue in M. tuberculosis contains deletions, frame shifts, and nonsense mutations 

rendering it inactive (35). These findings indicate that the OxyR response is absent in the 

pathogenic mycobacteria and led to the hypothesis that pathogenic mycobacteria maintain 

a constitutive defense to oxidative stress being that they are continually exposed to toxic 

oxygen species in vivo (109). The inactivation of OxyR in M. tuberculosis was also 

linked to its high sensitivity to isoniazid, one of the frontline antibiotics used to treat 

tuberculosis (35). Since these reports, several genes involved in resistance to toxic 

oxygen mediated damage have been identified in mycobacteria, including ahpC (alkyl 

hydroperoxide reductase), ideR (iron-responsive regulator), and msrA (methionine 

sulfoxide reductase) (37, 40, 42). 

The second oxidant species important in host defense against pathogenic 

microorganisms is reactive nitrogen intermediates (RNI), particularly nitric oxide. Nitric 

oxide (NO) is capable of acting as a toxic agent either alone or in combination with 

superoxide anion which forms the powerful oxidant peroxynitrite (84). Peroxynitrite can 

extend the oxidant activity of nitric oxide upon its decomposition into hydroxyl radical. 

NO can also react with glutathione (GSH), a tripeptide antioxidant that protects host cells 

from ROI and RNI toxicity, to produce S-nitrosoglutathione (GSNO) (108). GSNO is 

considered an NO donor that essentially provides an inactive pool for NO in mammalian 

cells (132). Nitric oxide is produced when host nitric oxide synthases (NOS) oxidize L-

arginine to form L-citruline and nitric oxide. Two categories of NOS exist in the human 



body and are based on their differences in regulation and activity (84). The first are 

constitutively expressed NOS (cNOS), which are found in neuronal cells and endothelial 

cells. The second are inducible NOS (iNOS), which are found in various cell types 

including hepatocytes, respiratory epithelium, and macrophages (84). The activity of 

iNOS has been found to be dependent on fluctuations of intracellular calcium 

concentrations (84). Various cytokines, microorganisms, and microbial products are 

known to modulate iNOS levels, indicative of the essential role of iNOS in host defense 

against pathogens (84). NO can alter bacterial proteins, lipids, and DNA, both 

extracellularly and intracellularly (19). Deamination of DNA also occurs upon exposure 

to NO, causing abasic sites and strand breaks (19). 

Mycobacterial resistance and response to nitrogen-based radicals has been 

extensively studied in both non-pathogenic and pathogenic mycobacteria (52, 53, 110). 

M. bovis BCG is exquisitely sensitive to the toxic effects of GSNO (59). Interestingly, a 

peptide permease mutant of M. bovis BCG defective in GSH transport is resistant to 

GSNO (59, 132). In M tuberculosis, NO was found to inhibit aerobic respiration and 

growth, inducing an in vitro dormancy program (135). It was concluded that this program 

likely prepares the bacillus for survival in the granulomatous environment (135). 

Pathogenic mycobacteria have developed systems to combat NO toxicity, though. Darwin 

et al. identified genes comprising a mycobacterial proteosome in M. tuberculosis upon 

exposure to acidified nitrate that confers resistance to nitric oxide (31). In addition, more 

recent studies have shown that M. bovis BCG and M. tuberculosis H37Rv can interrupt 

the localization of iNOS to mycobacterial containing phagosomes in cultured 



macrophages (83). These studies determined that mis-localization of iNOS with 

phagosomes containing mycobacteria was mediated through inhibition of microtubule 

formation in the macrophage (83). Therefore, specific mycobacterial factors that confer 

resistance to nitric oxide coupled with mis-localization of iNOS to mycobacterial 

phagosomes provides multiple layers of protection for pathogenic mycobacteria against 

toxic nitrogen attack. 

Not only are pathogenic mycobacteria able to resist toxic oxygen and nitrogen 

attack by macrophages, they are also able to interfere with the most robust killing 

mechanism used by macrophages, phagolysosomal fusion. The ability to block 

phagolysosomal fusion ensures the survival of pathogenic mycobacteria in the host and is 

the hallmark of M. tuberculosis pathogenesis. 

Phagosomal maturation arrest 

After mycobacteria are internalized by macrophages, they reside in a membrane-

bound vacuole called a phagosome. There is controversy over the general characteristics 

of the mycobacterial phagosome and three different forms of phagosomes have been 

observed: 1) The tightly apposed phagosome, where the phagosomal membrane is 

wrapped snuggly around the bacterium; 2) The spacious phagosome, where there are 

distinguishable zones between the mycobacteria and the phagosomal membrane; and 3) 

The phagosome with the loosely associated lysosome, where the lysosomal and 

phagosomal membranes are in close proximity, but clearly not fused (14). Regardless of 

the form the phagosome assumes after the internalization of mycobacteria, the normal 



route of maturation the phagosome takes is significantly altered in M. tuberculosis 

infection. 

The phagosome usually follows a specific pathway that leads to the destruction of 

the invading organism. This pathway involves a myriad of interactions with endocytic 

vesicles and the acquisition of cellular markers that eventually lead to a vacuole that 

contains both endosomal and lysosomal characteristics (51). In the final stages of 

phagosomal maturation, the pH decreases and the phagosome acquires lysosomal 

hydrolases and cationic peptides, including cathepsin D, to become a phagolysosome 

capable of destroying a bacterium (21). This destruction does not occur in the case of 

ingested M. tuberculosis, however, because phagosomal maturation is arrested. 

Studies to determine the mechanism of alteration of phagolysosomal behavior 

mediated by M. tuberculosis began in the early 1970s. It was observed that phagosomes 

containing M. tuberculosis were unable to fuse with lysosomes and that M. tuberculosis 

could avoid the natural degradative pathway of the macrophage (4, 63, 64). Recent 

research on the behavior of the M. tuberculosis-conimmng phagosome has focused on 

identifying specific endosomal proteins involved in various steps of vesicular maturation. 

As mentioned earlier, acquired cellular markers define the maturation stage of M. 

tuberculosis-covAaxnmg vacuoles (MCVs). The central research identifying endosomal 

markers on M. tuberculosis phagosomes showed that while M. tuberculosis phagosomes 

interact with endosomes, they do not interact with secondary lysosomes, which are 

required for the resulting degradation of intercellular or invading pathogens (22). These 
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results are consistent with the classical observations that phagosomes containing M. 

tuberculosis do not fuse with lysosomes (64). 

Recent studies show that phagosomal compartments containing mycobacteria 

retain rab5, a regulator of early endosomal membrane fusion events (23, 134). One of 

these studies also showed that the subsequent acquisition of rab7, a GTP-binding protein 

specific for late endosomes, did not occur on phagosomes containing mycobacteria (134). 

The results from these experiments indicate that vesicular re-routing can prevent the 

mycobacterial phagosome from reaching a state of degradation. Therefore, the bacterium 

is able to "arrest" the phagosome in a state that prevents it from becoming the acidified 

vacuole necessary for microbial degradation. ManLAM alone is capable of interfering 

with trans-Golgi to phagosome vesicular signaling, which allows the bacterium to prevent 

the phagosome from acquiring additional factors involved in the normal endosomal 

maturation pathway (50). In addition, new research shows that the intermediary product 

in ManLAM biosynthesis, phosphytidylinositol mannoside (PIM), induces homotypic 

fusion of coated latex beads (133). Therefore, not only can ManLAM perturb normal 

phagolysosomal fusion events, this molecule's precursors can cause mycobacteria 

containing vacuoles to cluster with one another. This aggregation of MCVs is another 

mechanism by which the bacterium survives within the macrophage and increases 

endosomal pathway blockage. Exactly how this occurs is unknown. Although it is 

important to understand where endosomal maturation arrest occurs and the players 

involved in the arrest, understanding how the bacterium is able to get these factors out of 

the phagosome is equally, if not more, essential. This is especially true when we attempt 
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to identify mediators involved in endosomal maturation arrest that we can potentially 

target for use in vaccines or drug therapy. 

VIRULENCE GENES OFM TUBERCULOSIS 

In 1998, the genomic sequence of M. tuberculosis H37Rv was published by Dr. 

Stewart Cole's group at the Institute Pasteur in Paris, France. The genome is relatively 

large for a classically Gram-positive organism extending to over 4 megabases (24). The 

annotation of the genome allowed investigators everywhere to begin more extensive 

studies of mycobacterial genomics, since its inception coincidentally overlapped with a 

period of increased molecular tractability of the organism. In particular, putative 

virulence genes in the M. tuberculosis genome could now be mined by comparison to 

genes of other pathogens. 

Virulence genes of M. tuberculosis have been categorized into several different 

groups according to their general utility in mycobacterial fitness. These categories 

include cell secretion and envelope function, enzymes involved in general cellular 

metabolism, metal uptake, and anaerobic respiration and oxidative stress proteins (114). 

Interestingly, no genes have been found to be solely responsible for the pathogenicity of 

M. tuberculosis, as is the case for few select pathogens, for example Corynebacterium 

diphtheriae, indicating multifactorial pathogenesis. Unlike several pathogens, including 

Listeria monocytogenes, E. coli (EPEC, EHEC), Shigella flexneri, and Bordetella 

pertussis, M. tuberculosis does not express or utilize toxins to aid in its virulence. 

ManLAM has been referred to as phagolysosomal maturation toxin, although it does not 

posses the properties that define a classical toxin, for example having protein structure 



(50). Limited work has been done using genetic complementation systems, like the one 

used to mine eis, to identify M. tuberculosis virulence genes. Therefore, the following 

discussion will focus on those genes I) identified using genetic complementation of 

pathogenic genes into non-pathogenic bacteria and II) induced in ex vivo macrophage 

systems including those of both human and mouse lineage. 

I: Genes found by complementation studies 

sigA. SigA is considered to be the housekeeping sigma factor in mycobacteria 

(114). Random cloning of an M. tuberculosis cosmid library into an avirulent M. bovis 

strain restored virulence in a guinea pig model (25). The avirulent M bovis strain used in 

this study had an attenuating mutation in sigA, suggesting that sigA is important in the 

pathogenesis of M tuberculosis infections. 

mcel. A plasmid library of M. tuberculosis genomic DNA transformed into 

avirulent E. coli allowed the isolation of mcel, which increased the invasion potential of 

E. coli into HeLa cells (5). Since then, it has been shown that deletion of the mcel operon 

in M tuberculosis caused a hypervirulent phenotype during mouse infection where there 

was a disorganization of granuloma formation (111). This was thought to be the result of 

the mutant strain's inability to induce a proinflammatory response (111). There are four 

mce operons in the M. tuberculosis genome and mce homologues are widespread in the 

genus Mycobacterium (61). 

thioredoxin-thioredoxin reductase (trx-tr). The thioredoxin-thioredoxin 

reductase gene from Mycobacterium leprae is expressed as a single hybrid protein (Trx-

TR) containing both enzymatic activities within the same polypeptide, whereas in other 



mycobacteria Trx and TR are expressed as two independent proteins (141). trx-tr from M. 

leprae, cloned into a plasmid and transformed into M. smegmatis, displayed an enhanced 

survivability of M. smegmatis in human monocyte-derived macrophages (141). The 

authors found that the gene product interferes with the oxygen-dependent killing of M. 

smegmatis (141). 

II: Genes found to be induced in macrophages 

hspX. HspX is the alpha-crystallin homologue, also known as Acr, and is induced 

during the infection of cultured THP-1 macrophages (41, 146). Inactivation of hspXm 

M. tuberculosis caused a severely attenuated growth phenotype in these macrophages 

(146). 

id. Isocitrate lyase converts isocitrate to succinate in the glyoxylate shunt 

pathway from acetate or fatty acid metabolism, allowing it to be used as a carbon source 

for the Kreb's cycle (114). id induction during the infection of human macrophage 

infection has been observed suggesting it's importance in mycobacterial virulence (41, 

58). 

plcABC. Phospholipases are important virulence factors in an increasing number 

of intra- and extracellular bacterial pathogens including Clostridium perfringens, 

Corynebacterium pseudotuberculosis, Pseudomonas aeruginosa. Staphylococcus aureus 

and Listeria monocytogenes (116). plcABC of M tuberculosis H37Rv putatively encodes 

phospholipase C-type enzymes (114) and are induced during the infection of cultured 

THP-1 macrophages (100). Unlike other phospholipases, which are secreted, the 
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phospholipases of M. tuberculosis H37Rv were strictly associated with the cell envelope, 

although they have putative signal sequences (100). 

mbtB. mbtB encodes enzymes involved in the synthesis of mycobactin, one of the 

major siderophores of M. tuberculosis (114). mbtB mRNA increases during the infection 

of human macrophages by M tuberculosis, which is expected since the phagosome is an 

iron-limited environment (54). Disruption of mbtB causes growth defects under low-iron 

conditions (54). 

sigE. Sigma E is an extracytoplasmic sigma factor that aids in the control of 

bacterial responses to external stimuli (114). sigE mRNA increases in response to growth 

of M. tuberculosis in human macrophages (58, 73). Mutants in sigE are more sensitive to 

oxidative stress, high temperature, and detergent exposure and do not grow as well as the 

wild type in macrophages (81). 

MYCOBACTERIAL PROMOTERS 

Genetic regulation in bacteria occurs at several levels, including transcriptional 

and post-transcriptional forms. Transcription initiation is the first step in the flow of 

genetic information and is, therefore, the rate-limiting step in gene expression (92). The 

initiation of transcription requires promoter sequences that can interact with RNA 

polymerase. A multitude of factors within the sequences of a promoter affect promoter 

interaction with RNA polymerase, including nucleotide conformation and space length. 

These combined factors govern the strength of the promoter and define what is known as 

"the additivity rule" of promoter strength (82). 



Most of our understanding of transcription initiation has come from the array of 

studies that have been done in E. coll While there are some promoters that maintain 

70 
consensus E. coli a sequences, it is known that the majority of mycobacterial promoters 

function either poorly or not at all in E. coli (32). These promoters also show different 

-35 and -10 sequences as compared to E. coli (92). This is probably due, in part, to the 

high G+C content of mycobacterial genomes. As further research was done to understand 

mycobacterial promoters, several very interesting characteristics came to light. One of 

these was the presence of multiple a factors (92). 

RNA polymerase interacts with the -35 and -10 promoter sequences to initiate 

transcription through a a factor. The genome of M. tuberculosis has been shown to 

potentially encode 13 different a factors (24). Each of these a factors is capable of 

70 interacting with either -35 and -10 sequences or with both (e.g. a ). Studies to examine 

two M. smegmatis a factors found that their -10 binding regions were nearly identical to 

CT factors from Streptomyces spp. and E. coli (9). Interestingly, there was almost a 50% 

difference between the -35 binding region of the M. smegmatis a factors, MysA an 

MysB, and that of E. coli RpoD. The MysA and MysB -35 regions were almost identical 

to those of Streptomyces, a species that also contains several cr factors (92). This 

variability allows the bacteria to have greater control of gene expression. The flexibility 

coincides with findings that show very little effect on the promoter activity of the M. 

tuberculosis 85A antigen upon decreases or increases in spacing between its -35 and -10 

regions (76). 



Other interesting resuhs from promoter work in mycobacteria include the 

extended -10 motif, enhancer sequences, and the presence of multiple promoters used to 

drive gene expression. The extended -10 promoter is a promoter lacking a -35 region and 

usually contains a TGN motif directly upstream of the -10 sequence (92). An example of 

a extended -10 mycobacterial promoter is the M. bovis hsp60 promoter that is commonly 

utilized as a positive control when studying mycobacterial promoters because of its 

constitutive behavior and robustness (121). Enhancer sequences are regions of DNA 

upstream of a particular gene that may play a supplementary role in transcription (92). 

UP (upstream) elements in E. coli are examples of enhancer sequences and examples in 

mycobacteria include the recA promoter of M tuberculosis and the 18-kDa antigen 

promoter of M. leprae (34, 90). These enhancer sequences may bind regulator proteins or 

may act to bring elements necessary for transcription into closer proximity (92). Multiple 

promoters for gene expression appear to be common in mycobacteria, as they have been 

found inM leprae, M. tuberculosis, M. smegmatis, andM bovis (37, 65, 121). Multiple 

promoters are differentially used depending on the environmental conditions encountered 

by the bacterium. These can provide a regulatory advantage to the organism in the 

context of environmental response. 

Promoters with all of these characteristics have been found in E. coli as well (65, 

74, 77, 102). From the similarities between mycobacterial and E. coli promoters, one 

would imagine that mycobacterial promoters would be easily recognized in E. coli and 

vice versa. Interestingly, this is not the case. Therefore, it has been suggested that the 
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study of mycobacterial promoters be performed in the fast-growing surrogate host M. 

smegmatis instead of E. coli (9). 

The variety of promoter characteristics found in mycobacteria present an 

enormous challenge to the systematic grouping of identified promoters. Currently, 

mycobacterial promoters are categorized into groups A, B, C, and D (55). These are all 

promoters whose transcriptional start point (TSP) has been experimentally determined 

using primer extension or SI nuclease mapping. Group A consists of promoters with -35 

and -10 regions similar to the E. coli consensus sequences, while group B includes 

those that only have similar -10 regions. Group C lists promoters that do not share E. coli 

70 a consensus sequences. Group D is a compilation of M. paratuberculosis promoters 

that contain similar -35 and -10 sequences among them, but are not similar to those of E. 

coli Groups A and D include promoters from rRNA genes (55). It is important to 

reiterate that mycobacterial promoters have been categorized only if their TSPs have been 

experimentally identified. Thus, it is clear that TSP mapping is necessary to completely 

identify and characterize a promoter from mycobacteria. 

