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Abstract 

Role of M. tuberculosis protease MycP1 in regulation of ESX-1 secretion 

Yamini M. Ohol 

 

During infection, Mycobacterium tuberculosis uses the ESX-1 secretion system to deliver 

bacterial proteins into host cells.  Although this system is an important virulence 

determinant, its regulation is not well understood.  Here we show that the protease 

MycP1 regulates ESX-1 and is required for virulence in mice.  ESX-1 secretion is 

abolished in the absence of MycP1 but, unexpectedly, inhibition of MycP1 protease 

activity leads to enhanced secretion of ESX-1 substrates.  During macrophage infection, 

increased ESX-1 secretion leads to hyper-activation of innate signaling pathways, 

including the cytosolic surveillance response.  We show that MycP1 directly cleaves 

EspB, which is an ESX-1 substrate that is required for secretion.  We hypothesize that 

MycP1 protein is required for ESX-1 machine assembly but that its protease activity 

negatively regulates secretion by cleaving EspB.  As the key ESX-1 substrates ESAT-6 

and CFP-10 are highly immunogenic, regulation of their secretion by MycP1 may be 

essential for successful establishment of M. tuberculosis infection. 
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Introduction 
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More deaths are caused every year by M. tuberculosis than by any other bacterial 

pathogen, with over three million people dying of this disease every year (Hingley-

Wilson et al., 2003).  Upon infection, M. tuberculosis enters a persistent state, where it 

can survive in an infected individual for decades (Parrish et al., 1998).   In fact, a third of 

the world’s population is estimated to carry latent M. tuberculosis, a large reservoir 

leading to new infections and transmission of tuberculosis.  For persistently infected 

individuals, the lifetime risk of developing reactivation tuberculosis disease is 2-23%.  

This risk increases to 10% annually in patients with a compromised immune system, such 

as those co-infected with HIV, itself a devastating health problem (Zahrt, 2003).  The 

World Health Organization estimates that 13 million individuals are co-infected with 

HIV and M. tuberculosis, and tuberculosis is the leading killer of HIV-infected people 

(WHO, 2008). 

 

Several problems exist with current therapies for tuberculosis.  The M. bovis bacille 

Calmette-Guerin (BCG) vaccine is efficacious against severe forms of tuberculosis in 

children, but it confers inadequate protection against the widely prevalent pulmonary 

tuberculosis to adults (Fine, 1995).  Existing tuberculosis drugs are slow-acting, requiring 

a six to nine month treatment duration; toxic to the liver, leading to poor patient 

compliance with the therapeutic regimen; and ineffective against drug-resistant strains of 

M. tuberculosis, which are on the rise.  Strains with mutations conferring resistance to all 

the first-line antibiotics (isoniazid, rifampicin, ethambutol, pyrazinamide and 

streptomycin) as well as the second-line antibiotics (fluoroquinolones, ethionamide, 

cycloserine, para-aminosalicylic acid, capreomycin, kanamycin and amikacin) have been 
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identified (Sacchettini et al., 2008).  Extensively drug resistant (XDR) strains of M. 

tuberculosis can cause widespread fatalities, as occurred in a 2005 outbreak in South 

Africa in which nearly every infected individual died (Gandhi et al., 2006).  Furthermore, 

anti-tuberculosis drugs target cellular processes occurring in actively growing bacteria, 

such as DNA, RNA, protein and cell wall synthesis, and are thus largely ineffective 

against latent M. tuberculosis.  Under the current standard of care, over 90 million people 

are estimated to die of tuberculosis in the next 30 years (Zahrt, 2003).  It is essential to 

learn more about the lifestyle of this pathogen and its interaction with the host, in order to 

develop new vaccines and medicines to treat this disease. 

 

M. tuberculosis has evolved numerous strategies to evade host immune responses. 

Following infection by inhalation, M. tuberculosis is taken up by host lung macrophages 

and resides within vesicles known as phagosomes.  Macrophages and T cells are key 

immune cells with an arsenal of anti-pathogen mechanisms.  Cytokines such as TNF-α, 

IL-6, IL-12 and IFN-γ are produced, activating T cells and infected macrophages.  

Macrophage nitric oxide synthase and phagosomal oxidase are induced, producing 

reactive nitrogen and oxygen intermediates respectively, both of which are toxic to 

bacteria.  In addition, phagosomes fuse with lysosomes, which degrade the pathogen 

(Russell, 2003).  However, M. tuberculosis suppresses all these mechanisms, continuing 

to live in phagosomes (Beltan et al., 2000).  M. tuberculosis possesses a formidable cell 

wall containing the complex lipids phthiocerol dimycocerosate and phenolic glycolipid, 

which are essential virulence determinants (Camacho et al., 1999; Cox et al., 1999).  

These lipids inhibit prodction of the cytokines IL-6 and TNF-α (Reed et al., 2004; 
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Rousseau et al., 2004).  In addition, the M. tuberculosis protein KatG is a catalase-

peroxidase that can inactivate reactive oxygen, while the mycobacterial proteasome 

appears to confer resistance to reactive nitrogen intermediates, perhaps by degrading or 

refolding proteins damaged by these chemicals (Li et al., 1998; Darwin et al., 2003).  

Further, M. tuberculosis can arrest the maturation of phagosomes at an early endosomal 

state, preventing their acidification and fusion with lysosomes (Russell, 2003). 

 

M. tuberculosis also manipulates its environment within the host by secreting virulence 

factors using a variety of protein secretion systems.  The SecA1 general secretion system 

exports unfolded housekeeping proteins containing classical N-terminal signal peptides 

that are up to 60 amino acids in length and comprise charged, hydrophobic and polar 

regions (Champion and Cox, 2007).  In addition, M. tuberculosis has an accessory Sec 

system involving the protein SecA2 that, it has been suggested, may be specifically 

activated in the host, as the secA2 mutant is attenuated in macrophage and mouse 

infections but not in liquid culture (Braunstein et al., 2003; Kurtz et al., 2006).  

Macrophages mount an elevated inflammatory immune response to the secA2 mutant, 

suggesting that SecA2 may function similarly in M. tuberculosis and in the Gram-

positive human pathogen Listeria monocytogenes, in which SecA2 secretes enzymes that 

digest peptidoglycan and lead to a more favorable innate immune environment for the 

bacteria (Kurtz et al., 2006; Lenz et al., 2003).  Alternatively, SecA2 may export post-

translationally modified proteins that SecA1 cannot accommodate, thus resembling the 

Streptococcus gordonii SecA2, which secretes the highly glycosylated adhesion molecule 

GspB (Bensing and Sullam, 2002; Bensing et al., 2005).  Glycine residues in the 
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hydrophobic region of the signal peptide may direct GspB to the SecA2 instead of the 

SecA1 pathway (Bensing et al., 2007).  A third secretion system in M. tuberculosis is the 

essential twin-arginine transporter (Tat) pathway (Champion and Cox, 2007).  This 

system exports folded substrates with N-terminal signal peptides containing two arginines 

followed by two uncharged amino acids (Berks, 1996).  Substrates of the Tat system 

include four phospholipase C enzymes, which may modulate host signaling pathways or 

generate lipids that M. tuberculosis can utilize from host membranes (McDonough et al., 

2008; Munoz-Elias and McKinney, 2006).   

 

Interestingly, M. tuberculosis exports several key protein virulence factors that lack 

prototypical N-terminal signal sequences, suggesting that they are secreted by an 

alternative secretion system.  Alternative protein secretion pathways are used by many 

bacterial pathogens to create a more favorable host environment for bacterial survival.  

Some of the best studied such systems are the Type III and Type IV pathways.  The Type 

III system injects proteins directly into host cells via a needle complex anchored in the 

bacterial envelope (Galan and Wolf-Watz, 2006).  While the base of the needle complex 

is secreted by the Sec pathway, secretion of the needle components occurs via Type III 

secretion until optimal length has been reached, following which the system switches to 

export of effector proteins.  Type III substrates have an unstructured and highly variable 

N-terminal signal sequence, suggesting that binding by specific cytosolic chaperones 

directs substrates to the needle complex.  A specific ATPase then dissociates the 

chaperone and perhaps provides energy for substrate translocation through the translocon.  

Transcription and assembly of Type III secretion components is tightly regulated, for 
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instance by low calcium and binding to host cholesterol (Schlumberger and Hardt, 2006).  

The Gram-negative pathogen Salmonella enterica has two Type III secretion systems, 

encoded in distinct regions known as pathogenicity islands.  The first system secretes 

effectors that facilitate host cell invasion, while the second suppresses immune responses 

and promotes bacterial spread.  Among the numerous Type III substrates are the short-

lived SopE, which activates host Cdc42 and RacI, leading to actin polymerization and 

membrane ruffling, and the more stable SptP, which inactivates Cdc42 and RacI, thus 

turning off ruffling after invasion is complete (Kubori and Galan, 2003).  Similarly, the 

Type IV system also transports proteins and DNA directly into the host cytosol through a 

pilus (Backert and Meyer, 2006).  Substrates of this system contain unstructured C-

terminal signals and are delivered to the secretion machine via ATPases of the 

SpoIIIE/FtsK family known as coupling proteins (Champion and Cox, 2007).  The 

bacterial pathogens Helicobacter pylori and Bordetella pertussis use this pathway to 

secrete the virulence factors CagA and pertussis toxin, respectively (Backert and Meyer, 

2006). 

 

Although M. tuberculosis does not contain Type III or IV secretion systems, it exports 

several proteins through the unique Type VII or ESX-1 secretion system, which is an 

essential virulence determinant (Guinn et al., 2004; Hsu et al., 2003; Stanley et al., 2003).  

To date, six substrates of this system have been identified – ESAT-6, CFP-10, EspA, 

EspB, EspC and EspR (Fortune et al., 2005; McLaughlin et al., 2007; MacGurn et al., 

2005; Raghavan et al., 2008).  Unusually, secretion of all six substrates is mutually 

dependent, complicating analysis of the role of individual substrates.  Work in M. 
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tuberculosis and the related non-pathogenic, soil-growing mycobacterium M. smegmatis 

has shown that the products of the genes Rv3870, Rv3871, Rv3877, Rv3866, Rv3869, 

Rv3882c and mycP1 are components of the ESX-1 secretion machinery (Stanley et al., 

2003; Converse and Cox, 2005).  ESAT-6 forms a tight 1:1 dimer with CFP-10, which 

has a C-terminal signal sequence that allows it to be recognized by Rv3871 protein and 

perhaps directed to the intramembrane secretion machinery (Champion et al., 2006).  

Since Rv3871 and Rv3870 proteins contain SpoIIIE/FtsK-like ATPase domains, they 

may use ATP to push the ESX-1 substrates through a pore formed by the 11-

transmembrane protein Rv3877.   The ESX-1 system has several mechanistic parallels 

with the Type III and IV secretion systems.  First, substrates of all three systems have 

unstructured transport signals.  Second, secretion of substrates requires chaperones and, 

interestingly, those involved in Type IV secretion are encoded by the gene adjacent to 

that encoding the substrate, and are secreted along with the substrate.  Third, both ESX-1 

and Type IV secretion utilized SpoIIIE/FtsK-like ATPases to promote interaction 

between substrates and the machine and, perhaps, to aid translocation of substrates across 

the membrane (Champion and Cox, 2007). 

 

Mutants in the ESX-1 system components or substrates are attenuated in macrophages 

and mice, elicit higher cytokine induction, and fail to arrest phagosome maturation 

(Stanley et al., 2003; MacGurn and Cox, 2007).  Interestingly, despite being essential for 

virulence, ESAT-6 is also highly immunogenic (Brodin et al., 2004).  Thus it is likely 

that tight regulation of ESX-1 secretion is important for mycobacterial survival.  

However, to date only one point of ESX-1 control has been identified: EspR is a DNA-
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binding protein that promotes transcription of the EspA and EspC genes Rv3616c and 

Rv3615c, and is itself secreted by the ESX-1 system, leading to a reduction in cellular 

levels (Raghavan et al., 2008).  In addition, the roles of the different components of the 

ESX-1 system machinery have not been elucidated. 

 

My thesis focused on the ESX-1 component MycP1, which is predicted to be a subtilisin-

like serine protease (Brown et al., 2000; Dave et al., 2002).  We showed that MycP1 has 

protease activity and is essential for ESX-1 function in M. tuberculosis, as secretion is 

abolished in the absence of the protein.  However, MycP1 plays an unexpected second 

role in regulating ESX-1 secretion, as inactivation of MycP1 causes over-secretion of 

ESX-1 substrates.  This increased secretion is sensed by infected macrophages, which 

induce a heightened Type I interferon response.  In addition, we identify the substrate of 

MycP1 protease as EspB, which is secreted by the ESX-1 system.  We hypothesize that 

full-length EspB is required for ESX-1 secretion and that its cleavage by MycP1 

functions to inhibit secretion.  A compelling rationale for tight control of the ESX-1 

secretion system is that its key substrates, ESAT-6 and CFP-10, are both essential for 

virulence as well as highly immunogenic.  The constitutive ESAT-6 secretion caused by 

inactivation of MycP1 could prime T cells to generate a stronger immune response 

against M. tuberculosis during chronic infection, a potential outcome with promising 

implications for tuberculosis vaccine development.   
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Introduction 

 