One of the most interesting mycobacterial promoter findings is the ability of the 

insertion sequence IS6110 to drive the expression of downstream genes (104). IS6110 is 

an element capable of residing at random and multiple locations in the M. tuberculosis 

genome (104). In addition, ZS'(5i i 0 promotes the increased expression of these 

downstream genes in M. tuberculosis during the infection of monocytes (104). According 

to the author, IS elements activate flanking genes in pathogens, including katA of 

Bordetellapertussis driven by IS481 (36). The fact that IS6110 can drive the expression 



39 

of downstream genes in M. tuberculosis and enhance their expression during infection 

makes the study of M. tuberculosis genetics, which is already difficult, even more 

complex and challenging. 

THE STORY OF EIS 

The eis (enhanced intracellular j-urvival) gene from M. tuberculosis was first 

discovered by Jun Wei in the laboratory of Dr. Richard Friedman in the Department of 

Microbiology and Immunology here at the University of Arizona (140). A U-937 human 

macrophage-like cell line survival assay was used to screen a M. tuberculosis genomic 

DNA library that had been transformed into the avirulent surrogate host M. smegmatis 1-

2c (140). A single clone, p69, increased the survivability ofM smegmatis 5-10 fold when 

compared to cells containing vector alone. A single ORF was responsible for the survival 

phenotype and encoded a 42-kDa protein to which there are no known homologues. With 

this lack of information, studies were undertaken to localize the Eis protein in vitro to 

provide clues to its function. 

Research done by Dr. John Dahl examined the protein profile of Eis and its 

localization in culture grown M tuberculosis H37Ra. The Eis protein was found to be 

mostly hydrophilic with some potential hydrophobicity at the N-terminus by hydropathy 

profiling (30). Differential centrifugation and phase separation experiments then 

determined that Eis was found in several fractions including the cell wall and culture 

supernatant (30). In addition, immunological experiments showed that some tuberculosis 

patients produce anti-Eis antibody. More recently, eis was shown by RT-PCR to be 

expressed in a clinical isolate during infection of activated human macrophages (18), 



indicating that eis may be involved in the intracellular survival of M. tuberculosis during 

clinical infection. 

THE CAST AND CREW 
Mycobacterium smegmatis 

Mycobacterium smegmatis is a saprophytic, fast-growing relative of M. 

tuberculosis that has been used extensively to study mycobacterial genetics and to 

attempt to define M. tuberculosis determinants of pathogenesis. Mycobacterium 

smegmatis is part of the Mycobacterium terrae complex, which includes other rarely 

pathogenic saprophytes like Mycobacterium triviale and Mycobacterium chromogenicum 

(138). Characteristics of M. smegmatis that separate it from M. tuberculosis, aside from 

its growth rate and pathogenic potential, are its ability to tolerate 5% NaCl, its ability to 

retain catalase activity above 68°C, and its ability to hydrolyze Tween-80 within five 

days of incubation (145). Unlike M. tuberculosis, M. smegmatis grows at 45°C (67). 

Mycobacterium tuberculosis H37Ra 

The biohazardous limitations of working with M. tuberculosis H37Rv have been 

overcome in our laboratory by utilizing the avirulent derivative M. tuberculosis H37Ra. 

M. tuberculosis H37Ra is a direct descendent of the traditional M. tuberculosis H37Rv 

laboratory strain that was isolated by virtue of its loss of virulence after extensive passage 

in guinea pigs (119). [At least this is what the mycobacteriological community assumes 

since the derivation of M. tuberculosis H37Ra has never been clearly documented.] 

Actually, there is a thirty year span between the first description of smooth and rough 

strains of M. tuberculosis H37Rv (a study in which it is assumed that M. tuberculosis 



H37Ra was derived) and the appearance of M. tuberculosis H37Ra in comparison to M. 

tuberculosis H37Rv in the literature (98). 

Mycobacterium tuberculosis H37Ra contains a series of genomic deletions that 

have not been fully defined (16). Unlike M bovis BCG (Russia) and M microti, M. 

tuberculosis H37Ra does not contain the RDl deletion, a deletion of the esat6 and cJplO 

genes, which is believed to be responsible for its lack of virulence (88). In fact, M. 

tuberculosis H37Ra has reduced expression of esat-6 and cfp-10. In addition, these 

antigens are exported by a secreton called snm (118). The effect of the various deletions 

on M. tuberculosis H37Ra pathogenesis is not known, but this organism is capable of 

multiplying within U-937 macrophages after infection (139). 

U-937 macrophages 

The studies in our laboratory have focused on identifying mycobacterial genes 

involved in the survival of both pathogenic and surrogate non-pathogenic mycobacteria 

in macrophages. In particular, U-937 macrophages are employed in the process of 

screening for the survivability of those mycobacteria. U-937 macrophages are a human 

histiocytic cell line derived from a 37 year-old male patient who was diagnosed with 

histiocytic lymphoma in 1975 (122). The patient succumbed to massive histiocytic 

infiltration to multiple organ systems including the pericardium, liver, and spleen three 

months after diagnosis. It has been argued that U-937 cells are not truly histiocytic in 

origin when marker comparisons were performed between these cells and neoplastic cells 

in true histiocytic lymphoma and malignant histiocytosis (71). 



U-937 cells are often labeled as "macrophage-like" because they are in a 

monocytic form and must be treated with exogenous agents to take on an activated 

macrophage phenotype. Phorbol-myristic acetate (PMA) is commonly used to activate U-

937 cells, which stimulates tyrosine phosphorylation, an increased expression of 

monocyte-specific antigens (e.g. HLADr), surface receptors (e.g. Fc C3bR), and enzymes 

(e.g. transglutaminase) (60, 85). The activated phenotype can be validated by testing for 

the reduction of nitro-blue tetrazolium, a test that confirms the cell's oxidative burst 

potential. U-937 monocytic cell conversion to macrophages has been shown by 

immunodetection of two additional isoenzymes of acid esterase similar to that of glass-

adhered cultured blood monocytes (95). U-937 cells are capable of normal phagocytosis 

and are able to eradicate infections with typically avirulent mycobacteria, such as M. 

smegmatis after a period of several days (140). Therefore they provide a useful tool for 

the screening of M. smegmatis containing M. tuberculosis genomic DNA libraries 

(complementation studies) for enhanced intracellular survival phenotypes (140). U-937 

cells have been used to study a variety of pathogens including the intracellular pathogens 

Legionella pneumophila and Salmonella typhi (11, 97). 

THE SIGNIFICANCE OF THE WORK 

Mycobacterium tuberculosis continues to be the world's most destructive human 

bacterial pathogen. The number of individuals that will become infected with the tubercle 

bacillus will reach nearly three million this year while more than one million people will 

succumb to the disease (http://www.who.int/tdr/diseases/tb/whyresearch.htm). Methods 

to control the spread of M. tuberculosis like DOT (Directly Observed Treatment) will 

http://www.who.int/tdr/diseases/tb/whyresearch.htm
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continue to gain momentum as both social and political infrastructures supporting public 

health focus on infectious diseases. However, recent goals set to reduce the global health 

burden by M. tuberculosis appear extremely ambitious in the face of multiple-drug 

resistant strains (MDR-TB) and a rapidly growing world population. These concerns have 

demanded a spike in research activity toward identifying potential therapeutic targets 

from M. tuberculosis and understanding its mechanisms of pathogenesis during human 

infection. Since Eis enhances the survivability of avirulent M smegmatis in macrophages 

and is reacted against in some patients, it is an attractive target for research (30, 140). 

However, experiments to date have failed to understand the expression of eis in 

mycobacteria and have not attempted to define a function for Eis in M. smegmatis 

survival. The research discussed in this dissertation focuses on: 1) characterization of the 

eis promoter; 2) analysis of the expression profile of eis in culture grown mycobacteria; 

3) analysis of the expression profile of eis during mycobacterial infection of 

macrophages, particularly in M. tuberculosis H37Ra. 

CHAPTER I: CHARACTERIZATION OF THE EIS PROMOTER OF 
MYCOBACTERIUM TUBERCULOSIS 

The first aim of this research was to identify the eis promoter of M. tuberculosis. 

To do we used a variety of molecular methods including transcriptional start site 

mapping, reporter screening of truncated 5 ' regions, site-directed mutagenesis, and 

random mutagenesis. These methods allowed the characterization of the region of the eis 

promoter that is essential for maximum expression of the eis gene in mycobacteria and 

identify both "core" promoter sequences and potential upstream sites of importance. 



Transcriptional start point (TSP) mapping is an essential tool to understanding the 

5 ' origin of a gene's mRNA transcript. The main techniques used to map TSPs in 

mycobacteria are primer extension and RNA protection assays, e.g. SI nuclease mapping 

(91). For mapping of the eis TSP, primer extension was employed. This method uses an 

end labeled 3 ' primer specific to sequence within the mRNA coupled with reverse 

transcription to delineate the terminal 5 ' end of the transcript. Primer extension carries 

advantages over RNA protection assays that make it a more attractive technique. One 

example is the precise detailing of the 5' TSP nucleotide, which protection assays 

sometimes obscure due to the lack of protection of the 5 ' end from nuclease activity 

(91). Identifying the TSP provides insight into the location of both core promoter regions 

and other regions that may be important for transcription of the gene. TSP mapping is 

generally the first order of business when attempting to delineate any promoter and is the 

main stepping-stone for the characterization of regulatory sequences. After mapping the 

transcriptional start site, general genetic methods like PGR and cloning can be used to 

help define the promoter region required for maximum expression efficiency. 

The identification of the region necessary for maximum expression can then be 

scrutinized via the transcriptional fusion of truncated regions to a reporter gene. Reporter 

systems, such as Green fluorescent protein (GFP), are often employed for the analysis of 

gene expression because their products are easily detected and measured. GFP has been 

used in various studies of gene expression from different intracellular pathogens 

including mycobacteria (57, 72, 125, 131). However, high levels of background noise 

coupled with low emission signals made the use of native GFP troublesome. This was 



eventually overcome by the isolation of a mutant of GFP, gfpmutS, that yielded enhanced 

fluorescence (26). The use of flow cytometry and fluorescence-activated cell sorting 

(FACS) to analyze bacteria expressing GFP further alleviated problems with analysis of 

fluorescence (130, 131). Once the region required for maximum expression is identified, 

mutagenesis techniques can be used to determine the nucleotides required for expression. 

We utilized site-directed mutagenesis and error-prone PGR mutagenesis to aid in 

the identification of nucleotides important for the transcription of eis. Site-directed 

mutagenesis is accomplished by creating nucleotide changes within a primer to be used in 

the PGR amplification of the promoter region. The primary limitation to site-directed 

mutagenesis is that regions extending more than 30 base pairs upstream of the TSP 

cannot be analyzed because larger fragments would require PGR amplification. It is 

possible to make directed changes further upstream using extended oligonucleotide 

synthesis, but this is both cost-inefficient and unnecessary when random mutagenesis can 

be readily used. Site-directed mutagenesis is an important tool for the identification of 

"core" promoter sequences, i.e. the -35 and -10 contacts for RNA polymerase. This 

method effectively allowed the selection of target nucleotides. 

Error-prone PGR mutagenesis, on the other hand, is a random method to make 

nucleotide changes that relies on the infidelity of DNA polymerase during DNA 

amplification in the presence of limiting dinucleotide tri-phosphates (dNTP). The ratio of 

one dNTP to the other three is altered so that DNA polymerase depletes the pool of that 

specific dNTP over the course of amplification and begins to substitute one of the other 

available dNTPs in its place. This essentially creates a single nucleotide change in any 



given position. After several rounds of amplification under these limiting conditions, the 

result is a pool of promoter DNA that has random mutations throughout the sequence. 

This pool can subsequently be restriction digested and ligated into a reporter vector. 

Transformants can then be screened for lack of reporter expression. The mutated 

promoter from these non- or low-expressing mutants is then isolated, via plasmid 

purification or PGR amplification, and sent for sequencing to determine the location of 

mutations. 

Using these methods we were able to show that a 200 base pair region upstream 

of eis is required for maximum activity in M smegmatis. However, a 412 base pair region 

is necessary for the maximum expression of eis in M. tuberculosis H37Ra. In this, we 

also discovered that the eis promoter functions at a higher level in culture grown M. 

tuberculosis H37Ra than in M. smegmatis. The "core" eis promoter appears to be highly 

consensus to E. coli a '"-like promoters. With the information on expression in both M. 

smegmatis and M. tuberculosis H37Ra, the 412 base pair eis promoter was chosen for 

further analysis. Site-directed mutagenesis showed that the putative -10 region of the eis 

promoter is important in the expression of eis in both M. smegmatis and M. tuberculosis. 

Further examination of site-directed mutants showed that eis expression can be enhanced 

by altering the eis promoter to a fully consensus E. coli a'" like promoter. Random PGR 

mutagenesis identified a region at the 5 ' distal end of the 412 base pair eis promoter that 

appeared to be important for the expression of a xylE reporter in both M. smegmatis and 

M. tuberculosis H37Ra. Interestingly, this region has high sequence similarity to a cis 



binding element for DinR, which is a negative regulator of DNA damage-inducible genes 

in bacteria, 

MATERIALS AND METHODS 

Bacterial strains and growth media. 

Mycobacterium smegmatis 1 -2c, a derivative of strain mc^6 selected for improved 

transformation efficiency (148), was grown in Middlebrook 7H9 broth (Difco) 

supplemented with 2% glucose and 0.05% Tween 80. M. tuberculosis H37Ra, an 

avirulent derivative of H37Rv, was cultured in Middlebrook 7H9 broth (Difco) 

supplemented with 10% oleic acid albumin dextrose catalase (OADC) and 0.05% Tween 

80. M. smegmatis and M. tuberculosis H37Ra were also plated on Middlebrook 7H10 

agar (Difco) supplemented with either 2% glucose or 10% OADC, respectively. 

Kanamycin at 25 |ig/ml (Boehringer Mannheim) was used in both liquid and solid 

mycobacterial media to maintain vector constructs. Luria-Bertani broth or agar with 50 

|a,g kanamycin/ml was used for selection and growth of E. coli DHIOB (Invitrogen) 

transformants. Hygromycin B was added at 50 |a,g/ml to maintain mycobacteria 

containing the eis clone p69. 

RNA isolation and primer extension. 

Twenty-five milliliter culture pellets from mid-log phase grown M. smegmatis(p69), M. 

tuberculosis H37Ra(p69), and M. tuberculosis H37Ra wild-type were re-suspended in 1 

ml RLT buffer (Qiagen). Cells were then disrupted three times in a FastPrep FP120 

angular reciprocating shaker (Bio 101) at maximum settings using 0.1mm zirconium 

beads. Total RNA was isolated using an RNeasy Mini Kit (Qiagen) and RNA yield and 



purity was calculated using spectrophotometry after on-column DNasel digestion, 

according to the manufacturer's instructions. The primer Pxt (Table 1) was end labeled 

32 with 30 |J,Ci of P[Y-ATP] using T4 polynucleotide kinase. Unincorporated 

radionucleotides were removed using a G-25 Sephadex spin column (Boehringer 

Mannheim). Primer extension was performed using 5 |j,g of total RNA and Superscript II 

Reverse Transcriptase (Invitrogen) according to the manufacturer's protocol. Primer 

extension reactions were incubated for 1 h at 44°C. Primer extension products were run 

alongside a Redivue ^^P-labeled DNA sequencing reaction performed with Pxt using p69 

as template on a 6% polyacrylamide 8 M urea gel. The gel was exposed to BioMax 

autoradiograph film (Kodak) for 48 h at -80°C prior to development. 

Construction of pEP vector series. 

The promoterless gfp vector pFPV27 (Fig. 2) was used as the primary cloning vector for 

these studies (7). Variable regions of the eis promoter upstream from the start codon of 

the gene, and not including the putative Shine-Dalgarno sequence, were amplified using 

PGR. The reverse primer Apair (Table 1) was used for all amplifications for which no 

mutations were desired. This primer contains an Apal restriction sequence designed at the 

5 ' end. Variable forward primers to produce desired 5 ' deletions eire outlined in Table 1. 

All primers were obtained from Invitrogen. The numbers associated with each primer 

indicate the size of the amplicon. A BamYH restriction sequence was designed into the 

5 ' end of each of the forward primers. Each of these forward primers was paired with the 

ApaIr to produce the constructs pEP922 through pEPl 12 (Fig. 2). Specific eis promoter 

amplification products were cloned into the BanMVApal site of pFPV27 using standard 



molecular methods (6) to create the pEP vector series (Fig. 2). A separate reverse primer 

labelled eP-m3 was designed and used to produce three base substitutions in the putative 

-10 region of the eis promoter. This primer was paired with eP-922 to produce pEPmS. 

The mutations were verified by DNA sequencing using the pFl primer. PCR reactions 

contained 1 X PWO polymerase buffer with 2 mM MgS04 (Roche), 0.6 mM 

deoxynucleoside triphosphates, 4 |LIM of each primer specific for the desired product, 2.5 

U of PWO proofreading polymerase (Roche), and 5% dimethylsulfoxide (DMSO) in a 

final volume of 50 )il. Thermocycling reactions were performed in a Bio-Rad iCycler 

thermocycler with the following parameters: an initial denaturation at 95°C for 5 min, 30 

cycles of 95°C for 1.5 min, 56°C for 1.5 min, and 72°C for 1.5 min, followed by a final 

extension at 72°C for 5 min. 

Site-directed mutagenesis of putative eis promoter. 

Site-directed mutagenesis was performed using the Quikchange site-directed mutagenesis 

kit (Stratagene) with pEP412 as template, according to the manufacturer's protocol. The 

primers used and the altered nucleotides are outlined in Table 1. All site-directed 

mutations in pSKM constructs were verified by DNA sequencing using the pFl primer. 

Electroporation of E. coli, M. smegmatis, and M tuberculosis H37Ra. 