Like many pathogenic bacteria, M. tuberculosis secretes protein virulence factors into 

host cells in order to create a more favorable niche for replication and survival.  To do 

this M. tuberculosis uses a variety of protein secretion systems, including the alternative 

“Type VII” ESX-1 secretion system.  The ESX-1 system includes the multi-

transmembrane domain protein, Rv3877, two SpoIIIE/FtsK-like ATPase domain-

containing proteins, Rv3871 and Rv3870, and a putative protease, MycP1.  The Type VII 

system exports several key protein virulence factors, including ESAT-6 and CFP-10, 

which has a C-terminal signal sequence via which it interacts with the cytosolic Rv3871 

protein, which itself interacts with the membrane-bound Rv3870 protein (Champion et 

al., 2006; Stanley et al., 2003).  Based on sequence analysis we speculate that Rv3871 

and Rv3870 may use ATP to push the ESX-1 substrates through a pore formed by 

Rv3877.  However, none of these hypotheses have been tested in vitro, and the roles of 

the different components of the ESX-1 system machinery remain unclear. 

 

In contrast to ESX-1 in M. tuberculosis, the “Type II” Sec secretion system in E. coli has 

been extensively characterized, both genetically and biochemically.   In vitro 

translocation assays using inverted membrane vesicles and reconstituted proteoliposomes 

have yielded a wealth of mechanistic detail (Tokuda, 1994).  First, the proteins SecY, 

SecE and SecA were shown to be directly involved and essential for translocation.  In 

addition, the assays could distinguish between these essential components and 

stimulatory proteins such as SecG.  Cross-linking experiments pinpointed that the N-
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terminal region of SecA binds to the presecretory protein and ATP, while studies using 

spheroplasts showed that SecD may facilitate the release of translocated proteins from the 

outer membrane, as antibody-mediated inhibition of SecD inhibited secretion of MBP 

and OmpA.  Finally, in vitro translocation assays allowed examination of the energy 

requirements for secretion, and showed that ATP drives the initiation of translocation 

while proton motive force is required for completion of the process.  Development of a 

similar in vitro translocation assay in M. tuberculosis would be very useful for in-depth 

characterization of the components of mycobacteria-specific secretion systems such as 

ESX-1.   

 

A particularly interesting component of the ESX-1 system is the putative subtilisin-like 

serine protease, MycP1 (Brown et al., 2000; Dave et al., 2002).  Proteases are known 

regulators of multiple biological pathways, suggesting that MycP1 could perhaps 

modulate ESX-1 secretion.  Such regulation is likely to be essential for M. tuberculosis 

survival, since a key substrate of the ESX-1 system, ESAT-6, is essential for virulence as 

well as highly immunogenic, so it is likely that its export would be tightly controlled.  

Previous work in our laboratory showed that EspR, a DNA-binding protein that promotes 

expression of the EspA and EspC genes Rv3616c and Rv3615c, and is itself secreted by 

the ESX-1 system, is a point of transcriptional regulation of ESX-1 (Raghavan et al., 

2008).  We hypothesized that MycP1 could exert control over ESX-1 post-translationally.  

Therefore we explored various possible roles of MycP1 in ESX-1 secretion. 
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Reconstitution of ESX-1 secretion in vitro 

 

Since ESX-1 secretion has only been studied in vivo, we aimed to develop an in vitro 

translocation assay that would allow more in-depth characterization of the ESX-1 system.  

The translocation assay would use inverted membrane vesicles (IMV), in which the 

mycobacterial inner membrane would be facing “out”.  To these IMV we could add an 

ESX-1 substrate such as recombinant ESAT-6 and other secretion requirements such as 

ESX-1 system components and energy sources.  If ESAT-6 were to be successfully 

translocated into the IMV, it would be protected from treatment with a protease added 

exogenously.  Translocation could be monitored by visualizing ESAT-6 via SDS-PAGE 

and Western blotting.  This assay would allow us to dissect the energy requirements of 

ESX-1 secretion as well as the exact roles of the system components. 

 

We generated IMV from the soil-dwelling mycobacterium M. smegmatis, as it contains a 

fully functional ESX-1 secretion system (Converse and Cox, 2005).  Since it is non-

pathogenic, it is more biochemically tractable than M. tuberculosis, making it a useful 

model system for studying M. tuberculosis secretion.  Mycobacteria possess a thick cell 

wall comprised of peptidoglycan, arabinogalactan and mycolic acids, which would 

interfere with IMV production.  Therefore we first generated M. smegmatis spheroplasts 

using a protocol modified from Witholt et al. (1976).  Bacterial cultures were passaged 

through 7H9 and Sauton’s media, followed by growth in 1% glucose, 4% glycine and 

0.18 mg/ml ethambutol for one doubling time (4 hours).  Glycine may affect mycolic acid 

attachment to the cell wall, while ethambutol interferes with arabinogalactan synthesis 
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(Jang et al., 1997; Belanger et al., 1996).  Glucose serves as an osmoprotectant.  Bacteria 

were then resuspended in phosphate-buffered saline with 1% glucose and 5 mg/ml 

lysozyme for one doubling time, in order to break down peptidoglycans.  Spheroplast 

formation was tested by diluting them 1:50 in water and recording their optical density at 

450 nm for 4 minutes.  Dilution in water induces an osmotic shock that should lyse 

spheroplasts but not healthy mycobacteria, leading to an up to 85% drop in OD450 in 10 

seconds.  We observed a maximal decrease of 60% in 10 seconds.  Spheroplasts could be 

stored at -70°C in the presence of glycerol. 

 

Inverted membrane vesicles were generated from the M. smegmatis spheroplasts.  

Following addition of protease inhibitors, the spheroplasts were lysed by suspension in 

60 ml of ice-cold 20 mM EDTA (pH 7.2) containing 1mM dithiothreitol (DTT).  

Subsequent steps were carried out at 0-4°C.  The suspension was passed through a French 

pressure cell at 7500 lb/in2 in order to complete lysis, shear released DNA, disrupt 

membrane aggregates, and invert membrane vesicles.  The suspension was centrifuged at 

7000 RCF for 5 min to remove large debris, and the resulting supernatant was added to a 

two-step sucrose gradient comprised of 1 ml each of 0.5 M and 1.4 M sucrose in 20 mM 

EDTA and 1 mM DTT.  Centrifugation in a Beckman SW41 rotor at 37,000 RPM for 3 

hours caused most of the outer membrane fraction to sediment through the sucrose 

cushion.  The visible interface band (mostly inner membrane) was collected and added to 

a five-step sucrose gradient: 0.6 M to 1.4 M, also in 20 mM EDTA and 1mM DTT.  