All electroporations were performed using a Gene Pulser Electroporator (BioRad). Forty 

microliters of a 1:5 dilution of Max Efficiency E. coli DHIOB cells diluted in cold 10% 

sterile glycerol were mixed with 1/10 of the appropriate ligation reaction and placed on 

ice for 10 min. Electroporation into E. coli was performed at settings of 1.8 kV, 25 |JF, 

and 100 Q in a 0.1-cm cuvette (BioRad) that had been pre-chilled on ice for 20 min. 



Electrocompetent M. smegmatis l-2c (0.4 ml) was mixed with approximately 1 p,g of 

DNA from each construct, pipetted into a 0.4-cm cuvette (BioRad), and placed on ice 

30 min. Electroporations were performed at settings of 2.5 kV, 25 |J,F, and 1,000 Q. 

Settings and conditions identical to those used for M. smegmatis were used for M. 

tuberculosis H37Ra except that all steps were performed at room temperature, as 

previously described (136). 
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TABLE 1. Plasmids and Primers 

Plasmid or 
primer 

Description/sequence" Ref" 

Plasmid 
pFPV27 promoterless gfp reporter vector (7) 
pBEN gfp driven by phsp60 from M bovis BCG (105) 
pTKmx promoterless xylE reporter vector (75) 

Primer 
Pxt TCGGTCGGGCTACACAGG 
Apair GGGCCCGTGCACGTGAATATTACGAC 
eP-922 CGCGGATCCGGCCGACCTGCGCGAACAGT 
eP-662 CGCGGATCCGAACTAGGTCCCGCCGTTAG 
eP-412 CGCGGATCCTGTCAGTCGACGACGGAAAA 
eP-300 CGCGGATCCGGTGCATCACGTCGCCGACC 
eP-200 CGCGGATCCGTACTTGCTCTGCACGTCGG 
eP-112 CGCGGATCCGTACTTGCTCTGCACGTCGG 
eP-m3 CGCGGGCCCGTGCACGTGAGTACTGCGAC 
SKMl-F CAGACACTGTCGTCGTGATATTCACGTGCACGTGGCC 
SKMl-R GGCCACGTGCACGTGAATATCACGACGACATGTTCTG 
SKM2-F CAGACACTGTCGTCGTAATGTTCACGTGCACGTGGCC 
SKM2-R GGCCACGTGCACGTGAACATTACGACGACAGTGTCTG 
SKM3-F GCATCGCGTGATCCTCTGCCAGACACTGTCGTCG 
SKM3-R CGACGACAGTGTCTGGCAGAGGATCACGCGATGC 
SKM4-F CCGCATCGCGTCATCCTTTGCTAGACACTGTCGTCG 
SKM4-R CGACGACAGTGTCTAGCAAAGGATGACGCGATGCGG 
SKM5-F CGCATCGCGTGATCCTTTGACAGACACTGTCGTCG 
SKM5-R CGACGACAGTGTCTGTCAAAGGATCACGCGATGCG 
SKM6-F GCGTGATCCTCTGCTAGACACTGTCGTCGTGATGTTCACG 

TGCAC 
SKM6-R GTGCACGTGAACATCACGACGACAGTGTCTAGCAGAGGA 

TCACGC 
SKM7-F GCGTGATCCTTTGACAGACACTGTCGTCGTATAATTCACG 

TGCAC 
SKM7-R GTGCACGTGAATTATACGACGACAGTGTCTGTCAAAGGAT 

CACGC 
pFl CCGTTGTAGTGCTTGTGGTGGC 
Epxyl-F GGAATTCTGTCAGTCGACGACGGAAAAC 
Epxyl-R CGGGATCCACAGTCACAGAATCCGACTG 
Kep-F CGGCTCGTATGTTGTGTGGAATTGTG 
PCR2 GGTCGCATTACACCTTTGTTCATGACG (75) 
Kep-seq 5' -CACACAGGAAACAGCTATGACATG-3' 

^ Primers are listed 5 ' to 3 ' . For primers used in creating mutants, mutations are 
represented in bold 

^ Unless indicated otherwise, primers used are from this work. 



Flow cytometry of mycobacteria. 

M. smegmatis and M. tuberculosis H37Ra cultures containing the pEP constructs were 

grown to logarithmic phase, harvested, vortexed 10 sec using 3 mm glass beads to reduce 

clumping, and diluted to an ODgso of 0.05-0.250. The appropriate dilution to obtain 1 x 

o 

10 cells in 1 ml for each sample was calculated by using the equivalence that an ODsso 

of 0.100 equals 1x10^ cells (140). Dilutions were prepared in 12 x 75 mm polystyrene 

round-bottom tubes (Becton Dickinson) containing 10 to 12 3 mm sterilized glass beads 

and samples were vortexed for 10 seconds just prior to flow cytometry to reduce 

clumping. A Becton Dickinson FACScan 8383 with a 488 nm argon laser was used to 

obtain data from the samples tested. The flow c5^ometer was gated to detect the presence 

of individual mycobacteria producing green fluorescent protein (GFP). A total of 10,000 

events from each sample was measured with at least 2,000 gated events recorded to 

ensure statistical significance. All parameters for data acquisition were identical for both 

M. smegmatis and M. tuberculosis H37Ra. Mycobacteria containing pFPV27 were used 

as negative controls for these experiments. Positive controls were mycobacteria 

containing the vector pBEN, which contains gfp driven by phsp60, a strong heat shock 

promoter obtained from M. bovis BCG (105). Levels of fluorescence were plotted as the 

geometric mean of the histograms. 

Random PCR mutagenesis and PGR of mutated inserts for sequencing. 

To create the pTKep mutants, the primers Epxyl-F and Epxyl-R (Table 1) were used to 

amplify the 412 base pair eis promoter. Mutagenic PCR pools of the eis promoter were 

then cloned into the promoterless xjv/E'-containing vector pTKmx, as described previously 



(75). Mutagenic PGR was performed using conditions previously described (78) with the 

following modifications. Briefly, 0.4 mg/ml of each primer was added to a reaction 

mixture containing a 0.25:1 ratio of dATP to dGTP, dCTP, and dTTP to attain 

approximately one nucleotide change per 400 base pairs. As a positive control, a non-

mutagenic form of the 412 base pair eis promoter, amplified under non-limiting 

conditions for dNTPs, was cloned into pTKmx using the EcoRl and BamHl sites. The 

primers Kep-F and PCR2 (Table 1) were used to amplify eis promoter mutants from 

pTKep clones. Crude extracts of mycobacteria to be used as PGR templates were 

prepared as described elsewhere (16). Two and a half microliters of crude extract was 

added to a final volume of 20 |il containing 2 |j,l lOX reaction buffer (Roche), 4 |j,l 1.25 

mM deoxynucleoside triphosphates, 0.27 U Taq polymerase (Roche), 20 pmol of each 

primer, and 5% DMSO. Mutations were verified by DNA sequencing both strands from 

each mutant using the Kep-seq and Epxyl-R primers. 

Qualitative and quantitative catechol 2,3-dioxygenase (CDO) activity assays. 

For qualitative assays, M. smegmatis(:pT¥>.&p) and M. tuberculosis H37Ra(pTKep) clones, 

grown on their respective agar, were sprayed with 100 mM catechol in 50 mM potassium 

phosphate buffer, pH 7.5. Catechol 2,3-dioxygenase (GDO) converts catechol into 2-

hydroxymuconic semialdehyde, a product yielding a bright yellow color with an 

absorbance maximum at 375 nm (94). White and light yellow clones, representing 

deficient GDO production, were selected after 5 min of color development, patched to 

new agar plates, re-screened, and compared to pTKepNM (eis promoter Non-Mutated) 

and pTKmx isolates. True white and light yellow colonies were then used to inoculate 



liquid media or were patched onto agar to be used to prepare crude extracts for 

subsequent PCR amplification of the mutated eis promoter insert. Quantitative CDO 

assays were performed similar to those previously described with slight modifications 

(113, 120). M. smegmatis and M. tuberculosis H37Ra cultures were grown in their 

respective liquid media to stationary phase. One milliliter aliquots were centrifuged at 

13,000 rpm for 3 min and washed once with 0.5 ml 50 mM potassium phosphate buffer, 

pH 7.5. Cells were re-suspended in 0.5 ml 50 mM potassium phosphate buffer, pH 7.5 

and lysed as described above for RNA extraction with the addition of 1 mM fmal 

phenylmethanesulfonyl fluoride (Sigma). BCA assays (Pierce) were performed to 

determine protein concentration of lysates, according to the manufacturer's protocol. 

One-hundred microliters of lysate was then mixed with 0.9 ml of 0.3 mM catechol in 50 

mM potassium phosphate buffer, pH 7.5 and the OD375 recorded over a two minute 

period. A change in OD375 of 0.0147 is equal to 1 mlJ of specific activity at 24°C (94). 

Results presented are from experiments performed in triplicate using three independent 

cultures for each sample tested. Values are expressed as mU/mg/min. 

DNA sequencing. 

Sequencing reactions were performed by Arizona Research Laboratories Genetic 

Analysis and Technology Core using an Applied Biosystems 3730x1 DNA Analyzer. 

Statistical Analysis. 

Results of flow cytometry and CDO activity experiments are expressed as the mean + 

SEM. Differences in fluorescence or CDO activity between three or more constructs were 

assessed using one-way analysis of variance (ANOVA). When two constructs were 



compared to one another, a paired students t test analysis was used to determine the 

statistical difference. 

RESULTS 

Transcriptional start point mapping of eis. 

The transcriptional start point (TSP) of the eis gene was delineated by performing primer 

extension analyses on total RNA from M smegmatis{p69), M. tuberculosis H37Ra(p69), 

and wild-type M. tuberculosis H37Ra. In both M. smegmatis and M. tuberculosis H37Ra 

the TSP mapped to a "A" nucleotide thirty-three base pairs upstream from the start codon 

of eis (Fig. 1A and B). The wild-type M. tuberculosis H37Ra product was extremely faint 

as compared to M. tuberculosis H37Ra harboring p69, indicating low levels of 

chromosomal eis transcript production during mid-log growth. A putative -10 region 

70 
matching the consensus E. coli a sequence at 4 of 6 bases was found eight base pairs 

70 upstream from the TSP, and a putative -35 region matching the E. coli a consensus 

sequence at 5 of 6 positions was located thirteen base pairs upstream from the putative 

-10 region (Fig. IB). The consensus sequence data for the putative -35 and -10 regions 

place the eis promoter within the group A mycobacterial promoters (55). 
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A C G T 4 A C G T 
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-35 -10 

5' - ATCCTTGCCAGACACTGTCGTCGTAATATTCACGTGC 

ACGTGGCCGCGGCATATGCCACAGTCGGATTCTGTG - 3' 
T S.D. Start 

Figure 1. Primer extension analysis of the eis transcript in mycobacteria. (A) Primer 
extension analysis of M. smegmatis{p69) (Lane 1), M. tuberculosis H37Ra(p69) (Lane 2), 
and M. tuberculosis H37Ra wild-type (Lane 3) showing the TSP mapping to an "A" 
nucleotide in both species. Labeled primer was run as a negative control (Lane 4). (B) 
Sequence upstream from the published eis start codon. Putative Shine Dalgarno (S.D.), 
-35, and -10 regions are underlined and bolded and the TSP is indicated by an asterisk. 



Flow Cytometry of M. smegmatis containing 5' eis promoter deletion constructs. 

To identify the region of the eis promoter required for maximal expression in the 

heterologous host M. smegmatis, we analyzed fluorescence from eis promoter deletion 

constructs in which gfp served as a reporter gene. The 5 ' eis promoter deletion constructs 

were generated by PCR amplification and cloned upstream of the promoterless gfp gene 

in the mycobacterial shuttle vector pFPV27 to create the pEP vector series (Fig. 2). This 

series was transformed into M. smegmatis l-2c. M. smegmatis harboring the eis promoter 

constructs was grown to log-phase in standard media containing kanamycin and then 

diluted for flow cytometry. The negative control, pFPV27 alone, displayed minimal 

fluorescence (Fig. 3 A). The positive control, pBEN, produced a 120-fold higher level of 

fluorescence as compared to the negative control, pFPV27 (Fig. 3A). pBEN produced a 

four-fold higher level of fluorescence than the largest eis promoter construct, pEP922 

(Fig. 3 A). When the pEP series constructs were compared to each other, there was no 

significant difference in the level of fluorescence from pEP922 to pEP200 (Fig. 3A, P< 

0.0001). However, pEPl 12 showed a two-fold lower level of fluorescence when 

compared to pEP200. pEP112 remained over 14-fold more fluorescent than the negative 

control, indicating that while it was weaker than pEP200, it was still positive (Fig. 3A). 

These data indicate that at least 200 base pairs of the eis promoter are required for 

maximal eis expression in M. smegmatis grown to logarithmic phase. 
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Figure 2. Construction of the pEP vector series. A 922 base pair fragment upstream of 
eis in p69 was PGR amplified and cloned into the promoterless gfp shuttle vector pFPV27 
to create the full length eis promoter construct pEP922. Subsequent 5 ' deletions of the eis 
promoter (pEP662, pEP412, pEP300, pEP200, and pEPl 12) were amplified and cloned 
into pFPV27. pEPm3 represents the putative -10 eis promoter mutant containing three, 
directed, transition mutations. 
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Figure 3. Flow cytometric analysis of gfp expression by the pEP vector series (A) in 
M. smegmatis and (B) in M. tuberculosis H37Ra, including the negative control pFPV27 
and the positive control pBEN. Data represent results from at least three independent 
experiments performed in triplicate. In (A), the asterisk denotes a significant difference in 
the fluorescence between pEPl 12 and pEPm3 vs. pEP922 at P<0.0001 using a paired t 
test, and in (B), it indicates significant differences between pEPl 12, pEP200, pEP300, 
and pEPmB vs. pEP922 at i'<0.0001 using one-way ANOVA. In (B), the diamond 
indicates a significant difference in fluorescence at /'<0.05 using a paired t test between 
pEP112and pEP200. 



Flow cytometry of M. tuberculosis containing 5' eis promoter deletion constructs. 

To determine the region of the eis promoter required for maximal expression in M. 

tuberculosis, M. tuberculosis H37Ra was transformed with the pEP vector series, grown 

to log-phase, and diluted for flow cj^ometry. The negative control, pFPV27, showed 

minimal fluorescence similar to that found in M. smegmatis. However, the positive 

control, pBEN, produced a fluorescence signal 215-fold higher than that of the negative 

control, indicating that the heat shock promoter functions at a nearly 2-fold higher level 

in M. tuberculosis H37Ra as compared to M smegmatis (Fig. 3A and B). However, this 

difference could be due to variability in plasmid copy number between the two species. 

In M. tuberculosis, the positive control produced five-fold more fluorescence than the 

largest eis promoter construct, pEP922 (Fig. 3B). When compared to each other, there 

was no significant difference in the level of fluorescence from pEP922 to pEP412 (Fig. 

3B). Unlike M. smegmatis, a decrease in expression was observed when the promoter 

region was shortened to 300 base pairs. When compared to pEP412, pEP300 and pEP200 

displayed approximately two-fold less fluorescence. In addition, pEPl 12 was four-fold 

less fluorescent than pEP412 (Fig. 3B). These data suggest that the 412 base pair region 

of the eis promoter is required for the maximum expression of eis in M. tuberculosis 

H37Ra. The data also show that different cw-elements may be involved in eis expression 

between M smegmatis and M. tuberculosis H37Ra. 

Flow cytometry of M. smegmatis and M. tuberculosis containing pEPm3. 

To examine the importance of the putative -10 region of the eis promoter a mutant of this 

region in the largest eis promoter construct, pEP922, was designed by introducing three 



transition mutations using site-directed mutagenesis: aT-^Cat-13;anA^Gat-ll; and 

a T^C at -8. This construct, pEPmS, was transformed into both M. smegmatis and M. 

tuberculosis and flow cytometry was used to analyze its level of expression. In M. 

smegmatis, pEPm3 displayed a five-fold decrease in fluorescence as compared to pEP922 

(Fig. 3A, P<0.0001). In M. tuberculosis H37Ra, pEPm3 displayed a seven-fold decrease 

in fluorescence as compared to pEP922 (Fig. 3B, /'<0.0001). The fluorescence level of 

pEPm3 was two-fold lower than that of pEPl 12, the shortest construct, in both 

mycobacterial species. These results demonstrate that the putative -10 region of the eis 

promoter is required for the optimal expression of eis in mycobacteria. 

Flow cytometry of site-directed mutants in M. smegmatis and M. tuberculosis. 

We then tested if the putative -35 region and other nucleotides of the putative -10 region 

of the eis promoter were important for the transcriptional activity of gfp. Figure 4 shows 

the specific mutations that were made in these regions. All mutations were transition 

mutations so that helix stability was not affected and mutations in the putative -10 region 

were chosen not to overlap those in the pEPm3 construct. Two single substitutions were 

made in the -10 region, an A->G substitution at -12 (pSKMl) and another A->G 

substitution at -9 (pSKM2) (Fig. 4). pSKMl exhibited a four-fold and six-fold decrease 

in fluorescence in M. smegmatis and M. tuberculosis H37Ra, respectively, as compared 

to pEP412 (/'<0.05). pSKM2 showed a two fold loss of fluorescence as compared to 

pEP412 in both mycobacteria (P<0.05). These results confirm that the -10 region is 

critical for the expression of eis in mycobacteria. 



Three mutations were then made in the -35 region to examine its role in eis expression. A 

single change from T^C at the 5 ' end of the -35 region (Fig. 4, pSKM3) enhanced 

expression in both M. smegmatis and M. tuberculosis H37Ra. A single change from 

C^T (pSKM4) more towards the 3 ' end of the -35 region had no effect in M. smegmatis, 

but caused a significant decrease (P<0.05) in expression in M. tuberculosis H37Ra. A 

single substitution from C->A (pSK]V[5), made in the center of the -35 region, had no 

effect on expression in either mycobacteria (Fig. 4). These results suggest that specific 

nucleotides at both the 5 ' and 3 ' ends of the putative -35 region are involved in the 

recognition of the eis promoter by the mycobacterial transcriptional machinery and may 

also represent species specific transcriptional contact sites. 

To further analyze the eis promoter, we then changed the eis promoter away from 

(pSKM6) and toward (pSKM7) the E. coli consensus sequence. We discovered a 

significant increase (/'<0.05) in transcriptional activity in pSKM6 in both mycobacteria, 

suggesting that substitutions in the -10 region that cause a loss in activity were 

completely overridden by a single enhancing substitution made in the -35 region (T->C 

in pSKM3). Interestingly, an enormous increase in activity was recorded when the eis 

promoter was changed to a completely E. coli consensus sequence (pSKMV). In M. 

smegmatis, pSKM7 exhibited a 5.7 fold increase over pEP412 and a 1.84 fold increase in 

activity over the heat-shock promoter construct pBEN. In M. tuberculosis H37Ra, 

pSKM7 exhibited a 5.5 fold increase over pEP4I2 and displayed similar levels of 

fluorescence to that of the heat-shock driven construct pBEN. pSKM7 also showed a 2 

fold increase in gfp expression in E. coli when compared to pEP412 in logarithmic phase 
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cells (data not shown). The combined results from the site-directed mutagenesis of the 

putative -35 and -10 regions provide strong evidence that these regions comprise the core 

promoter of eis. 

Construct ^35 -10 

pFPV27 

pBEN 

pEP4I2 

pSKMl 

pSKM2 

pSKM3 

pSKM4 

pSKM5 

pSKM6 

pSKM7 

0  1 0 2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 7 0 )  

Fluorescence 

Figure 4. Flow cytometric analysis of gfp expression in mycobacteria by site-directed 
mutants (pSKM series) in the core promoter of eis. Open bars represent pSKM 
constructs assayed in M. smegmatis and solid bars represent pSKM constructs assayed in 
M. tuberculosis H37Ra. Mutations are underlined and bolded. Asterisks indicate 
significant differences at P<0.05 using one-way ANOVA between pEP412 and pSKM 
constructs in both M. smegmatis and M. tuberculosis H37Ra. The diamond indicates a 
significant difference using a paired t test between pBEN and pSKM7 .in M. smegmatis at 
P<0.05. The square represents a significant difference using a paired t test between 
pSKM4 and pEP412 in M. tuberculosis H37Ra at P<0.05. The -35 and -10 sequences of 
pSKM7 represent the E. coli consensus sequences. 
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Quantitative analysis of random eis promoter mutants in M smegmatis and M. 
tuberculosis. 

To further understand the regions required for eis transcriptional activity, aside from the 

core promoter, we quantitatively analyzed plasmid clones containing random eis 

promoter mutants that were isolated from xylE reporter screens in M. smegmatis and M. 

tuberculosis H37Ra. For each species, 10,000 independent clones were qualitatively 

screened for diminished catechol 2,3-dioxygenase (CDO) activity based on yellow/white 

screening. In M. smegmatis, 48 clones were isolated as PCR positive for promoter inserts 

and the mutations were confirmed by DNA sequencing. Of these clones, only five 

(pTKepl, 2, 3, 4, and 5) contained single-nucleotide changes in the 412 base pair eis 

promoter (Fig. 5A). pTKepl and 2 were separated by only sixteen base pairs. pTKepl 

contained a mutation at -383 that was altered from a T->C. pTKep 2 was located at -367 

and had mutated from C-^T. pTKep3 and 4 were also found within 27 base pairs of one 

another. pTKep3, located at -236, contained a A^G substitution, while pTKep4, located 

at -209, contained a T->C substitution. pTKepS was localized at -105 and contained an 

A->G substitution. These clones were then assayed for quantitative CDO activity in M. 

smegmatis. pTKepl, pTKep2, and pTKep4 displayed CDO activity comparable to the 

negative control, pTKmx, indicating the complete loss of eis promoter activity (Fig. 5B). 

pTKep3 and pTKepS showed a partial, but significant (P<0.05) loss of transcriptional 

activity (Fig. 5B). 

In M. tuberculosis H37Ra, only 14 clones were PCR positive for promoter inserts and of 

those only three (pTKep20, 24, and 48) contained single nucleotide changes in the eis 

promoter. All three mutants displayed CDO activity at or below levels recorded for the 



negative control pTKmx (Fig. 5C). The mutation in pTKep20, a T^C substitution, was 

located at -139 and was 34 base pairs from the mutation in pTKepS found in the M. 

smegmatis screen. However, unlike pTKep5 in M. smegmatis, this mutation caused 

complete loss of CDO activity, indicating that specific regions are required for eis 

expression in M. tuberculosis. The mutation in pTKep24, a T^G transversion, was 

located at -369, only two base pairs upstream from the mutation found in pTKep2, and 

caused a complete loss of CDO activity similar to pTKep2. Interestingly, the single 

nucleotide change found in pTKep48 was identical to that found in pTKepl of the M. 

smegmatis assay. In addition, pTKepl and pTKep48 map to a specific region at the 

5 ' distal end of the 412 base pair eis promoter that contains a putative cw-element for 

DinR (Fig. 5 A), a negative regulator of DNA-damage inducible genes found in both 

Gram-negative and Gram-positive organisms (79, 143). 
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dinR (B. subtilis): GGAATGTTTGTTCG 

GGAAAACTTGTTCT 
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Figure 5. CDO assay of random eis promoter mutants in mycobacteria. (A) Map of 
pTKep mutants isolated in qualitative CDO screening in relation to the 412 base pair eis 
promoter. An alignment between the Bacillus subtilis dinR element and the putative dinR 
element of the eis promoter (-397 to -383) is also shown. Quantitative analysis of the 
CDO activity of pTKep mutants assayed in M. smegmatis (B) and M tuberculosis H37Ra 
(C) as compared to the non-mutated eis promoter, pTKepNM, and the negative control, 
pTKmx. All pTKep constructs were significantly different from pTKepNM in both M. 
smegmatis and M. tuberculosis H37Ra using paired t tests at P<0.05. 



CHAPTER I DISCUSSION 

The intracellular survival of M. tuberculosis within macrophages is central to its 

monumental success as a hixman pathogen, yet very little is known of the specific factors 

that allow the bacillus to be such a prolific contagion. In addition, even less is known 

about the regulation of these specific factors, including their promoters. Very few 

promoters of mycobacterial genes known to be involved in the pathogenesis of M. 

tuberculosis have been characterized. These include the promoters of sigE, sigH, oxyR, 

ahpC, katG, mas, and fadD28, genes that have all been implicated in M. tuberculosis 

virulence (37, 39, 46, 73, 113, 144). Several other genes have been shown to be involved 

in the survival of mycobacteria during the infection of macrophages including eis (140) 

and the isocitrate lyase gene, whose product is also known to be involved in the 

persistence of M. tuberculosis in mice (41, 126). However, the promoters for these genes 

have not been characterized. In this work, we set out to identify the essential regulatory 

elements involved in the expression of eis in mycobacteria. 

We wanted to determine the transcriptional start point (TSP) for both M. 

smegmatis and M. tuberculosis so that any differences in promoter expression that may 

be encountered later would not be due to an inherent difference in the start of 

transcription. Primer extension analysis in both M. smegmatis and M. tuberculosis H37Ra 

(Fig. 1) determined that the TSP of the eis gene maps to an "A" nucleotide, which is the 

second most common initiating nucleotide at the TSP among the group A, B, and C 

mycobacterial promoters (55). The level of signal for eis transcript from wild-type M. 

tuberculosis H37Ra was extremely low as compared to mycobacteria containing p69 



(Fig. 1, lane 3). This indicated that either low levels of eis expression from the M. 

tuberculosis H37Ra chromosome occurs during mid-log phase growth or that the eis 

mRNA transcript has a short-half life, making it difficult to detect. Bacterial mRNAs are 

believed to display disparate stabilities based on their susceptibility to degradation (10). 

Susceptibility, or lack thereof, can be attributed to c/^'-acting factors like r/?o-independent 

transcriptional terminators and strong Shine-Dalgarno sequences, which have been 

proposed to be involved in the stabilization of bacterial mRNA (129). In fact, it has been 

shown that the stability of DNA gyrase mRNA in M. smegmatis depends on a 

5 ' secondary structure that protects the message against degradation (129). eis does not 

contain such obvious secondary structures, suggesting that its mRNA may have a short 

half-life (data not shown). Therefore, it was necessary to use a plasmid-borne copy of eis 

in M. tuberculosis H37Ra to ensure sufficient transcript yield in order to identify the TSP. 

The most striking feature of the putative eis promoter region is the high similarity 

in consensus sequence to the canonical -35 and -10 sequences for E. coli promoters. 

The putative -10 region is spaced exactly eight bases away from the TSP which is 

atypical among mycobacterial promoters (55, 92). This region is 67% identical to the 

consensus E. coli -10 region. The distance between the putative -35 and -10 regions is 

thirteen bases. While this spacing does not fit into any of the promoter groups, a wide 

variety of spacings do occur among different mycobacterial promoters and variations 

between 13 and 24 bases have been described (55, 92, 96). The putative -35 region 

matches the consensus E. coli a'" -35 region 83%. The strong similarity of the eis 



70 promoter to the E. coli a consensus promoter sequences places it among the group 

A/SigA-like mycobacterial promoters (55). 

To identify regions necessary for the maximal expression of eis, 5 ' promoter 

deletions were assayed in mycobacteria using GFP and flow cytometry. Green 

fluorescent protein has been used widely to study mycobacterial gene expression (8, 27, 

38). Flow cytometric analysis of M. smegmatis harboring the pEP vector series suggests 

that at least 200 base pairs of the upstream eis promoter region are necessary for the 

maximal expression of eis in M. smegmatis(p69). Although it was not noted during the 

initial characterization of eis, there is a decrease in the production of the Eis protein in the 

deletion derivatives p69-97 and p69-96, as compared to the intact clone p69 (140). These 

derivatives contain a promoter region identical to the pEPl 12 construct. Thus, although 

the survival phenotype was retained when using these deletion derivatives in M. 

smegmatis, the promoter region necessary for the maximum expression of eis was not 

present. In contrast to M. smegmatis, flow cytometric analysis of M tuberculosis H37Ra 

harboring the pEP vector series indicates that a 412 base pair region upstream of eis is 

required for maximum expression in M. tuberculosis H37Ra. The difference in the 

region required for maximum expression between the two species may be attributed to 

the fact that the eis promoter is not in its native host when analyzed in M. smegmatis. 

Therefore, the results from M. tuberculosis H37Ra present a more relevant analysis of eis 

promoter activity, since M. tuberculosis is the homologous environment. 

Typically, the -10 region of a mycobacterial promoter is an essential component 

for gene expression (9, 33, 46, 75). Although the putative -10 region of the eis promoter 



lacks a TGN motif, excluding it from those identified as extended -10 promoters, we 

were interested to determine if this region was important in eis expression. In both M. 

smegmatis and M. tuberculosis H37Ra, the -10 mutant, pEPm3, exhibited a significant 

decrease in fluorescence when compared to the full length, unmutated eis promoter (Fig. 

3A and B). These results suggest that the putative -10 region is critical for the optimal 

transcription of eis. Because multiple mutations were made in the putative -10 region, it 

was unclear whether a single mutation or the synergism between the three mutations was 

responsible for the abrogation of transcription of gfp in pEPm3. 

We then decided to utilize additional site-directed mutagenesis (Fig. 4) to 

determine the importance of the putative -35 and -10 regions and also to delineate the 

nature of abrogation observed with the pEPm3 construct. Single mutations in the putative 

-10 region significantly reduced the transcription of gfp when assayed in both M. 

smegmatis and M. tuberculosis H37Ra (Fig. 4), indicating that the decrease in expression 

found with pEPm3 was probably not due to a cooperative effect. As already stated, loss 

of function upon alteration of -10 regions is commonplace in a variety of bacterium 

including M. smegmatis and M. tuberculosis. For example, site-directed base 

substitutions made in the -10 region of the rpsL promoter of M. smegmatis caused 

dramatic defects in transcriptional activity (75). 

Interestingly, site-directed changes in the -35 region of the eis promoter had 

variable effects on transcriptional activity. Mutations made in the putative -35 region 

either significantly increased transcriptional activity (pSKM3) or had no effect on activity 

(pSKM4 in M. smegmatis), with the exception of a decrease in fluorescence from pSKM4 



in M. tuberculosis H37Ra (Fig. 4). These results suggest that specific nucleotides in the 

-35 region are important for contact between the transcriptional machinery and the eis 

promoter and that differences in transcriptional recognition may exist between the two 

mycobacterial species. The fact that we were able to cause deficient expression by 

making a single substitution in the -35 region (pSKM4 in M. tuberculosis H37Ra) is 

important because it is traditionally believed that the -35 region is dispensable for 

promoter activity, particularly when an extended -10 motif is present (9, 75). In fact, 

work by Bashyam and Tyagi showed that the -35 region of the T3 promoter from M. 

tuberculosis could actually be physically separated from the -10 region by an intervening 

sequence insertion without losing promoter activity (9). The authors suggested that either 

the intervening sequence provided an alternative -35 region or that the separated -35 

sequence remained functional as a promoter module despite being separated (9). 

However, because the T3 promoter was analyzed only in M. smegmatis, the potential for 

loss of activity in M. tuberculosis cannot be ruled out. Like the eis promoter, T3 does not 

contain an extended -10 motif. 

70 We also moved the eis promoter away from the E. coli a consensus by 

incorporating a combination of mutations in pSKM6 (Fig. 4). Surprisingly, fluorescence 

from pSKM6 was significantly higher than that of its parent, pEP412, in both 

mycobacterial species. We had expected fluorescence to decrease since the same single 

mutations that caused decreased fluorescence in pSKMl, 2, and 4 were present. 

However, the -35 region 5 ' T^C mutation designed in pSKM3 was also incorporated 

into pSKM6, which showed increased levels of fluorescence in both mycobacteria. 



Therefore, this single alteration in the -35 region was able to overcome a series of 

mutations known to negatively influence eis expression, although we cannot say this with 

100% confidence because we lack a double -10 mutant. However, our data indicate that 

increasing eis promoter recognition at the -35 region makes the -10 region dispensable 

for activity. The data from the site-directed mutagenic analysis of the eis promoter 

strongly suggest that the putative -35 and -10 regions comprise the core promoter of eis. 

One of the more intriguing findings of this work was that alteration of the core promoter 

of eis toward a fully consensus E. coli promoter sequence (Fig. 4, pSKM7) enhanced 

eis transcriptional activity in both mycobacterial species. In M. smegmatis, the level of 

activity from pSKMV was not only 5.7 fold higher (P<0.05) than that of the 

corresponding unaltered construct, pEP412, but also significantly higher than that of the 

heat-shock positive control, pBEN. In M. tuberculosis H37Ra, fluorescence of pSKM7 

was 5.5 fold greater than pEP412 and approached similar levels to that of pBEN. These 

results show that the eis promoter can be changed into a strong, heat-shock like promoter. 

Although it would be expected that conversion of a promoter sequence to a consensus 

sequence would cause better promoter recognition and therefore greater activity, this is 

the first report that alteration of a mycobacterial promoter to an E. coli consensus 

sequence positively influences gene expression in mycobacteria. 

It is generally accepted that E. coli promoters function very poorly in 

mycobacteria (9). Our results suggest that it is perhaps the spacing between the -35 and 

-10 regions in E. coli promoters and not the consensus sequences themselves that are 

critical to the lack of recognition of these promoters in mycobacteria. It is possible that 
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70 SigA of mycobacteria has a decreased abihty to recognize the E. coli <j promoter 

elements because the canonical spacing of 17 nucleotides places these elements on the 

same face of the DNA, whereas in mycobacteria a shorter spacing, such as that found in 

the eis promoter, may be optimal. 

Because the flow cytometry data from the pEP series showed that a 200 base pair 

and 412 base pair region of the eis promoter was necessary for maximum expression of 

eis in M. smegmatis and M tuberculosis H37Ra, respectively, we were confident that 

more than just the core promoter was required for full activity. Therefore, error-prone 

PGR mutagenesis of the 412 base pair eis promoter was employed to delineate any other 

regions necessary for eis transcription. Unfortunately, we were only able to obtain a 

limited number of single nucleotide mutants from assays in both M. smegmatis and M 

tuberculosis H37Ra after screening 10,000 transformants in each. This may be due to the 

high G+C content of the eis promoter sequence {SlVo) and the use of dATP as the 

limiting factor in the error-prone PGR amplification. However, in both species, we 

recovered isolates containing identical single mutations, indicating that the screen was 

thorough. Similar results were obtained by Kenney and Churchward when they employed 

the xylE screen for rpsL promoter mutants in M. smegmatis (75). Interestingly, we did not 

recover mutants that mapped to the core promoter region of eis, which suggests that 

mutations in the core promoter did not fully inhibit the production of CDO, therefore 

allowing qualitatively screened colonies to retain a yellow color upon exposure to 

catechol. 