Centrifugation for 17-18 hours yielded two visible bands toward the bottom of the 

gradient.  The visible bands were collected and diluted fourfold with 10 mM Tris-HCl 
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(pH 7.6), 50 mM KCl, 10 mM Mg diacetate and 1 mM DTT.  The suspension was 

centrifuged at 160,000 RCF for 75 min, and pelleted membrane was dispersed in minimal 

volume of the same buffer.  IMV could be stored at -70°C, and membrane concentration 

could be measured by A280 in 2% SDS. 

 

In addition to IMV, our in vitro translocation assay contained the recombinant ESX-1 

substrates ESAT-6 and CFP-10, M. smegmatis or M. tuberculosis whole cell lysates from 

wild-type or esx mutant bacteria, an ATP-regenerating system consisting of pyruvate 

kinase and phosphoenolpyruvate, and all four NTPs.  The assay was performed as a time 

course up to 16 hours and stopped by addition of 0.1M EDTA.  Successful translocation, 

and hence protection, of ESAT-6 and CFP-10 was tested by addition of proteinase K, and 

this treatment was stopped by boiling.  ESAT-6 was visualized by SDS-PAGE followed 

by Coomassie staining or Western blotting with antibodies to ESAT-6.  Unfortunately, 

ESAT-6 was not protected at any time point or reaction condition tested, suggesting that 

the assay was flawed.  However, the spheroplasting protocol could be utilized in the 

future, for instance, for study of membrane-bound proteins whose active domains are 

predicted to be outside the cell membrane.  
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MycP1 and the search for its substrate 

 

The majority of my thesis work has focused on one component of the ESX-1 secretion 

system: the subtilisin-like serine protease MycP1.  In order to determine the role of 

MycP1 in this pathway, we sought to identify its substrate(s).  We used both candidate 

and broad-based approaches toward substrate identification.  

 

I.  Candidate approach 

Many eukaryotic subtilisin-like proteases function to process pro-proteins to their active 

forms (Bergeron et al., 2000).  We therefore hypothesized that MycP1 could function to 

cleave inactive precursors of the ESX-1 system components, activating them.  We 

visualized HA-tagged ESX-1 proteins in M. smegmatis wild-type versus the mycP1 

deletion mutant (∆mycP1) by SDS-PAGE followed by Western blotting with antibodies 

to HA.  Cleavage by MycP1 in wild-type bacteria would lead to a detectable mobility 

shift.  However, no mobility shift was observed in the Sm3866, Sm3869, Sm3870, 

Sm3871, Sm3882c or MycP1 proteins (Figure 1).  Cleavage of the putative pore, 

Sm3877, could not be tested by this method as HA-tagged Sm3877 is not expressed.  We 

concluded that MycP1 does not cleave any of the ESX-1 system components. 
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II.  Broad-based approach 

Having ruled out the ESX-1 components as substrates of MycP1, we formulated a more 

comprehensive approach to identify MycP1 substrates.  We aimed to use mass 

spectrometry to identify proteins that have differential sizes in M. smegmatis wild-type 

versus ∆mycP1 cells due to cleavage by MycP1.  To select these proteins, we compared 

secreted and cellular proteins from wild-type versus ∆mycP1 cells using two-dimensional 

gel electrophoresis (2D-GE), and excised spots that differ in abundance or position on the 

gel between the two samples. 

 

Our protocol for 2D-GE is as follows; all reagents and instruments were obtained from 

Biorad.  M. smegmatis cultures were passaged through 7H9 and Sauton’s media, 

following which supernatants and pellets were collected by centrifugation.  Supernatants 

were filtered through a 0.22 µM membrane and concentrated.  Pellets were lysed by 

bead-beating, ultracentrifuged at 100,000 RCF for 2 hours, and treated with RNase and 

DNase.  Supernatants and whole cell lysates were quantitated by BCA assay, and equal 

volumes of wild-type and ∆mycP1 samples were treated with the 2D Cleanup Kit.  

Samples were resuspended in buffer containing urea, CHAPS and ampholytes of the 

desired pH range (usually pH 3-6) and used to rehydrate 17 cm isoelectric focusing (IEF) 

strips overnight.  The IEF strips were focused for 40,000 Volt-hours up to a final voltage 

of 8,000V, then overlaid on 10-20% SDS-PAGE gels and resolved.  Proteins were 

visualized by staining with mass spectrometry-compatible Coomassie or Sypro stains.  

Protein spots of interest were excised and identified by mass spectrometry in 

collaboration with Dr. Justin Blethrow (UCSF). 
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We identified two proteins that differed in abundance between M. smegmatis wild-type 

and ∆mycP1 secreted protein fractions (Figure 2).  The first, Mpt64 (24.8kDa, pI 4.53), 

elicits T cell responses in mice and humans infected with M. tuberculosis (Andersen et 

al., 1991; Roche et al., 1994).  The second, GarA (16.6kDa, pI 4.35), is a substrate of the 

protein kinases PknB and PknG, is secreted in full-length and truncated forms, and 

regulates glutamate metabolism and glycogen accumulation (O’Hare et al., 2008; 

Villarino et al., 1995; Belanger and Hatfull, 1999).  However, GarA was not cleaved by 

MycP1 in vitro, and Mpt64 did not differ in abundance in subsequent gels.  Therefore we 

concluded that neither protein was the substrate of MycP1 in vivo. 

 

 

Testing a potential alternative function for MycP1 

 

Two-dimensional gel electrophoresis and mass spectrometry experiments on M. 

tuberculosis secreted protein fractions suggest that ESAT-6 and CFP-10 undergo various 

post-translational modifications upon secretion, as more than one species of each protein 

is detectable.  The modifications of the different CFP-10 species have not been identified, 

but ESAT-6 was shown to be secreted in both acetylated and nonacetylated forms, and to 

lose its N-terminal methionine residue upon secretion (Okkels et al., 2004; S. A. Stanley, 

J. A. MacGurn and J. S. Cox, unpublished data).  Though ESAT-6 normally forms a tight 

1:1 dimer with CFP-10, 2D blot overlay assays showed that CFP-10 failed to interact 

with acetylated ESAT-6, suggesting that acetylation may cause dissociation of these two 

proteins (Renshaw et al., 2002; Okkels et al., 2004).  However, the protein that catalyzes 
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this acetylation has not been identified.  A clue to a possible M. tuberculosis 

acetyltransferase came from work on the Yersinia Type III secretion system substrate, 

YopJ, which resembles a cysteine protease by sequence analysis but actually acetylates 

MAPKK6 (Mukherjee et al., 2006).  Since we had not yet identified a proteolytic 

substrate of MycP1, we decided to test the possibility that MycP1 could function to 

acetylate ESAT-6.   