In M. smegmatis, we isolated five single nucleotide mutants, pTKepl, 2, 3, 4, and 

5 (Fig. 5A and B). All five of these mutants were localized to regions far upstream from 

the core promoter of eis. pTKepl, 2, and 4 showed a complete loss of CDO activity, 

while pTKep3 and 5 displayed significantly reduced levels of CDO activity, but were not 

completely inactive. These results suggest that there are essential and highly specific 

regions upstream of the core promoter that are required for the full expression of eis in M. 

smegmatis. In M. tuberculosis H37Ra, only three single nucleotide mutants (pTKep20, 

24, and 48) were recovered from the CDO screen. As in M. smegmatis, none of these 

mutants were in the core promoter region. However, unlike in M. smegmatis, all three 

mutants showed complete inhibition of CDO production. Interestingly, the mutation in 

pTKep48 was identical to that of pTKepl, which caused a complete inhibition of CDO 

activity in M. smegmatis. The results from the CDO activities of pTKepl, 2, 24, and 48 

strongly suggest that the upstream region is essential for the maximum expression of eis 

in mycobacteria and comprises a transcriptional cw-activating region. 

The mutations found in pTKepl and 48 mapped within a region with high 

homology to a DinR cis-element from Bacillus subtilis (Fig. 5 A). The match was 71% 

identical when the 412 base pair eis promoter was used to query the recently updated 

transcriptional regulatory network database, DBTBS, for B. subtilis (80). DinR is a 

negative regulator of genes inducible by DNA damage and is the Gram positive 

equivalent of the LexA SOS repressor found in Gram negative bacteria, like E. coli (79). 

The SOS regulon of E. coli is controlled by two key proteins, RecA and LexA. LexA 

(DinR) is a transcriptional repressor that binds as a dimer to a 16 base pair consensus 



sequence presenting dyad symmetry commonly known as the SOS box or Cheo box 

(143). DNA damage allows RecA to achieve an activated state, which subsequently 

mediates the autocatalytic cleavage of LexA (DinR). This cleavage releases LexA (DinR) 

from the operator sequence allowing the regulated gene to be expressed. LexA in M. 

tuberculosis has been shown to bind to a mycobacterial version of the B. subtilis Cheo 

box (89). It is counterintuitive that mutagenesis of a putative DinR cw-element would 

result in the loss of transcriptional activity unless the mutation created a binding site 

stronger than the wild-type version. The nucleotide change in pTKepl and pTKep 48 at 

the 3 ' end of the putative Cheo Box was T->C. Although previous studies on the 

definition of the Cheo box in B. subtilis have shown that a change from either G or T to C 

caused an increase in reporter activity (142), i.e. decreased binding, it is possible that this 

change may have actually increased the affinity of a repressor to the putative DinR 

element of eis in mycobacteria resulting in the abrogation of CDO production. It is 

unlikey that this putative DinR cw-element actually represents a site for negative 

regulation because our data support the requirement of the 412 base pair upstream region 

for full eis promoter activity. The data presented here suggest that there is a 

transcriptional activator binding region in the 5 ' distal region of the 412 base pair eis 

promoter sequence with high homology to the DinR binding site. In addition, the LexA 

binding motif characterized from M tuberculosis shows limited homology to the putative 

dinR cw-element found in the eis promoter (data not shown). Nevertheless, future studies 

employing gel retardation analysis to determine if this region is a binding site for an 



activator or repressor protein will be needed before new hypotheses can be formulated on 

the regulation of eis. 

A comparison of the data from the flow cytometric analysis and the CDO analysis 

of the 412 eis promoter revealed a difference in the region necessary for expression in M. 

smegmatis. The flow cytometry data show that a 200 base pair fragment is required for 

maximum expression whereas mutations upstream of -200 cause loss of expression. In 

addition, if the proposed DinR-like site is important for expression, then its exclusion in 

the pEP300 construct should have caused a loss in gfp transcription in both mycobacteria. 

The mycobacteria analyzed for flow cytometry were grown to logarithmic phase, while 

those analyzed using the CDO activity assay were grown to stationary phase. We believe 

that the discrepancies in the data are due to the difference in growth phase of the cells and 

not the region being analyzed. Real-time PCR results shown in the next chapter indicate 

that eis is up-regulated in stationary phase M. smegmatis carrying an integrated copy of 

the p69 insert. It is possible that the putative DinR element is required for eis expression 

in stationary phase M smegmatis but not for expression during log-phase. In conclusion, 

we show that the promoter of the putative virulence gene eis of M. tuberculosis is a group 

A/SigA-like mycobacterial promoter that contains both a core promoter region and an 

upstream region required for transcriptional activity. Future studies to identify the 

putative trans-^LCiivstrng factors involved in the expression of eis will enhance our 

understanding of how potential virulence genes may be regulated in M. tuberculosis and 

perhaps provide clues to the function of Eis during mycobacterial infection. 
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CHAPTER II: ANALYSIS OF EIS EXPRESSION IN CULTURE GROWN 
MYCOBACTERIA 

In the previous chapter, we showed that the 412 base pair eis promoter was 

necessary for the maximum expression of eis in M. tuberculosis H37Ra. In addition, we 

found that, aside from the core promoter region, a 5 ' distal region of the 412 base pair 

promoter was important for eis expression in M. tuberculosis. This region was identified 

as a putative cis element for DinR, a negative regulator of DNA damage-inducible genes 

in bacteria. These results led us to using this region in an attempt to understand the 

expression profile of eis in mycobacteria during culture growth. To do this, we 

constructed a shuttle vector containing the 412 base pair eis promoter upstream from the 

promoterless luxAB sequence from Vibrio harveyi as a transcriptional fusion. We also 

cloned in the heat-shock promoter phsp60 from M. bovis as a positive control for the 

expression of luciferase. Bacterial luciferase from V. harveyi is a heterodimeric protein 

that catalyzes the reaction of a long-chain aldehyde to produce blue-green light (68). 

Luciferase reporter systems have been used to examine the activity of antimycobacterial 

drugs (3). Luciferase-based reporter systems have not been tailored, however, for use in 

delineating temporal changes in mycobacterial gene expression. 

Unfortunately, to understand the temporal changes in gene expression, the 

reporter being used must not be stable within the bacterial cell and the instability of that 

reporter must first be measured to ensure its usefulness in detecting expression changes. 

Little effort has been made, however, to create genetic tools designed to pinpoint changes 

in mycobacterial gene expression. Recently, destabilized forms of GFP have been used to 

study changes in gene expression (12, 127). While these systems have shown great 
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promise in studying transient gene expression in fast-growing M. smegmatis, they have 

not proven to be useful for examining gene expression in slow growers like M. bovis 

BCG or M. tuberculosis. In this chapter, we examine the utility of luciferase to monitor 

mycobacterial gene expression and delineate the expression of eis in culture grown 

mycobacteria. 

MATERIALS AND METHODS 

Bacteria and Media. 

Mycobacterium smegmatis l-2c and Mycobacterium tuberculosis H37Ra were cultured in 

Middlebrook 7H9 liquid media supplemented with 10% oleic albumin dextrose catalase 

(OADC) and 0.05% Tween-80. For colony forming units (CFUs), M. smegmatis was 

grown on Middlebrook 7H10 agar supplemented with glucose and M. tuberculosis 

H37Ra was grown on 7H10 agar supplemented with 10% OADC. Hygromycin B was 

added at 50 |J.g/ml to maintain vector constructs. 

Vector construction and transformation. 

The E. co/z/mycobacterial shuttle vector pNBVl (70) was used as the parental plasmid 

for the construction of pNAPLUX, pLUX, p60LUX, and pEPLUX (Fig. 6). The 

promoterless luxAB genes from V. harveyi were PCR amplified from pSPD85 (a gift from 

Dr. Thomas Baldwin's laboratory) using the following final reaction conditions in a 50 |J,1 

reaction: 0.2X PCR buffer without MgCli, 1.5 mM MgCli, 0.6 mM dNTP mix, I U Taq 

DNA polymerase (Roche), 100 pmol VLUX-F and 100 pmol VLUX-R primers (Table 

2). The reaction was performed using the following parameters: an initial denaturation at 

95°C/5 min followed by thirty cycles of 95°C/1.5 min; 48°C/1.5 min; and 72°C/1.5 min. 
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A final elongation step was performed at 72°C/5 min. The 2.4 kb luxAB PGR product was 

then cloned into the BamYil and Hindlll site of pNBV 1 to create pLUX. Subsequent 

clonings were performed using the Xbal and BamRl sites of pLUX. pNAPLUX was 

constructed by PGR amplifying the 800 base pair alanine dehydrogenase {aid, Rv2780) 

promoter using M. tuberculosis H37Rv genomic DNA as template and the primers aldP-f 

and aldP-r (Table 2) using the parameters used to amplify the 412 base pair eis promoter 

in Ghapter I. p60LUX was made by cloning the heat shock promoter, phsp60, released 

from pBEN (105) with Xbal/BamHl into pLUX. pEPLUX was created by cloning the 

412 base pair eis promoter into pLUX. All constructs were transformed into both M. 

smegmatis and M. tuberculosis H37Ra as described in Ghapter I. 
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Figure 6. Construction of pNAPLUX, p60LUX, and pEPLUX. The vector pNBV 1 
was cut with BamHi/HindlW and the 2.4kb luxAB PGR amplicon, using pSPD85 as 
template, was cloned into digested pNBVl to create paid, phsp60, andpeis412 
were subsequently cloned into the Xbal!BamHl site of pLUX. 



L-alanine induction and chloramphenicol stasis. 

M. smegmatisi'pHA^UJX) and M. tuberculosis H37Ra(pNAPLUX) were grown to mid-

log phase and diluted to an ODeoo = 0.1 in media containing 25 mM L-alanine and 1 mM 

L-alanine, respectively. L-alanine is the inducer for the alanine dehydrogenase promoter. 

For stationary phase mycobacteria, L-alanine was added to a final concentration of 25 

mM for M. smegmatis and ImM for M. tuberculosis H37Ra once the cultures had 

reached an ODeoo ^ 4.0. Induction was allowed to ensue for 3 h fox M. smegmatis and 18 

h for M. tuberculosis H37Ra, at which time post-induction samples were taken for 

luminometry. Induced cells were then harvested by centrifugation at 3,000 rpm for 10 

min at 25 °C. The bacteria were subsequently washed three times using media without L-

alanine to remove the inducer by vortexing at max settings 1 min and pelleting bacteria at 

3,000 rpm for 10 min. Mid-log phase mycobacteria were then diluted to an ODeoo = 0.1 in 

fresh media without L-alanine and incubated at 37°C with shaking at 250 rpm. Stationary 

phase mycobacteria were re-suspended in a volume of sterile phosphate-buffered saline 

(PBS), pH 7.5 to maintain its original optical density. For chloramphenicol stasis 

experiments, M. smegmatis{Tp6Qi]JJ^) and M. tuberculosis H37Ra(p60LUX) were grown 

to stationary phase, ODeoo > 4.0, and diluted to approximately 1 x 10^ cells/ml. A ~1 x 

10^ cells/ml dilution was then made in sterile PBS containing 30 |a,g/ml chloramphenicol. 

Samples were then taken at various time points for both CPUs and luminometry to 

monitor the decay of bacterial luciferase. 



Monitoring in vitro eis expression using luciferase. 

Stationary phase starter cultures were used to inoculate 5 ml cultures at a 1:500 or 1:1000 

dilution of mycobacteria containing pNAPLUX, p60LUX, and pEPLUX. Mycobacteria 

containing pLUX were used as a negative control and mycobacteria containing p60LUX 

were used as a positive control. Cultures were then allowed to grow in a 37°C incubator 

shaker at 250-300 rpm. The ODeoo was monitored so samples could be collected during 

lag phase (ODeoo ^ 0.5), mid-log phase (ODeoo = 0.5-1.0), early stationary phase (ODeoo 

> 1.0), and late stationary phase (ODeoo ^3.0 for M smegmatis or >2 weeks for M. 

tuberculosis). At each phase of growth, samples were taken for CPUs and luminometry. 

CFUs and luminometry. 

Samples were taken from three independent cultures at each time point for both CPU 

counts and luminometry. At each time point, sample dilutions were plated in duplicate to 

obtain CPU counts. A Monolight 3010 luminometer (Analytical Luminescence 

Laboratory) was used to measure luciferase activity for each sample. One-hundred 

microliters of 1% decanal diluted in 100% ethanol was used as luciferase reagent and 

automatically injected into samples diluted in 0.9 ml sterile PBS. A two second pause 

was taken prior to measurement of relative light units (RLU), which was integrated over 

a 20 second interval. Sterile PBS without bacteria was used to measure background that 

was then subtracted from sample RLU measurements. RLU values were then divided by 

the average CPU count per sample per time point to obtain an RLU/CPU value. 



Determination of Vibrio harveyi luciferase lialf-Iives in mycobacteria. 

Half-lives were determined by log transformation of RLU/CFU values between points of 

maximum induction and end decay and plotted as the natural log of the proportion (ln(p)) 

compared to the maximum induction point (set to 1). The original equation is as follows: 

In (p) = mx + 1, where p is the proportion of signal on a 0 to 1 scale, m is the slope, and x 

is the time. For the half-life, the following equation was then derived and used; Ax = -In 

(2)/m. 

Construction of M smegmatis{cMV2){i6-69). 

M. smegmatis(cMY306-69) contains the M. tuberculosis H37Rv DNA sequence found in 

the clone p69 (140) integrated into the chromosome of M. smegmatis l-2c as a single 

copy at a phage attB site. The p69 insert containing eis was excised from p69 using 

BamHl and cloned into the BamHl site of pMV306ABam constructed by Dr. Janet Hatt, 

which was mutagenized to yield a single BamHl site. pMV306ABam contains a 

kanamycin resistance marker and the attP site and integrase gene for stable integration 

into mycobacterial chromosomes. 

RNA isolation, reverse transcription, and real-time PCR. 

M. smegmatis{cM\fl>Q6-69) was cultured in Middlebrook 7H9 liquid media supplemented 

with 10% OADC and 0.05% Tween-80 containing 50 )ag/ml hygromycin B and M. 

tuberculosis H37Ra wild-type was grown in Middlebrook 7H9 liquid media 

supplemented with 10% OADC and 0.05% Tween-80 without antibiotics. Twenty-five 

milliliter samples were harvested at each of the different growth stages described above 

and total RNA was prepared using an RNeasy kit (QIAGEN) according to the 



manufacturers protocol. RNA samples were digested with DNasel and further purified 

using the RNeasy on column DNasel digestion and RNA cleanup protocol (QIAGEN). 

RNA was confirmed to be devoid of DNA contamination by PGR analysis using primers 

specific for the eis gene. Reverse transcription was carried out using the First-Strand 

Synthesis protocol with Superscript II reverse transcriptase according to the 

manufacturer's protocol with the exceptions that 200 U were used and the reaction was 

carried out at 45°G for 1 h. For each reaction, 2.5 |J.g of total RNA was used. Total cDNA 

was reverse transcribed using Ing of the random hexamers provided by the manufacturer. 

A 2 |j,l aliquot from each RT reaction, representing -250 ng of total RNA, was used as 

real-time PGR template. Real-time PGR for the detection of eis transcript was performed 

using the primers RT-PGR/f and Eispxt (Table2). For groEL2 real-time detection the 

primers gro2-f and gro2-r were used (Table 2). SYBR green was used to detect double-

stranded, fluorescent amplicons according to the manufacturer's protocol (Invitrogen). 

Normalization was performed using a standard curve for each primer set based on known 

amounts of cDNA, which was quantified using PicoGreen (Molecular Probes) by Arizona 

Research Laboratories Genetic Analysis and Technology Gore. An ABI Prism 7000 

(Applied Biosystems) was used for real-time quantitation of gene specific transcripts 

using the following default cycling parameters: an initial denaturation at 95°G/10 min 

followed by 40 cycles of denaturation at 95°G/10 sec and annealing/extension at 60°G/1 

min. Fluorescence was collected at the annealing/extension step. 
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TABLE 2. Primers 

Primer Description/sequence® Ref.' 

VLUX-F CGGGATCCTGTTATGAAATTTGGAAACT 
VLUX-R GCAAGCTTACGAGTGGTATTTGACGATG 
aldP-f CGGGATCCTGCGAACATCGTCGCCTTTG 
aldP-r CGGGATCCTGATTACCCCTCTCGATACT 
RT-PCR/f GTGACCCTGTGTAGCCCG 
Eispxt ATCCCGACCACCTCAGAA 
gro2-f GACGAGCTGAAGCTCGAAGGC 
gro2-r CACCCATGTCGCCGCCACC 
Primers are listed 5 ' to 3 ' . 
Unless indicated otherwise, primers used are from this work. 

Statistical Analysis. 

All experiments were performed in triplicate. Real-time PCR results time points were 

compared to one another using unpaired t test. Differences were considered significant at 

P<0.05. 

RESULTS 

Half-life of bacterial luciferase in M. smegmatis. 

To determine the half-life of bacterial luciferase in M. smegmatis, we first examined the 

decay of luciferase using the inducible aid promoter vector pNAPLUX in both mid-log 

phase and stationary phase grown cells. The decay of luciferase was monitored by 

inducing the expression of luciferase, washing away the L-alanine inducer from the cells, 

and examining luciferase activity over time. In mid-log phase M. smegmatis containing 

pNAPLUX, the induction of luciferase was approximately 7-fold more than basal levels. 

Induction occurred over an 8 h period after washing before a decline in the activity of 

luciferase can be detected (Fig. 7A). After the inducer was completely utilized, luciferase 



activity began to decay over a period of twenty-four hours. The half-life of luciferase in 

mid-log phase M. smegmatis was determined to be 8.01 h, returning to basal levels by 24 

h (Fig. 7A). The paid induction experiment was then performed on stationary-phase 

grown M. smegmatis to see if the half-life was different than that observed for mid-log 

phase cells. Similar to mid-log phase M smegmatis, the induction period lasted over a 

period of hours (Fig. 7B).The luciferase half-life in stationary phase M. 

smegmatis{^'HP^PlA]^ was determined to be 9.54 h (Fig. 7B). In order to verify the half-

life results using the aid inducible/repressible system, we used a chloramphenicol stasis 

assay on M. smegmatis{p6QlA]lC) to examine the half-life of luciferase upon halting de 

novo protein synthesis. Chloramphenicol was highly bactericidal for mid-log phase cells 

at the concentration used (data not shown). In addition, luciferase activity remained 

constant throughout the experiment (data not shown). For stationary phase bacteria, there 

was an initial induction of luciferase activity upon exposure to chloramphenicol with 

maximum activity occurring at 8 h post exposure (Fig. 8). The half-life of luciferase was 

found to be around 16.21 h for stationary phase M. smegmatis (Fig 8). These results do 

not coincide with the results using aid induction and suggest that protein synthesis is 

required for the decay of luciferase in M smegmatis. 
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Figure 7. Luciferase half-life in M. sme^ma^w(pNAPLUX) using paid 
induction/repression. Luciferase in mid-log phase M. smegmatis has a half-life of 8.01 h 
(A). The half-life of luciferase in stationary phase M smegmatis (B) is 9.54 h. Data 
represent results from three independent experiments performed in triplicate. 
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Figure 8. Half-life of luciferase in M. smegmatis(]^601AJX) using chloramphenicol. 
The half-life of luciferase was determined as 16.21 h in stationary-phase grown M. 
smegmatis{'p6QiL\JlC) using a chloramphenicol stasis assay. Note that it takes nearly seven 
hours longer for luciferase to decay when compared to results obtained using paid 
induction (see Fig. 7). Data represent results from three independent experiments 
performed in triplicate. 



Half-life of luciferase in M. tuberculosis H37Ra. 

To examine the half-life of luciferase in M. tuberculosis, M. tuberculosis H37Ra 

containing pNAPLUX was monitored for the decay of luciferase after induction with L-

alanine. Mid-log phase M. tuberculosis H37Ra(pNAPLUX) was assayed for luciferase 

activity similar to M ^wegma/^w(pNAPLUX). The activity of luciferase was induced 

approximately 10-fold over basal levels with a significant difference in the induction as 

compared to M. smegmatis (Fig. 9A). Unlike in M. smegmatis, luciferase activity 

declined in M. tuberculosis H37Ra immediately after washing away the L-alanine 

inducer. The lower level of basal activity combined with fast repression of gene 

expression indicates that expression from paid is more tightly regulated in M. 

tuberculosis than in M. smegmatis (Fig. 9A). The half-life of luciferase in mid-log phase 

M. tuberculosis H37Ra was 19.29 h (Fig. 9A). In stationary phase M. tuberculosis 

H37Ra, induction of luciferase activity followed similar kinetics to that found for mid-log 

phase grown cells, except that there was an enormous spike after washing away of 

inducer (Fig. 9B). The half-Hfe of luciferase in stationary phase cells was 19.62 h (Fig. 

9B). To verify the half-life in stationary phase cells, chloramphenicol stasis experiments 

were performed. The half-life of luciferase during the chloramphenicol stasis experiments 

extended to 26.24 h (Fig. 10). Like in M. smegmatis, these results suggest that protein 

synthesis is required for the degradation of luciferase in M. tuberculosis H37Ra. 
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Figure 9. Luciferase half-life in M tuberculosis H37Ra using paid 
induction/repression. Luciferase has a half-life of 19.29 h in mid-log phase grown M. 
tuberculosis H37Ra (A). The half-life of luciferase in stationary phase grown M. 
tuberculosis H37Ra is 19.62 h (B). Data represent results from three independent 
experiments performed in triplicate. 
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Figure 10. Half-life of luciferase in M. tuberculosis{p601jl]X) using chloramphenicol. 
The half-life of luciferase was determined as 26.24 h in stationary-phase grown M. 
tuberculosis H37Ra(p60LUX) using a chloramphenicol stasis assay. Note that, similar to 
in M smegmatis, it takes longer for luciferase to decay when compared to results 
obtained using paid induction (see Fig. 9). Data represent results from three independent 
experiments performed in triplicate. 
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In vitro expression pattern of eis in M. smegmatis(pEPlAJX) using luciferase. 

To monitor the expression pattern of eis in M. smegmatis grown in culture, we 

transcriptionally fused the 412 base pair eis promoter to luxAB in pLUX, creating 

pEPLUX. M. smegmatis was grown over a period of several days during which samples 

were taken at various stages of growth. The results indicate that eis is induced as the 

culture matures from lag phase to early stationary phase (Fig. 11 A). Levels of luciferase 

were found to drop dramatically after early stationary phase and remained low in late 

stationary phase (Fig. 11 A). The negative control, pLUX, was shown to yield low, 

constant levels of luciferase (Fig. 11 A). The positive control, p60LUX, was found to 

have a similar pattern to the negative control exhibiting a "rounding" of the luminescence 

curve (Fig. 11B). 
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Figure 11. Expression pattern of eis in M smegmatis using luciferase. (A) M. 
smegmatis{^'E?\JJX) was grown until stationary phase with samples taken (from left to 
right) at lag-phase, mid-log phase, early stationary phase, and late stationary phase. The 
production of luciferase is induced from the eis promoter as mycobacteria reach early 
stationary phase. (B) Luciferase expression from the positive control p60LUX in M. 
smegmatis. Data were taken from three independent experiments performed in triplicate. 



Quantitative real-time PCR analysis of eis in M. smegmatis. 

We wanted to verify that the pattern of eis expression observed using the luciferase-based 

system was a true representation of eis expression. To do this, we employed quantitative 

real-time PCR analysis of eis transcript levels throughout the growth curve of M 

smegmatis{clsAN3Q6-69). M. smegmatis{cy[Wl>06-69) cultures were grown identically to 

those used for luciferase analysis and samples taken at the different phases of growth 

over the course of several days. The real-time PCR analysis of eis in M. smegmatis shows 

that eis expression is induced 17-fold in early stationary phase and then repressed to 

levels prior to induction within a 24 h period (Fig. 12). eis expression decreases 

significantly again between days one and two post entry into stationary phase (Fig. 12). 

These results show that the general expression pattern of eis revealed using the luciferase 

reporter, i.e. its induction in stationary phase and subsequent decrease, is representative 

of the quantitative determination of eis transcript levels by quantitative real-time PCR. 
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Figure 12. Real-time PCR analysis of eis expression in M smegmafis(cMV306-69). 
Quantitative real-time PCR shows that eis transcript levels are significantly induced, 
indicated by the single asterisk, by 17-fold as M. smegmatis enters stationary phase. The 
double asterisk indicates a significant decrease in eis expression from early stationary 
phase to one day post entry into stationary phase. The diamond represents a significant 
decrease in eis expression between one day and two days post entry into stationary phase. 
Data were taken from triplicate PCR runs from two independent RNA samples per time 
point. 

In vitro expression pattern of eis in M. tuberculosis H37Ra using luciferase. 

We next wanted to determine the expression pattern of eis in M. tuberculosis using the 

luciferase reporter. M. tuberculosis H37Ra was grown for greater than 30 days with 

samples taken during each phase of growth. Figure 13 shows that the 412 base pair eis 

promoter did not drive the expression of luciferase from pEPLUX in M. tuberculosis 

H37Ra. In fact, expression levels from pEPLUX were similar to the negative control 

pLUX (Fig. 13). The positive control p60LUX displayed high levels of luciferase activity 
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through stationary phase, but then dropped to very low levels as the culture reached later 

in stationary phase (Fig. 15A). Because the pEPLUX construct was functional in M. 

smegmatis, it was possible that eis expression was either being repressed throughout 

growth or that eis expression was at low, nearly undetectable levels. 
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Figure 13. Expression pattern of eis in M tuberculosis H37Ra using luciferase. The 
expression of luciferase from the negative control, pLUX, and pEPLUX was barely 
detectable throughout culture growth in M. tuberculosis H37Ra. Data are from three 
independent experiments performed in triplicate. 

Quantitative real-time PCR analysis of eis in M. tuberculosis H37Ra. 

To confirm the expression results obtained with pEPLUX in M tuberculosis H37Ra, we 

utilized real-time PCR analysis of eis transcript levels throughout the growth curve of M. 

tuberculosis H37Ra. Figure 14 shows the relative amounts of eis cDNA compared to the 
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standard curve of known amounts of cDNA. There is more eis transcript present during 

the early stages of M. tuberculosis H37Ra growth with a tapering of the relative amount 

of eis transcript as the cultures mature toward stasis (Fig. 14). These results suggest that 

eis is being transcribed in a constitutive fashion during the growth of the bacillus in 

culture. The decreased amount of eis transcript produced as the bacteria extend further 

into stationary phase is expected with the concomitant decrease in bacterial replication 

and nutrient depletion that occurs in stationary phase. 

1.5n 

Figure 14. Real-time PGR analysis of eis expression in M. tuberculosis H37Ra. 
Quantitative real-time PGR analysis shows that eis is expressed at it highest level during 
lag phase in M. tuberculosis H37Ra and declines as the culture matures. The expression 
of eis appears to be constitutive in M. tuberculosis H37Ra. Data were taken from 
triplicate PGR runs from two independent RNA samples per time point. 
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In vitro expression pattern of groEL2 in M. tuberculosis H37Ra. 

We still wanted to determine if the luciferase reporter would be a useful system to detect 

temporal changes in gene expression in slow-growing mycobacteria even though there 

were issues with the production of luciferase from the 412 base pair eis promoter. To 

attempt to answer this question, we used the positive control p60LUX. The heat-shock 

protein Hsp60 from M. bovis is homologous to GroEL2 from M tuberculosis H37Rv, 

with an identity of 98%. The promoter region for these two genes are 99% identical 

according to BLAST sequence analysis from TUBERCULIST. Therefore, it is reasonable 

to assume that the promoters are utilized similarly in M. tuberculosis. To determine if this 

was true and if the pLUX system would be a useful genetic tool, we compared M. 

tuberculosis H37Ra(p60LUX) luciferase expression with quantitative real-time PGR 

analysis of groEL2. M. tuberculosis H37Ra(p60LUX) showed significant decreases in 

luciferase production from 10 days to 20 days post entry into stationary phase and from 

20 days to 30 days post entry into stationary phase (Fig. 15A). 

Real-time PGR of groEL2 transcript. 

We next performed real-time PGR to quantify groEL2 transcript levels during culture 

growth. M. tuberculosis H37Ra was grown in liquid culture and samples were taken 

during culture maturation at identical stages to those taken for the luciferase assay. Real

time quantitative PGR to detect groEL2 transcript levels showed a similar pattern to that 

outlined with the luciferase system, except that a significant increase in groEL2 

expression was observed between mid-log phase and early stationary phase (Fig. 15A and 

B). The results from the expression of luciferase fromphsp60 in p60LUX and from 



98 

groEL2 in M. tuberculosis H37Ra indicate that luciferase may be a useful tool to examine 

changes in gene expression in slow-growing mycobacteria. 
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Figure 15. Expression pattern of groEL2 in M. tuberculosis H37Ra. Expression 
pattern of groEL2 in M. tuberculosis H37Ra. (A) Expression of luciferase fromphsp60 in 
M. tuberculosis H37Ra(p60LUX) during culture growth. The asterisk indicates a 
significant decrease in expression between 10 and 20 days post entry into stationary 
phase. The diamond represents a significant decrease in expression between 20 and 30 
days post entry into stationary phase. (B) Quantitative real-time PCR analysis of the 
hsp60 homologue groEL2 in M. tuberculosis H37Ra during culture growth. The asterisk 
represents a significant increase in expression between mid-log phase and early stationary 
phase. The double asterisk represents a significant decrease between 10 and 20 days post 
entry into stationary phase. The diamond represents a significant decrease between 20 
and 30 days post entry into stationary phase. Comparison of the general expression 
pattern from the luciferase assay versus that of real-time PCR shows a similar pattern of 
expression. 
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CHAPTER II DISCUSSION 

The study of genetics in mycobacteria has been hindered by the lack of utilizable 

tools to examine temporal changes in gene expression under specific conditions. Reporter 

systems using GFP, p-galactosidase, and catechol 2,3-dioxygenase have been used 

extensively to analyze gene expression in mycobacteria (124, 147). GFP is a fantastic 

tool to both quantify and visualize transcriptional events in mycobacteria because it lacks 

substrate requirements and is extremely stable. While GFP can detect increases in gene 

expression, its stability prevents it from reflecting decreases in transcriptional activity 

within reasonable time frames. 

Recently, destabilized forms of GFP have shown great promise as a tool to 

uncover transient changes in genetic activity. These studies showed the potential for use 

of the destabilized GFP system in fast-growing M. smegmatis (12, 127). However, there 

was a disagreement in the stability of identically C-terminally tagged GFP between the 

two studies, indicating a lack of reliability of the half-life. These differences may be due 

to the use of the acetamidase promoter of M. smegmatis, which has been shown to be 

"leaky" (12). In addition, the systems did not prove efficient for use in slow-growing 

mycobacteria, like M. bovis BCG because of a lack of decay (12, 127). Triccas and co

authors attributed the lack of decay of tagged GFPs to differential recognition of the C-

terminal proteolytic tag between fast-growing and slow-growing mycobacteria (127). 

Blokpoel et al. showed that a gradual decrease in fluorescence activity in M. bovis could 

be detected after a period of ten days (12). This time frame is insufficient to pinpoint and 
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pattern up-regulation and down-regulation events, especially when attempting to 

understand shorter windows of gene kinetics. 

Other reporter systems, such as p-galactosidase and catechol 2,3-dioxygenase, 

have proven useful in the study of mycobacterial gene expression as well (28, 124). p-

galactosidase turnover in mycobacteria has never been examined to a level that could 

definitively quantify levels of gene expression. P-galactosidase is exquisitely stable in M. 

smegmatis showing only a 5% loss of activity after 16 h (117). Catechol-2,3 dioxygenase 

has been used to study the expression of different mycobacterial genes including mtrA, 

mas, and fadD28 (28, 113). It has also proven useful in the screening of promoter mutants 

in mycobacteria, particularly in the work described in Chapter I of this dissertation (75). 

The assay for xylE expression is one that requires an inexpensive substrate, catechol, and 

minimal equipment (spectrophotometer) for quantitation. The stability of catechol is 

questionable, however, and therefore it is unknown if XylE activity can be used as an 

efficient method of analyzing transient gene expression over extended periods of time. 

For this reason, any xylE assays must be performed rapidly. Studies have shown that 

catechol 2,3-dioxygenase becomes unstable upon exposure to hydrogen peroxide (66), 

making it a hazardous reporter for gene expression studies in cultures grown aerobically 

for extended lengths of time or for monitoring gene expression during the infection of 

macrophages, which also produce hydrogen peroxide as a means for defense. With the 

potential of destabilization of catechol 2,3-dioxygenase (CDO), xyWs usefulness as a 

reporter of temporal changes in transcriptional activity over time periods used in infection 

assays can only be solidified if the turnover of CDO is determined empirically. 



Without the knowledge of turnover, though, it is impossible to know that the 

enzymatic activity represents changes in expression levels. Additionally, the 

accumulation of reporter enzymes may lead to data that simply is not representative of 

transcriptional events. In the case of assaying gene expression during an infection, it is 

possible that changes in gene expression occur during the manipulation of the sample that 

does not reflect the true expression pattern one is testing for using these systems. This is 

especially true when crude RNA extraction methods do not immediately stabilize RNA 

species (17). Reagents like TRIZOL (Invitrogen), however, have been touted to stabilize 

mycobacterial RNA during processing from infected samples (17). With a known half-

life reporter system, it is possible to model changes in gene expression because enzymatic 

activity can then provide a history of transcriptional events. 

The results presented in this chapter show that luciferase from V. harveyi has 

specific decay kinetics within both fast-growing and slow-growing mycobacteria. The 

inducible/repressible aid promoter was used to determine the half-life of luciferase in 

both mycobacteria. Previous work by Dr. Samuel Woolwine in the laboratory of Dr. 

William Bishai showed that the aid promoter is tightly regulated in M tuberculosis 

(personal communication). The results from the induction of luciferase in M. smegmatis 

shows that regulation is not as tight in M. smegmatis since RLU/CFU continues to 

increase for five hours after washing away L-alanine regardless of growth phase (Fig.7A 

and B). The half-life of luciferase differed between M. smegmatis grown to mid-log 

phase vs. those grown to stationary phase by approximately 1.5 h, suggesting that higher 

metabolic rates may be responsible for faster decay. The fact that the decay of luciferase 



was slower in stationary phase M smegmatis{^60UJ^ treated with chloramphenicol vs. 

that shown with induction of M. smegmatis{TpHA?\JJl^ also indicates that protein 

synthesis, and therefore metabolism, may play a role in the decay of luciferase. 

The results from the induction of luciferase in mid-log phase grown M. tuberculosis 

H37Ra(pNAPLUX) indicate, as suggested by Dr. Woolwine, that the aid promoter is 

tightly regulated (Fig. 9A). In stationary phase cultures, however, there was a spike in 

RLU/CFU that occurred after removal of L-alanine (Fig. 9B). This suggests that perhaps 

the remaining intracellular pool of inducer is being utilized because of the slowed 

metabolism of the bacteria in this phase. The half-life of luciferase in M. tuberculosis 

H37Ra did not differ dramatically between cells grown to mid-log phase and those grown 

to stationary phase. This lack of difference may be due to the slow growth rate of the 

organism. 