 

We tested for MycP1 acetyltransferase activity using similar methods as those used to 

study YopJ.  YopJ was shown to acetylate its substrate in vitro and by mass spectrometry, 

while mutation of its catalytic cysteine residue to alanine abolished its acetyltransferase 

activity (Mukherjee et al., 2006).  We had previously constructed a M. tuberculosis 

mycP1 deletion mutant (∆mycP1) and complemented it with an inactive form of MycP1 

whose catalytic serine residue had been mutated to alanine.  In collaboration with Dr. 

Gerard Cagney (UCSF) we conducted a mass spectrometry analysis of secreted ESAT-6 

from wild-type bacteria versus ∆mycP1 mutant bacteria complemented with inactive 

MycP1.  ESAT-6 was acetylated in both samples.  We also performed an in vitro 

acetylation assay using recombinant His-tagged ESAT-6:CFP-10, 14C-acetyl CoA and 

wild-type or inactive MycP1.  No acetylation of ESAT-6 was observed.  Finally, we used 

2D-GE to visually compare secreted protein fractions from wild-type bacteria versus 

∆mycP1 bacteria complemented with inactive MycP1.  Identical ESAT-6 species were 

observed in both fractions, though differing species of CFP-10 were seen (Figure 3), 

suggesting that MycP1 may have some role in post-translationally modifying CFP-10.  It 
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would be interesting to determine the nature of these modifications and the role, if any, 

they play in CFP-10 secretion or function. 

 

 

Further characterization of the role of MycP1 

 

Later in my thesis work we made the surprising discovery that while ESX-1 secretion is 

abolished in the absence of MycP1, removal of MycP1 protease activity leads to 

enhanced secretion of ESX-1 substrates.  This work is discussed in detail in Chapter 3.  

We hypothesized that MycP1 protein may be required for ESX-1 machine assembly but 

that its protease activity may negatively regulate secretion.  Interestingly, Western 

blotting experiments of MycP1 protein in whole cell lysates of M. smegmatis ∆mycP1 

revealed that inactive MycP1 was more abundant than wild-type MycP1.  We therefore 

speculated that MycP1 protease activity could be downregulating ESX-1 secretion by 

reducing the abundance of MycP1 protein and hence the number of competent ESX-1 

secretion machines.  Below I discuss two potential ways in which this could occur.    

 

I.  MycP1 may degrade itself 

Wild-type but not inactive MycP1 could hydrolyze itself, reducing its abundance and 

hence availability to form secretion machines.  If this were the case, inactive MycP1 

would have a longer half-life than wild-type MycP1.  To estimate half-lives, we inhibited 

protein translation by addition of amikacin to 50 ml cultures of M. smegmatis ∆mycP1 

complemented with HA-tagged wild-type or inactive MycP1, following which we took 
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10 ml aliquots at 10 minute intervals.  We made whole cell lysates from these samples 

and visualized MycP1-HA by quantitative Western blotting using antibodies against HA 

(Figure 4A).  The cytosolic protein KatG was used as a loading control.  For each 

timepoint we quantified MycP1-HA band intensity using Licor reagents and normalized 

to KatG band intensity; this is plotted in Figure 4B.  The experiment was carried out for 

up to 6.5 hours post translation inhibition (data not shown).  We observed that wild-type 

and inactive MycP1 had similar half-lives in ∆mycP1 mutant cells, suggesting that 

MycP1 does not degrade itself.   

 

II.  MycP1 may downregulate its own transcription 

A second way in which MycP1 could reduce its abundance is by negatively regulating its 

own transcription.  Proteases are known to affect transcription: for instance, the E. coli 

protease DegS promotes transcription of sigma E-responsive genes by cleaving and 

inactivating the anti-sigma factor RseA (Walsh et al., 2003).  We used quantitative real 

time PCR to measure transcript abundance of wild-type versus inactive MycP1 in 

∆mycP1 mutants of M. smegmatis and M. tuberculosis.  Interestingly, we observed that 

RNA expression of inactive MycP1 was twice that of wild-type in M. smegmatis (Figure 

5A), suggesting that MycP1 may indeed downregulate its own transcription and hence its 

protein expression.  However, transcripts of wild-type and inactive MycP1 were equally 

abundant in M. tuberculosis (Figure 5B), so we did not pursue this further. 
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Lysis of macrophages by protease-dead MycP1 M. tuberculosis 

 

Wild-type M. tuberculosis causes significantly greater lysis of infected macrophages than 

do ESX-1 mutants, as measured by LDH release assay (Figure 6A; E. C. Mathew and J. 

S. Cox, unpublished data).  We sought to determine the effects of ESAT-6 over-secretion 

on macrophage cell death by two methods: (i) lactate dehydrogenase (LDH) release assay 

and (ii) direct observation of fluorescently stained macrophage nuclei, following 

infection with wild-type, ∆mycP1 as well as wild-type and protease-dead complemented 

strains.   

 

For LDH release assays, 2 x 106 macrophages were infected with M. tuberculosis strains 

at an MOI of 10.  Twenty-four hours post infection the media were collected and filter-

sterilized.  Fresh media were added and the macrophages were lysed by three freeze-thaw 

cycles on dry ice and warm water.  The media was then collected and filter-sterilized.  

The LDH release assay was performed according to manufacturer’s instructions using the 

CytoTox 96 non-radioactive cytotoxicity assay kit (Promega).  For fluorescence 

microscopy, 2 x 105 macrophages were seeded onto coverslips pre-treated with poly L-

lysine (Sigma) and infected in duplicate with M. tuberculosis strains at an MOI of 10.  

Twenty-four hours post infection the cells were fixed in 4% paraformaldehyde for 30 

minutes and mounted in ProLong Gold Antifade Reagent containing DAPI (Invitrogen), 

and the nuclei were visualized using an Axiovert 200M fluorescence microscope (Zeiss).   
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As expected, we observed by fluorescence microscopy that fewer macrophages survive 

infection with wild-type M. tuberculosis or ∆mycP1 complemented with wild-type 

MycP1, than with ∆mycP1 bacteria (Figure 6B).  Surprisingly, we observed that ∆mycP1 

complemented with protease-dead MycP1 caused less macrophage cell death, as 

measured by LDH release assay (Figure 6A) or direct observation, than wild-type or wild-

type-complemented bacteria (Figure 6A and B).  This suggested that perhaps 

macrophages are able to sense protease-dead-complemented M. tuberculosis more 

efficiently and induce antibacterial mechanisms that compromise the survival of this 

strain.  However, subsequent experiments did not yield convincing results, leaving this 

intriguing hypothesis unresolved. 