The use of chloramphenicol to monitor the decay of luciferase upon disruption of 

protein synthesis in stationary phase cells showed differences in the decay kinetics of 

luciferase similar to that in M. smegmatis. This suggests that the breakdown of luciferase 

in both mycobacteria is dependent on de novo protein synthesis of an unknown factor, 

such as protease(s), that may be involved in its degradation. Further studies would have 

to be done to identify whether this is the case. The fact that luciferase decays more 

rapidly in the fast-growing M smegmatis than in the slow-growing M. tuberculosis 

H37Ra would be expected considering the generation times for each organism. The idea 

to use chloramphenicol to study the decay kinetics of luciferase in this work came from a 

publication on the study of luciferase in Streptococcus mutans, where the investigators 
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solely used chloramphenicol to determine the decay rate of firefly luciferase (56). The 

data presented here indicate that a different system should be used to confirm the decay 

of luciferase since using chloramphenicol results in the global inhibition of protein 

synthesis. We believe that the result from using the inducible/repressible alanine 

dehydrogenase promoter in both M. smegmatis and M. tuberculosis H37Ra is more 

representative of the natural state of luciferase degradation in mycobacteria. 

The luciferase system was then used to monitor the expression of eis in culture 

grown M. smegmatis and M. tuberculosis H37Ra using the vector pEPLUX. The 

expression of eis from M. smegmatis{cMyi06-69) and M. tuberculosis H37Ra was 

monitored using quantitative real-time PCR to cross-confirm the expression patterns 

obtained using the luciferase system. In M. smegmatis, luciferase production was induced 

from the 412 base pair eis promoter as the cultures matured to early stationary phase (Fig. 

11). This result was confirmed with quantitative real-time PCR, which showed the high 

induction of eis transcript production as cultures entered early stationary phase (Fig. 12). 

These results suggest that the luciferase system can be utilized to determine changes in 

gene expression in the fast-growing M. smegmatis. In addition, eis is significantly 

induced in M smegmatis upon growth transition to stationary phase. 

Because we had identified a putative Din-R regulatory site in Chapter I, we were 

interested in whether exposure to oxidative stress, nitrosative stress, and mutagenic 

conditions would alter the expression of eis in M smegmatis grown to logarithmic phase, 

i.e. prior to its normal induction period. To test this, we decided to utilize M. 

5'megmafc(pTKepNM), which showed the normal induction pattern of the reporter 
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similar to luciferase (data not shown). Exposure of M smegmatis(^T¥jspl^M) to varying 

concentrations of GSNO, H2O2, and mitomycin C did not cause an induction of reporter 

expression (data not shown). This suggests that the induction of eis in M. smegmatis is 

not a response to these particular external stresses. It has been proposed that din gene 

activation can occur during the development of competence and in the absence of DNA-

damaging agents (99). In addition, the transcription of comC, a gene in the competency 

operon, is induced during the transition of B. subtilis from exponential to stationary phase 

(86). Competency is required for transformation, which is the natural uptake of 

extracellular DNA by a bacterium. Natural transformation of gene transfer in 

mycobacteria has not been shown, although the possibility remains. The induction of eis 

in M. smegmatis during transition from logarithmic growth to stationary growth suggests 

that M. smegmatis regulates eis similar to B. subtilis regulation of comC. 

In M. tuberculosis H37Ra, there was no expression of luciferase from the 412 

base pair eis promoter, suggesting that either eis is not expressed in culture grown M. 

tuberculosis H37Ra or that the construct simply did not function in the slow-growing 

mycobacterium (Fig. 13). Quantitative real-time PCR analysis of eis expression in M 

tuberculosis H37Ra showed that eis is expressed throughout growth in cultvire with a 

decrease in expression as the culture aged (Fig. 14). In light of the real-time PCR results, 

it is likely that the pEPLUX construct simply did not function in M. tuberculosis H37Ra. 

Promoters functioning in a specific manner may not function normally when 

transcriptionally fused to luxAB (49). A severe bend at the 5 ' end of the luxAB DNA is 

thought to cause aberrations in promoter utilization (49). The authors concluded that 
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promoters that are sensitive to supercoihng or secondary structure are adversely affected 

by luxAB (49). Although we cannot say for certain, we believe that this is the case for the 

412 base pair eis promoter. 

A comparison of the expression patterns of phsp60 (p60LUX) and groEL2 by 

luminometry and quantitative real-time PCR strongly suggests that the luciferase system 

can be used to monitor temporal changes in gene expression in M. tuberculosis H37Ra 

grown in culture. Figure 15 shows that as M. tuberculosis H37Ra grows further into 

stationary phase, both groEL2 and phsp60 are down-regulated. Similar results were found 

by Snewin et al. where, in M. tuberculosis H37Rv containing pSMTl (a vector nearly 

identical to p60LUX), a relative decline in RLUs was observed when the cultures reached 

stationary phase (115). Because re-inoculation of stationary-phase cultures into fresh 

medium resulted in the rapid restoration of the original ratio of RLUs to CFU, the authors 

postulated that the degradation of the luciferase enzyme, or a drop in the level of FMNHa 

cofactor in stationary phase cells, could accovint for the reduced luminescence (115). Our 

results show that it is the down-regulation ofphsp60lgroEL2 upon growth in stationary 

phase, and not the degradation of luciferase or reduction in cofactor, that is responsible 

for the decline in RLU/CFU observed by Snewin et al. 

We did observe a discrepancy between assays when bacteria transitioned from 

mid-log phase to early stationary phase, where real-time PCR detected a significant 

increase in groEL2 expression and luciferase did not (Fig. 15). This disparity is most 

likely due to variability from experiment to experiment caused by the high expression of 

luciferase from phsp60. The efficiency of using this system is dependent on the promoter 



being analyzed, however, since we could not detect expression from the pEPLUX 

construct in the slow-grower. Therefore, it is necessary to determine if the promoter 

being analyzed functionally drives the expression of luxAB in a "normal" fashion. 

"Normal" promoter function can be easily confirmed by using a separate reporter such as 

gfP-

There are two major advantages of using bacterial luciferase as a reporter for 

temporal gene expression in mycobacterial as compared to other reporter systems. First, 

unlike fluorescence from GFP, the bioluminescence reaction requires energy from cell 

metabolism, which will reflect the metabolic state of the bacterial population (62). 

Therefore, nonviable mycobacteria will not contribute to the luminescent activity. In fact, 

bacterial luciferase has been used extensively to assay antimycobacterial agents and 

assess antimycobacterial immunity because of this property (3, 115). Second, compared 

to other reporters, luciferase showed the highest sensitivity and fastest response to 

mercury and arsenate stimuli in whole-cell bacterial sensors (62). This allows a 

transcriptional response to be readily measured without having to wait for the 

accumulation of the reporter enzyme. 
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CHAPTER III; ANALYSIS OF EIS AND GROEL2 EXPRESSION DURING 
INFECTION OF MACROPHAGES WITH MYCOBACTERIA 

With the new knowledge that eis expression differed between the fast-growing M 

smegmatis and the slow-growing M. tuberculosis H37Ra as they grew in synthetic 

culture, we next wanted to determine the expression characteristics of eis during the 

infection of U-937 macrophages by both M. smegmatis and M. tuberculosis H37Ra. The 

expression of eis during infection of macrophages, and the possible differences between 

its expression in M. smegmatis and M. tuberculosis H37Ra, could possibly help explain 

the survival phenotype eis confers to M. smegmatis. We continued to utilize the luciferase 

reporter system and real-time PGR analysis to delineate the expression profiles of eis and 

groEL2. The expression profile of groEL2 was analyzed during M. tuberculosis H37Ra 

infection since the eis promoter luciferase construct, pEPLUX, showed no production of 

luciferase in M. tuberculosis H37Ra in culture as described in the previous chapter, in 

order to determine if the construct was truly non-functional, as we believed to be the 

case, or if the lack of luciferase production was due to regulation in culture versus during 

the infection of macrophages. 

MATERIALS AND METHODS 

Bacterial cultures and media. 

M. smegmatis{cM^306-69), (pLUX), and (pEPLUX) were grown at 37°C in 

Middlebrook 7H9 liquid media supplemented with glucose and 0.05% Tween-80. M. 

tuberculosis H37Ra wild-type, (pLUX), (p60LUX), and (pEPLUX) were grown at 37°C 

in Middlebrook 7H9 liquid media supplemented with 10% oleic acid albumin dextrose 



catalase (OADC) and 0.05% Tween-80. All cultures were grown in 100 ml bottles after 

inoculating with a 1:100 dilution of a stationary-phase culture and shaken at 250-300 

rpm. Cultures of mycobacteria containing luciferase-based vectors also contained 50 

|a,g/ml of hygromycin B. Kanamycin at 25 )J.g/ml was used in cultures of M 

smegmatis{cMV306-69). For M smegmatis luciferase infection assays, bacteria were 

plated on Middlebrook 7H10 agar supplemented with 2% glucose and 50 jag/ml 

hygromycin B. For M tuberculosis H37Ra luciferase infection assays, bacteria were 

plated onto Middlebrook 7H10 supplemented with 10% OADC and 50 )u,g/ml 

hygromycin B. For infections used for RNA extraction, M. smegmatis(cy]N306-69) were 

plated on Middlebrook 7H10 agar supplemented with 2% glucose and 25 |J.g/ml 

kanamycin. M tuberculosis H37Ra wild-type was plated onto Middlebrook 7H10 agar 

supplemented with 10%) OADC. 

Culture and transformation of U-937 histiocytic lymphoma line. 

The U-937 histiocytic lymphoma cell line was maintained in RPMI 1640 media 

supplemented with 10% heat-inactivated fetal calf serum without the presence of 

antibiotics. Approximately 4x10^ U-937 cells were seeded in 25 ml RPMI 1640 with 

10%) fetal calf serum equilibrated at 37°C in 5% carbon dioxide atmosphere every 3 to 4 

days in a 75-cm^ tissue culture flask (T-75). U-937 cells were transformed into the 

macrophage-like adherent form using 10 |j.l of a 1 mg/ml solution of phorbol myristic 

acetate (PMA) in dimethylsulfoxide per 25 ml RPMI-10%) FCS and allowed to firmly 

attach to T-75 flasks overnight at 37°C and 5% carbon dioxide. Cells were washed once 
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with an equal volume of Hank's balanced salt solution (Hbss), washed and re-suspended 

in RPMI-10% FCS, and seeded into 24-well tissue culture plates (Corning). 

Preparation of inocula and infection of U-937 macrophages with mycobacteria. 

Forty milliliters of mycobacterial culture was spun at 2,700 rpm for 15 minutes at room 

temperature to pellet bacteria and re-suspended in 10 ml of the original culture media, as 

to not effect gene expression by exposing bacteria to fresh nutrients. Re-suspensions were 

transferred to 15 ml conical tubes containing -50 3 mm glass beads and vortexed at 

maximum settings for one min to reduce clumping. Samples were centrifuged at 1,000 

rpm/5 min/ no brake to pellet remaining clumps and yield a monodispersion. ODeso 

readings were taken of monodispersed mycobacteria in order to calculate bacterial 

concentrations as described in Chapter I. For both M. smegmatis and M. tuberculosis 

H37Ra, approximately 3.0 x 10^ macrophages per well were infected at a nominal 

multiplicity of infection (MOI) of 10 bacteria per macrophage. M. smegmatis inocula was 

prepared in RPMI-10% FCS and 5% Human AB Serum (HUS) (Atlanta Biologicals). M. 

smegmatis infections were incubated for a period of 2 h at which time the infection 

inoculum was aspirated and replaced with fresh RPMI-10% FCS + 5% HUS media 

containing 100 |J,g/ml amikacin to kill any extracellular mycobacteria. After 1 h, each 

well was washed with 1 ml Hbss, and 1 ml RPMI-10% FCS + 5% HUS with 20 |a.g/ml 

amikacin was added to each well for incubation for 24 h. M. tuberculosis H37Ra inocula 

was prepared in RPMI-10% FCS + 10% HUS and infections allowed to proceed for 4 h 

prior to washing infected monolayers three times with RPMI-10% FCS + 1% HUS. 
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RPMI-10% FCS + 10% HUS was subsequently added to wells for incubation for 24 and 

48 h. 

Lysis of macrophages, CFUs, and luminometry. 

Monolayers were lysed in 1 ml sterile water/well (hypotonic lysis) for 0.5 h and lysis was 

completed by repeated pipeting. Lysates were serially diluted in PBS + 0.05% Tween-80 

and each sample was plated in duplicate on the appropriate media. Samples for 

luminometry were prepared by adding 100 |a,l of undiluted lysate to 0.8 ml sterile PBS in 

a 12 X 75 mm round bottom culture tube (VWR). Luminometry was performed as 

described in Chapter II on three independent samples /construct/time point. 

Preparation of RNA from infected macrophages, reverse transcription, and RT-
PCR. 

For each time point, 16 wells of infected macrophages were lysed using 1 ml of TRIZOL 

reagent (Invitrogen). Four wells of mock-infected U-937 cells were also lysed. Samples 

were transferred to a 2 ml screwcap tube, vortexed for 10 sec at maximum settings to 

improve lysis, and snap-frozen in liquid nitrogen. Samples were stored at -70°C until 

processed. Infection samples were thawed on ice for 20 min and -0.5 ml of 0.1mm 

RNase-free zirconium beads were added to each tube. Mycobacteria were lysed in a 

FastPrep FP120 reciprocating angular shaker three times at maximum settings (45 sec at 

6.5 m/s) with 5 min incubations on ice between runs. RNA was extracted according to the 

manufacturer's protocol including the initial centrifugation step for cells rich in lipids. 

RNA was re-suspended in 20 |J,1 of diethylpyrocarbonate treated water and quantified by 

spectrophotometry at ODieo/iso- For RNA isolated from mycobacteria grown in 7H9 or 
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exposed to RPMI-10% FCS + HUS, ~ 1 )ag was treated with Amplification grade RNase-

free DNasel (Invitrogen) in a 50 |j.l total reaction according to the manufacturer's 

protocol. For RNA isolated from infections or mock infections, ~ 5 )Lig was treated with 

DNasel as described. Eight microliters of DNasel treated RNA was incubated with a 

1:1:1 mixture (16.67 ng each) of sigA.rt, eisl.ri, and gro2-r primers (Table 3) to avoid 

sample to sample variability in reverse transcription for M tuberculosis H37Ra samples. 

For M. smegmatis samples, extracted RNA was not treated with DNasel, since DNA 

carryover from the extraction procedure was undetectable by PGR amplification of mock 

RT samples. Two-hundred nanograms of RNA extracted from growth in 7H9 media or 

from M. smegmatis incubated in RPMI (inocula) was used for RT reaction, while ~1 |J.g 

was used for infection or mock infected RT reactions. A 1:1 mixture of eisl.ri and M.sm-

sigA.rt primers (25 ng/each) was used for reverse transcription of M. smegmatis RNA 

(Table 3). Reverse transcription was performed using the First-Strand Synthesis protocol 

with Superscript II reverse transcriptase according to the manufacturer's protocol with 

the exceptions that 200 U were used and the reaction was carried out at 45°C for 1 h. 

Mock RT reactions with no Superscript II were also performed to account for possible 

DNA carryover from RNA extraction. RT-PCR was performed with primers to be used in 

real-time PGR analysis to ensure the amplification of a single product using the following 

reaction conditions: 5 [j,l 10 x PGR reaction buffer without MgCla (Roche), 1.5 mM 

MgGb (final), 0.2 mM dNTPs (final), 10 pmol/|j,l each primer, and 1 U Taq DNA 

Polymerase (Roche) in a 50 |j,l reaction volume. Touchdown PGR was used to increase 

amplicon specificity. The parameters for sigA are as follows: an initial denaturation at 
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94°C/10 min; (15 cycles with a decrease of 0.5°C/cycle at the annealing step): 94°C/30 

sec, 65°C/30 sec, 72°C/30 sec; (25 cycles): 94°C/30 sec, 57°C/1 min, 72°C/30 sec; 

followed by a final elongation at 72°C/5 min. The cycling parameters for eis and groEL2 

are as follows: an initial denaturation at 94°C/10 min; (20 cycles with a decrease of 

l°C/cycle at the armealing step): 94°C/30 sec, 75°C/30 sec, 72°C/30 sec; (25 cycles): 

94°C/30 sec, 60°C/30 sec, 72°C/30 sec; followed by a final elongation at 72°C/5 min. 

Real-time PCR analysis of eis and groELl transcripts using sigA as an internal 
standard. 

The gene specific cycling parameters described above were used, except that the final 

elongation step was not included. SYBR green was used to detect double-stranded, 

fluorescent amplicons using 10 pmol of each gene specific primer (Table 3) according to 

the manufacturer's protocol (Invitrogen) during the elongation step of the second set of 

cycles in the PCR. An ABI Prism 7000 (Applied Biosystems) was used for real-time 

quantitation. sigA real-time PCR was performed independently due to differences in 

cycling parameters. Fluorescence fi-om mock RT reactions was subtracted from true RT 

reactions for all samples to account for background amplification from contaminating 

DNA. The results are expressed as the ratios of the numbers of RNA copies detected in 

RNA samples taken at various times from infected samples to the numbers of RNA 

copies detected in samples obtained from bacteria growing in 7H9 medium. The values 

were normalized to the sigA RNA value. Each measurement was obtained at least twice 

using independent RNA preparations. 
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TABLE 3. Primers 

Primer Description/sequence" Ref" 

SigA.rt CGGACGAGACCATGGTGCGGC (41) 
SigA.up GGCCAGCCGCGCACCCTTGAC (41) 
SigA.down GTCCAGGTAGTCGCGCAGGACC (41) 
gro2-r CACCCATGTCGCCGCCACC 
gro2-f2 GGCGCTGGAGGCCCCGCTG 
gro2-r2 GCCCCGCGATGGACGCCGC 
eis2.rt GGTCCTGTGGATGGGTGATG 
eis2-nf TCGTTCGCTTACTGCATCC 
eis2-r ACAATGCGCATCTGCGGTTACCGCC 
M. sm-sigA.rt TTGGACTCGATCTGGCGGATGC 
M. sm-sigA.up GCCGTGGACGCCGTGTCGTT 
M. sm-sigA.down GCCGAAGCGCAGACGAACCA 

^ Primers are listed 5' to 3 ' . 
^ Unless indicated otherwise, primers used are from this work. 

Statistical analysis. 

Individual time points plotted post-normalization, were compared to one another using 

unpaired t test both with and without Welch's correction (which does not assume equal 

variances) using GraphPad Prism version 4.00 for Windows, GraphPad Software, San 

Diego California USA, vsww.graphpad.com. 

RESULTS 

Luciferase production by M smegmatis(pEPlA]X) during infection of U-937 cells. 

To test the activity of the 412 base pair eis promoter in M smegmatis during the infection 

of U-937 macrophages, we infected U-937 cells with both M. smegmatis(pLUX) and M. 

smegmatis{'^'E?\JJX) at a nominal MOI of 10 using our standard survival assay and 

performed luminometry and CPU counts on infected samples over 24 h. Because of 

variability in background luminescence emanating from the negative control throughout 

the infection, RLU/CFU values for pEPLUX were normalized to pLUX to compensate 
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for changes in vector alone luminescence. Figure 16 shows that there is no significant 

change in RLU/CFU levels between the inoculum and 3 h infection samples. This 

indicates that eis is not up-regulated in M. smegmatis during the infection of U-937 cells. 

At 24 h of infection, however, we see a 3-4 fold decrease (P = 0.0060) in luminescence 

per bacterium indicating that eis is repressed between 3 h and 24 h after macrophage 

infection. 

12.5n 
pEPLUX 

P=.0060 
* 

Inocula 3 h inf. 24 h inf. 

Figure 16. Changes in luminescence during M. smegmflri5(pEPLUX) infection of U-
937 cells. The results are expressed as the ratio of Relative Light Units (RLU) per 
bacterium (CFU) detected at various time points for pEPLUX. RFU/CFU values were 
normalized to those obtained for pLUX to account for variability in luminescence derived 
from the vector. The results indicate thatpeis412 is repressed between 3 and 24h. Results 
are presented from three independent infections using three replicates per infection. 

Real-time PCR analysis of eis expression in M. 5'me^mfl/js(cMV306-69) during 
infection of U-937 cells. 

Unfortunately, we were unable to obtain real-time PCR data of eis expression in M. 

smegmatis{cMM3Q6-69) due to a lack of a proper internal control. Real-time PCR 
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analysis of gene expression in M. smegmatis has not been reported in the literature to our 

knowledge, making real-time analysis of gene expression in this organism difficult. We 

attempted to use sigA primers that had been designed to regions of high similarity 

between the M. tuberculosis H37Rv SigA sequence and the M. smegmatis MysA (the M. 

smegmatis SigA homologue) sequence because the M. smegmatis genome (TIGR) 

remains unfinished. We did this by retrieving the mysA sequence from the unfinished 

genome, aligning it to sigA from M. tuberculosis H37Rv (after translation to protein 

sequence) to make sure it was the correct homologue, and designing M smegmatis 

specific primers to this sequence (Table 2). Amplification from M. smegmatis genomic 

DNA yielded the desired mysA product using the touchdown PGR parameters used for eis 

amplification from cDNA. However, we could not amplify the desired product from 

infected reverse transcription reactions without contamination of undesired products. We 

were also contemplating the use of 16S rRNA as an internal control, since this has been 

done in M. tuberculosis, but decided that this would not serve the purpose as there are 

two rRNA operons in M. smegmatis, whereas in M. tuberculosis only one copy of the 

rRNA operon exists. Real-time PGR data for eis expression in M. smegmatis is critical to 

determine whether it is up-regulated upon the infection of U-937 cells or if eis is truly 

repressed between 3 h and 24 h of infection as suggested by the luciferase data. 

Gonclusions on the expression of eis in M. smegmatis during the infection of U-937 

macrophages cannot be made until a proper internal control is found. 
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Luciferase production by M. tuberculosis H37Ra(pEPLUX) during the infection of 
U-937 cells. 

To finally determine whether the pEPLUX construct was non-functional in M. 

tuberculosis H37Ra or if regulation was responsible for the lack of luciferase activity, we 

analyzed luminescence from all three luciferase constructs during the infection of U-937 

cells over 24 h of infection. Figure 17 shows that the pEPLUX construct exhibits the 

same level of luminescence as the negative control vector, pLUX. This result 

demonstrates that pEPLUX is truly non-functional in M. tuberculosis H37Ra. As with M. 

smegmatis, we observed variability in luminescence from the vector alone in M. 

tuberculosis H37Ra (Fig 17). 

0.04-1 

0.03-

0.02-

0.01-

pLUX 

pEPLUX 

Inocula 4 h inf. 24 h inf. 

Figure 17, Changes in luminescence during growth ofM tuberculosis 
H37Ra(pLUX) and (pEPLUX) in U-937 cells. The results are expressed as the ratio of 
Relative Light Units (RLU) per bacterium (CFU) detected at various time points. There 
are no significant differences between the negative control vector, pLUX, and the vector 
containing the 412 base pair eis promoter, pEPLUX. The results indicate that pEPLUX is 
non-functional in M. tuberculosis H37Ra. Note the increase in RLU/CFU from the 
negative control during the infection of macrophages. Results from four independent 
infections are presented. 
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Real-time PCR analysis of eis expression during U-937 infection by M. tuberculosis 
H37Ra. 

We next wanted to define the expression pattern of eis during the infection of U-937 

macrophages by M. tuberculosis H37Ra using quantitative real-time PCR analysis. Real

time PCR analysis of eis expression in M. tuberculosis H37Ra infecting U-937 

macrophages shows that eis is constitutively expressed throughout the infection with no 

significant differences in expression between time points (Fig. 18). In addition, eis 

expression does not change during incubation in media used for preparing the infection 

inoculum (Fig. 18). 

RPMI 4h 24 h 48 h 

Figure 18. Changes in eis mRNA levels during M. tuberculosis H37Ra growth in U-
937 cells. The results are expressed as the ratios of the numbers of RNA copies detected 
in RNA samples taken at various times (shown on the x axis and expressed in hours) from 
cultures of M. tuberculosis H37Ra to the numbers of RNA copies detected in samples 
obtained from bacteria growing in 7H9 medium. The values were normalized to the sigA 
RNA value. Each measurement was obtained at least twice using independent RNA 
preparations, eis appears to be constitutively expressed during the infection of 
macrophages. 
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Luciferase production by M, tuberculosis H37Ra(p60LUX) during the infection of 
U-937 cells. 

We were still interested in the utility of the luciferase system as a reporter capable of 

detecting temporal gene expression patterns during the infection of macrophages. 

Therefore, we focused on luminescence of p60LUX during 24 h infection of U-937 cells 

with M. tuberculosis H37Ra. Because we observed variability in luminescence from the 

negative control, pLUX, during the course of M. tuberculosis H37Ra infection, 

RLU/CFU values obtained for p60LUX were normalized to those obtained at each time 

point for pLUX. No significant changes in luminescence were detected throughout the 

experiment due to high levels of variance between individual experiments (Fig. 19). 

These results indicate that the luciferase system cannot be used to define temporal 

changes in groEL2 expression during macrophage infection by M. tuberculosis H37Ra. 
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p60LUX 

Inocula 4 h inf. 24 h inf. 

Figure 19. Changes in luminescence during growth of M. tuberculosis 
H37Ra(p60LUX) in U-937 cells. The results are expressed as the ratio of Relative Light 
Units (RLU) per bacterium (CFU) detected at various time points for p60LUX. 
RFU/CFU values were normalized to those obtained for pLUX to account for variability 
in luminescence derived from the vector. Statistical analysis indicates no significant 
difference throughout the experiment because of high variance. Results are presented 
from four independent infections. 

Real-time PCR analysis of groEL2 expression during U-937 infection by M. 
tuberculosis H37Ra. 

In order to correlate p60LUX luminescence during U-937 infection with the production 

of groEL2 transcript, we analyzed the expression of groELl in M. tuberculosis H37Ra 

during a 48 h infection of U-937 macrophages. Quantitative real-time PCR analysis of 

groEL2 expression showed an enormous amount of variance across experiments similar 

to that found with p60LUX. Because of the variance, no significant differences were 

found throughout the infection (Fig. 20). These results confirm that the luciferase system 

cannot be used to monitor changes in groELl expression during M. tuberculosis infection 

of macrophages. 



121 

< 10 

E 

RPMI 4 h 24 h 48 h 

Figure 20. Changes in groELl mRNA levels during growth of M. tuberculosis 
H37Ra in U-937 cells. The results are expressed as the ratios of the numbers of RNA 
copies detected in RNA samples taken at various times (shown on the x axis and 
expressed in hours) from cultures of M. tuberculosis H37Ra to the numbers of RNA 
copies detected in samples obtained from bacteria growing in 7H9 medium. The values 
were normalized to the sigA RNA value. Each measurement was obtained at least twice 
using independent RNA preparations. Due to high variance, there was no significant 
difference in groEL2 expression throughout the experiment. 

CHAPTER III DISCUSSION 

It was unfortunate that we were not able to perform quantitative real-time PGR 

analysis of eis expression in M. smegmatis{cM\fl!Q6-69) during its infection of U-937 

cells because we lacked an internal control. These results would have allowed us to cross-

compare the expression of eis between M. smegmatis and M tuberculosis H37Ra, which 

was a major goal of this work, since we observed differences in eis expression between 

the two species during growth in culture. These experiments can perhaps be revisited 

upon the full annotation of the M. smegmatis genome to see if differences in eis 

expression also exist during infection. 



The results from examining eis expression in M. smegmatis using luciferase 

suggest that eis is potentially repressed during the infection of macrophages with no 

difference in expression during the initial stage of uptake. Because we know that the half-

life of luciferase in stationary M smegmatis is 9.54 h, which would be more reflective of 

intramacrophagic conditions, we believe that eis is being fully repressed considering that 

within a 21 h period there would be two putative half-lives of luciferase upon complete 

inhibition of expression. This is exactly what we see between 3 h and 24 h of infection 

(Fig. 16). Whether or not repression of eis actually occurs during the infection of U-937 

macrophages with M. smegmatis would require confirmation using a secondary method, 

like quantitative real-time PGR. 

The more essential part of this work was defining the expression of eis in M. 

tuberculosis H37Ra. Examination of eis expression using the luciferase system showed 

that the eis construct was truly non-functional in M. tuberculosis H37Ra. Analysis of the 

negative control, pLUX, showed that there was an increase in background luminescence 

upon the infection of macrophages in both M. smegmatis (data not shown) and M 

tuberculosis H37Ra (Fig. 17). We believe that this increase in background stems from an 

increase in read through from either pALSOOO or the hygromycin resistance marker. The 

addition of a tA terminator, like that found in pTKmx, may be helpful in alleviating this 

issue and would be needed to increase the utility of the luciferase system. Quantitative 

real-time PGR analysis of eis expression during the infection of U-937 cells suggests that 

eis is constitutively expressed in M. tuberculosis H37Ra. M. tuberculosis genes having 

this constitutive expression pattern and either shown to be involved in the enhanced 



survival of M. smegmatis or whose deletion attenuates mycobacterial virulence in 

macrophages have not been described. The constitutive nature of eis expression in M. 

tuberculosis H37Ra is not surprising when we consider the host-adapted envirormiental 

lifestyle of M. tuberculosis, where genes responsible for its survival have no need for 

altered regulation. In other words, there is no rule that genes involved in mycobacterial 

survival in macrophages must be differentially regulated between culture growth and 

growth inside macrophages. The lack of eis induction may be due to the nature of the U-

937 macrophage system we use, however, since studies using IFN-y activated human 

macrophages have shown eis to be induced in a clinical M. tuberculosis isolate (18). 

The question of whether the luciferase system is a system that one could use to 

examine changes in mycobacterial gene expression, particularly in slow-growers, remains 

unanswered. We chose to compare the expression ofphsp60, from p60LUX, and the 

expression of groEL2 to determine if the luciferase system could mimic the changes in 

expression during infection by M. tuberculosis H37Ra. We found high variability in both 

luminescence and in quantitative real-time PGR for phsp60 when experiments were 

averaged, which prevented us from delineating significant inductions in expression. Other 

work has demonstrated an increase in GroEL2 during the infection of cultured THP-1 

macrophages (87) and pgroEL2 induction in THP-1 macrophages using a p-galactosidase 

promoter trap system (69). One study has shown a disagreement between real-time PGR 

data and microarray data upon examination of groEL2 expression during M. tuberculosis 

growth from logarithmic to stationary phase, giving evidence that intrinsic variability in 

groEL2 expression may yield aberrant results (123). Because of the high variance 
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between infection experiments from phsp60 and groEL2, we can only conclude the 

luciferase system is not a suitable reporter system for detecting changes in groEL2 

expression during macrophage infection. An easy method to determine once and for all if 

the luciferase reporter system has any utility in monitoring gene expression during 

macrophage infection would be to use an alternative promoter from an M. tuberculosis 

gene known to be induced in macrophages, such as id. id is a good candidate because its 

activity is known to increase in stationary phase, although the expression levels are 

unknown, and its mRNA levels increase during the infection of human macrophages (41, 

58, 137). 

SUMMARY AND CONCLUDING REMARKS 

CHAPTER I; Characterization of the eis promoter of Mycobacterium tuberculosis. 

We have defined, using both site-directed and random mutagenesis, a 412 base 

pair region upstream of the eis start codon that contains both an E. coli cj^°-like core 

promoter and a DinR-like eis element. There are differences in eis promoter usage 

between M smegmatis and M. tuberculosis H37Ra that can be attributed to growth-phase 

specific eis promoter function. Future work to define a putative ^ram-activating factor 

using gel shift analysis needs to be done to determine the identity of the putative eis 

regulator. Alternatively, the 412 base pair eis promoter transcriptionally fused to 

xylEllacZ can be integrated into the M. smegmatis chromosome using pMV306, which 

can subsequently be made competent and transformed with an M. smegmatis genomic 

library driven by phsp60. Colorimetric screening could then be employed to define 

transformants that are darker or lighter in color, plasmids isolated, and inserts sequenced 
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to determine the gene(s) responsible for the phenotype. This should yield a regulator. 

This method could also be used in M. tuberculosis H37Ra, which would alleviate 

genomic-based induction that may be found in M. smegmatis (since eis is constitutively 

expressed in M. tuberculosis H37Ra) using the M. smegmatis genomic library. 

CHAPTER II; Analysis of eis expression in culture grown mycobacteria. 

Using a novel luciferase-based system and quantitative real-time PGR, we showed 

that eis is up-regulated 17-fold as M smegmatis matures from log phase to stationary 

phase. While the luciferase system did not function in M. tuberculosis H37Ra, 

quantitative real-time PGR analysis of eis demonstrated that eis is constitutively 

expressed throughout its growth in culture. The increased expression of eis in M. 

smegmatis during growth supports the existence of a putative regulator for eis. As 

described above, experiments to determine the identity of a putative trans-a.Q,t\Yaimg 

factor should be done to further understand the expression kinetics of eis in M 

smegmatis. A comparison of the expression profiles of eis (in M. smegmatis) and groEL2 

between real-time PGR and the luciferase system suggest that this system can be used to 

monitor expression changes of genes in both fast-growing and slow-growing 

mycobacteria in culture. The utility of the system is, however, dependent on the promoter 

in question. 

CHAPTER III; Analysis of eis and groEL2 expression during infection of 
macrophages with mycobacteria. 

Two goals were set in this part of the work. The first was to analyze the 

expression of eis in both M. smegmatis and M tuberculosis H37Ra during the infection 

of U-937 cells. The second was to determine if the luciferase system was useful for 
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detecting gene expression changes during the infection of macrophages by mycobacteria. 

Luciferase assays of expression from the 412 base pair eis promoter did not detect 

significant changes in luminescence between the inoculum and 3 h after infection with M. 

smegmatis. Luciferase activity declined dramatically from 3 h of infection to 24 h of 

infection, suggesting that eis is repressed during this period of infection. Because of a 

lack of a sufficient internal control, we were unable to determine the expression profile of 

eis in M. smegmatis during the infection of U-937 macrophages. Therefore, we cannot 

conclude that eis is truly repressed during M. smegmatis infection. Once the genome of 

M. smegmatis is completed and annotated, and a proper internal control gene is identified, 

the expression of eis during macrophage infection by M. smegmatis should be revisited 

using real-time applications. 

The pEPLUX construct proved to be non-functional in M tuberculosis H37Ra 

during macrophage infection, as during culture growth, since we did not observe any 

differences between it and the negative control vector, pLUX. Quantitative real-time PCR 

analysis of eis expression during infection with M. tuberculosis H37Ra indicates that eis 

is constitutively expressed throughout 48 h of macrophage infection. This would explain 

why eis has never been detected in transcriptome studies. It is possible that eis may 

display a different expression profile using an alternative macrophage infection system. 

Analysis of groEL2 expression in M tuberculosis H37Ra, by cross-comparison of 

luminescent activity by M. tuberculosis H37Ra(p60LUX) and real-time PCR analysis of 

groEL2 expression during M. tuberculosis H37Ra wild type infection, showed extensive 

variability in groEL2 expression. Because of this, we are unable to determine the utility 
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of the luciferase system in monitoring temporal gene expression in mycobacteria during 

macrophage infection, although we know that the system can detect gene expression 

changes in culture grown mycobacteria, depending on the promoter. The only way to 

determine the usefulness of this system is to analyze the expression kinetics of a gene of 

known expression patterns and one that has lower levels of variability than groEL2. id is 

a good candidate because its activity is known to increase in stationary phase, although 

the expression levels are unknown, and its mRNA levels increase during the infection of 

human macrophages (41, 58, 137). 
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