 

In summary, my early thesis work comprised of initial characterization of the ESX-1 

secretion system, in particular the protease MycP1.  We first attempted to develop an in 

vitro translocation assay to biochemically dissect the ESX-1 system.  Although the assay 

was flawed, we did develop a protocol for making mycobacterial spheroplasts, which 

could be used to study proteins anchored in the cell membrane with active sites outside 

the membrane.  We then focused on one component of the ESX-1 system, the putative 

protease MycP1, whose substrates and role are unknown.  First, we used two 

complementary strategies to identify its substrate(s): a directed examination of other 

ESX-1 system components and a comprehensive comparison of all detectable proteins, in 

wild-type versus ∆mycP1 bacteria.  These approaches did not yield information on 

MycP1 substrates, but led to an optimized protocol for two-dimensional gel 

electrophoresis in mycobacteria.  Second, we confirmed that MycP1 is not responsible for 
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acetyl transfer to ESAT-6, although it may modify CFP-10 in some way.  Third, we 

investigated two potential mechanisms by which MycP1 could both positively and 

negatively regulate ESX-1 machine assembly and hence ESX-1 secretion, perhaps by 

regulating its own abundance.  We showed that MycP1 does not degrade itself or inhibit 

its own transcription in M. tuberculosis, suggesting that it regulates ESX-1 secretion by 

some other mechanism.  Fourth, we studied the effect of the enhanced ESX-1 secretion 

caused by inactivating MycP1 on lysis of macrophages by M. tuberculosis, and found 

that macrophage lysis may be reduced in this strain.  
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Figure 2.1.  MycP1 does not cleave ESX-1 system components.   

Western blot detection of HA-tagged ESX-1 system components Sm3870, Sm3871, 

Sm3869, Sm3882c and Sm3866 in M. smegmatis whole cell lysates from wild-type and 

∆mycP1 strains. 
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Figure 2.2.  Comparison of M. smegmatis wild-type versus ∆mycP1 secreted protein 

fractions.   

Proteins in the pH 3-6 isoelectric range were resolved by two-dimensional gel 

electrophoresis and visualized using Sypro stain.  Differentially abundant spots in wild-

type versus ∆mycP1 were identified by mass spectrometry as GarA (spot 1) and Mpt64 

(spot 2). 
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Figure 2.3.  Comparison of M. tuberculosis wild-type versus ∆mycP1 + MycP1 S332A 

secreted protein fractions.   

Proteins in the pH 3.9-5.1 isoelectric range were resolved by two-dimensional gel 

electrophoresis and visualized using Sypro stain.  Differentially abundant spots in wild-

type versus ∆mycP1 expressing inactive MycP1 S332A were identified based on previous 

mass spectrometry analysis by Okkels et al. (2004) and S. A. Stanley, J. A. MacGurn and 

J. S. Cox (unpublished).  Circled proteins are Mpt64 (spot 1), CFP-10 species (spots 2-4), 

acetylated ESAT-6 (spot 5), non-acetylated ESAT-6 (spot 6), EsxO (spot 7), EsxL (spot 

8) and EsxW (spot 9).  Spots 10 and 11 were not identified. 
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Figure 2.4.  MycP1 does not degrade itself.   

M. smegmatis ∆mycP1 expressing HA-tagged wild-type MycP1 or protease-dead 

MycP1S334A was treated with amikacin (AMI) to inhibit translation, following which 

culture aliquots were taken at 10-minute intervals.  (A) MycP1 levels over time were 

visualized using antibodies to HA.  (B) MycP1 abundance relative to KatG was 

quantified using a quantitative secondary antibody followed by densitometry. 
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Figure 2.5.  MycP1 may downregulate its own transcription in M. smegmatis but not in 

M. tuberculosis. 

Transcription of MycP1 in M. smegmatis or M. tuberculosis ∆mycP1 expressing wild-

type or protease-dead MycP1 was measured by quantitative RT-PCR.  mRNA copy 

number was expressed relative to that of 16S mRNA.  (A) Protease-dead MycP1 S334A 

is expressed at levels twice that of wild-type MycP1 in M. smegmatis.  (B) Wild-type and 

protease-dead MycP1 S332A are expressed to comparable levels in M. tuberculosis. 
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Figure 2.6.  The M. tuberculosis ∆mycP1 mutant expressing protease-dead MycP1 may 

cause reduced lysis of macrophages. 

(A) Bone marrow-derived macrophages were infected, and LDH concentrations in 

macrophage supernatants and monolayers were measured by cytotoxicity assay.   

(B) Macrophages seeded on coverslips were infected, fixed, mounted in medium 

containing DAPI, and visualized by fluorescence microscopy. 
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Chapter 3. 

MycP1 protease plays a dual role in regulation of M. tuberculosis ESX-1 secretion 
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Introduction 

 

Mycobacterium tuberculosis, the causative agent of human tuberculosis, infects 2 billion 

people, causing 2 million deaths every year (Hingley-Wilson et al., 2003).  Its ability to 

manipulate the host environment by exporting molecules that allow evasion or control of 

host immune responses contributes greatly to its success as a pathogen.  A key M. 

tuberculosis virulence determinant is the “Type VII” ESX-1 secretion system, which 

transports protein virulence factors into host cells (Stanley et al., 2003; Lewis et al., 2003; 

Guinn et al., 2004; Abdallah et al., 2007).  ESX-1 secretion is required for early 

replication and full virulence in macrophages and mice and has multiple effects on host 

cells.  The ESX-1 substrates ESAT-6 and CFP-10, encoded by the genes esxA and esxB, 

are required to inhibit phagosome maturation and cytokine signaling by infected 

macrophages (Stanley et al., 2003; Hsu et al., 2003; Pathak et al., 2007).   

 

The mechanism by which ESX-1 substrates affect host cells is not well understood, but 

mounting evidence indicates that they alter innate immune signaling.  ESX-1 substrates 

both inhibit and provoke different immune responses, although which of these is active 

during infection is not known.  ESAT-6 has been shown to directly interact with the 

macrophage immune receptor TLR2 and thus inhibit TLR signaling (Pathak et al., 2007).  

However, multiple groups have demonstrated that ESAT-6 may form pores in 

membranes, perhaps facilitating bacterial spread (Hsu et al., 2003; Smith et al., 2008).  

Additional evidence for this pore formation is the activation by M. tuberculosis of the 

cytosolic signaling response, which requires entry of bacterial components into the host 
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cytosol (Shi et al., 2005; Charrel-Dennis et al., 2008; Stetson and Medzhitov, 2006).  

Type I IFNs, which function in antiviral defense, regulation of the immune response, 

control of cell growth and modulation of apoptosis (Taki, 2002).  Type I IFN induction is 

dependent on the ESX-1 secretion system (Stanley et al., 2007).  M. tuberculosis elicits 

Type I IFN production via an as yet unidentified receptor, leading to phosphorylation of 

the IFN regulatory factor (IRF-3) transcription factor, which then promotes transcription 

of genes such as IFN-β and interferon-induced protein with tetratricopeptide repeats 1 

(IFIT1).   

 

Studies in M. tuberculosis and related mycobacteria have helped identify the components 

and substrates of the ESX-1 system.  The proteins Rv3870, Rv3871 and Rv3877 were 

shown to be components of the secretion machinery in M. tuberculosis, while in M. 

smegmatis homologs of the proteins Rv3866, Rv3869, Rv3882c and MycP1 were also 

shown to be required for ESAT-6 secretion (Stanley et al., 2003; Guinn et al., 2004; Hsu 

et al., 2003; Converse and Cox, 2005).  The machine components are predicted to be 

either cytosolic or membrane-bound, and are themselves not secreted.  Four substrates of 

the ESX-1 system have been identified, in addition to ESAT-6 and CFP-10 – EspA, 

EspB, EspC and EspR (Fortune et al., 2005; MacGurn et al., 2005; McLaughlin et al., 

2007; Xu et al., 2007; Raghavan et al., 2008; J. A. MacGurn and J. S. Cox, unpublished 

data).  An unusual feature that distinguishes ESX-1 from other systems is that secretion 

of all substrates except EspR is mutually dependent (Fortune et al., 2005).  That is, 

secretion of any one of these substrates requires the secretion of all the other substrates.  

ESAT-6 forms a tight dimer with CFP-10, which has a C-terminal signal sequence that 
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allows it to be recognized by Rv3871 protein and perhaps directs it to the intramembrane 

secretion machinery (Renshaw et al., 2002; Champion et al., 2006).  The ATPases 

Rv3871 and Rv3870 and the putative pore, Rv3877, likely form a multi-component 

complex.  However, the roles of the other components of the ESX-1 system machinery 

have not been characterized. 

 

Interestingly, despite being essential for virulence, ESAT-6 is also highly immunogenic 

(Brandt et al., 2000; Colangeli et al., 2000; Coler et al., 2001; Dietrich et al., 2006).  

Restoration of ESAT-6 secretion to the M. bovis BCG vaccine strain, which lacks the 

ESX-1 system, conferred enhanced protection against M. tuberculosis challenge and also 

increased virulence (Pym et al., 2003).  Strikingly, ESAT-6 alone in combination with 

adjuvant evoked T-cell responses and protective immunity comparable to that elicited by 

BCG (Brandt et al., 2000).  Thus it may be essential for M. tuberculosis to tightly 

regulate the amount of ESAT-6 being exported in order to maintain an optimal balance 

between virulence and immunogenicity.  One mechanism regulating the abundance of 

secreted ESAT-6 has been identified: EspR, a DNA-binding protein that promotes 

transcription of the EspA and EspC genes Rv3616c and Rv3615c (Raghavan et al., 2008).  

This transcriptional control is under an unusual homeostatic negative feedback 

mechanism, as EspR is also secreted by the ESX-1 system, leading to reduction of its 

cytosolic levels and subsequent downregulation of Rv3616c and Rv3615c transcription.   

 

The ESX-1 substrate EspB may play a role in ESX-1 regulation as well.  Upon secretion 

EspB is cleaved near its C-terminus, but the protease responsible for the cleavage is 
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unknown (McLaughlin et al., 2007; Xu et al., 2007).  Western blotting experiments 

detected EspB as a 61 kDa band in cell lysates, but a 50 kDa band in secreted fractions, 

while the C-terminal 11 kDa band appeared to be unstable and was not detected (Xu et 

al., 2007).  The EspB C-terminus is dispensable for secretion, as expression of a truncated 

form of EspB in an espB transposon mutant led to normal secretion of EspB.  However, 

the C-terminus is essential for interaction of EspB with ESAT-6, maintenance of 

intracellular levels of ESAT-6, and secretion of ESAT-6 and CFP-10, suggesting that 

cleavage of EspB may have a regulatory function in ESX-1 secretion.   

 

Given that EspB is processed, it is notable that one component of the ESX-1 secretion 

machine, MycP1, is a putative subtilisin-like serine protease (Brown et al., 2000; Dave et 

al., 2002).  Bacterial subtilases are typically secreted and degrade proteins non-

specifically to provide cells with readily importable peptides (Gupta et al., 2002).  In 

contrast, eukaryotic subtilases typically cleave substrates after specific sites: for instance, 

yeast Kex2p is required for certain proteolytic processing steps during the biogenesis of 

the α mating pheromone (Bergeron et al., 2000; Julius et al., 1984).  MycP1 localizes to 

the cell wall/membrane fraction and is expressed constitutively during growth in culture, 

but not in the vaccine strain M. bovis BCG (Brown et al., 2000; Dave et al., 2002).  

MycP1 expression may be increased during growth in macrophages and its M. leprae 

homolog is transcribed during human infection (Brown et al., 2000; Ribeiro-Guimarães et 

al., 2007). 
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In this work, we show that MycP1 is essential for ESX-1 function in M. tuberculosis and 

is required for early replication in macrophages and full virulence in mice.  Additionally, 

MycP1 plays an unexpected dual role in regulating secretion activity of the ESX-1 

system.  Secretion fails to occur in the absence of MycP1 protein but is increased when 

MycP1 protease activity is abolished.  The increase in abundance of ESX-1 substrates is 

sensed by infected macrophages, inducing a heightened cytosolic surveillance response.  

In addition, we identify the substrate of MycP1 protease as EspB.  We propose a model in 

which MycP1 protein is required for ESX-1 machine assembly but that its protease 

activity negatively regulates secretion via cleavage of the ESX-1 substrate EspB.      

 

 

 

Materials and Methods 

 

Bacterial strains, plasmids and culture conditions.  M. smegmatis (mc2155) and M. 

tuberculosis (Erdman) were grown as described (Cox et al., 1999).  The M. tuberculosis 

mycP1 deletion mutant (∆mycP1) was constructed by replacing the entire mycP1 open 

reading frame with the hygromycin resistance gene by homologous recombination.  The 

deletion plasmid was constructed and delivered into M. tuberculosis using specialized 

phage, as described previously (Glickman et al., 2000).  Primers used are listed in Table 

2.  Deletion of mycP1 was confirmed by Southern blotting.  Strains and plasmids used in 

this study are published in Table 1. 
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Protein Preparation and Analysis.  For secretion assays M. tuberculosis was grown in 

roller bottles in Sauton’s medium as described (Stanley et al., 2003).  Culture 

supernatants were collected and concentrated, while pellets were lysed by bead-beating.  

Supernatants and whole cell lysates were quantified by BCA assay and resolved by SDS-

PAGE using 4-20% polyacrylamide gels (Bio-Rad).   

 

Proteins were visualized by immunoblotting using antibodies against ESAT-6 (Assay 

Designs), HA (Covance), EspA, EspB, EspR, KatG, GroEL and Mpt32 (all from 

Colorado State University; EspA was also the kind gift of S. Fortune, Harvard 

University).  Horseradish peroxidase-conjugated secondary antibodies were used for 

semi-quantitative Western blots.  For quantitative Western blots, all incubations of the 

nitrocellulose membranes were performed in Odyssey blocking reagent (Li-cor 

Biosciences) and infrared (IR)-dye conjugated secondary antibodies were used.  Proteins 

thus labeled were visualized using the Odyssey infrared imaging system and band density 

quantitated with the accompanying software. 

 

Expression and purification of wild-type and protease-dead MycP1.  The region of 

M. smegmatis MycP1 containing its propeptide and active domain was expressed as a 

fusion protein with maltose binding protein (MBP) in E. coli BL21 codon plus cells.  

Cells were lysed by sonication and MBP-MycP1 was purified by affinity chromatography 

using amylose resin (New England Biolabs), yielding approximately 2 mg of purified 

protein per liter of culture.  MBP and the propeptide were cleaved off by incubating with 

active MycP1, and purified away from active MycP1 using 40µM Macro-Prep ceramic 
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hydroxyapatite beads (Bio-Rad).  Protease-dead M. tuberculosis MycP1 was constructed 

by replacing the active-site Ser residue (Ser332) with Ala by site-directed mutagenesis, 

using pYO17 as a template.  Following PCR with the mutagenic primers (listed in Table 

2), the original pYO17 template was digested with DpnI and mutagenesis was confirmed 

by sequencing.  Protease-dead M. smegmatis MycP1 constructs were made similarly 

using pSEC82 as a template for complementation and pYO1 as a template for 

recombinant protein expression.  

 

Protease activity assays, substrate specificity profiling and inhibitor assays.  MycP1 

activity assays were performed in 20 mM Tris pH 8, 100 mM NaCl, 2 mM CaCl2 and 

0.01% Brij-35.  Substrate specificity was determined using a library of tetrapeptide 

substrates covalently linked via an amide bond to a fluorogenic amino-carbamoyl 

coumarin moiety, as described earlier (Choe et al., 2006).  Individual activity assays were 

performed similarly on single dipeptide substrates diphenyl Nα-benzoxycarbonyl-Gly-

Pro-amino methyl coumarin (Z-GP-AMC), Z-Leu-Arg-AMC (Z-LR-AMC) and Suc-Leu-

Tyr-AMC (Suc-LY-AMC), which were obtained from Bachem.  The inhibitor Z-Gly-

Pro-phosphonate (Z-GP-(OPh)2) was chemically synthesized as described previously 

(Gilmore et al., 2006).  Briefly, 1-pyrroline trimer was synthesized using the method of 

Nomura et al., 1977; purified to homogeneity over a neutral alumina column and verified 

by proton and C13 NMR.  20mmol of 1-pyrroline trimer and 50 mmol of diphenyl 

phosphite was combined and heated to 85°C under argon for 2hr to give crude diphenyl 

pyrrolidine-2-phosphonate which was dissolved in 100ml of dry diethyl ether, filtered, 

and saturated with dry gaseous HCL.  The precipitated hydrochloride salt was collected 
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by filtration, washed with ether and recrystallized from acetone to give pure HCL-Pro-

P(OPh2) as a white solid which was verified by proton, C13, and phosphorous NMR. 

0.5mmol of Z-Gly was dissolved in 5ml DMF, to which was added 0.5mmol HATU (N, 

N, N’, N’-tetramethyl-O-(7-azabenzotriazol-1-yl)uronium hexafluorophosphate) and 

diisopropylethylamine (1.6 mmol).  The mixture was stirred at ambient temperature for 5 

minutes before addition of one molar equivalent of HCL-Pro-P(OPh2).  The mixture was 

stirred overnight at room temperature.  Solvent was removed using a rotovap, to yield a 

white solid which was subjected to aqueous workup and dried over anhydrous MgSO4.  

The resulting product was homogenous by TLC and confirmed by proton and C13 NMR 

as well as MALDI-TOF. 

 

Expression, purification and cleavage assay of recombinant EspB.  Full-length M. 

tuberculosis EspB was expressed as a fusion protein with MBP and a 6x Histidine (His) 

tag in E. coli BL21 codon plus cells.  After cell lysis, MBP-His-EspB was purified by 

affinity chromatography using amylose resin (New England Biolabs) followed by Ni-

NTA agarose resin (Qiagen), yielding approximately 2 mg of purified protein per liter of 

culture.  The MBP-His tag was removed by incubating with His-tagged AcTEV protease 

(Invitrogen), and purified away from active MycP1 using Ni-NTA agarose resin.  The 

EspB cleavage assay was performed in 20 mM Tris pH 8, 100 mM NaCl and 2 mM 

CaCl2 at room temperature for 10 minutes, in the presence of equal quantities of wild-

type MycP1, protease-dead MycP1 or wild-type MycP1 plus the specific inhibitor Z- 

Gly-Pro-(OPh)2.  Reactions were stopped by addition of the general serine protease 
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inhibitor phenylmethylsulfonyl fluoride (PMSF) and SDS-PAGE sample buffer.  Proteins 

were resolved on 4-20% polyacrylamide gels and visualized by Coomassie staining. 

 

Macrophage infections.  C57BL/6 mice (Jackson Laboratories) were housed under 

pathogen-free conditions, and all experiments were conducted using a University of 

California, San Francisco, Institutional Animal Care and Use Committee-approved 

protocol.  Bone marrow-derived macrophages were harvested and cultured in medium 

containing macrophage colony-stimulating factor for 6 days.  For colony-forming unit 

(CFU) experiments, 2 x 105 macrophages in 6-well tissue culture plates were infected in 

triplicate with M. tuberculosis strains at multiplicity of infection (MOI) of 1, in DMEM 

containing 10% horse serum.  Macrophages were allowed to undergo phagocytosis for 2 

hours, after which the media were changed.  Over the course of the experiment media 

were changed every 24 hours.  On the day of the infection and on days 1, 3, 5 and 7 

following it, macrophages were lysed in 0.5% Triton X-100 and plated on 7H10 agar.  

CFU were counted after 3 weeks of growth at 37°C. 

 

Quantitative real-time PCR.  For RNA extraction 2 x 106 macrophages in 10 cm tissue 

culture dishes were infected with M. tuberculosis strains at an MOI of 10, as described 

above.  Four hours after addition of M. tuberculosis, the macrophages were washed with 

PBS and lysed using Trizol (Invitrogen).  RNA was extracted with chloroform and 

ethanol, and further purified using the RNeasy kit (Qiagen).  One microgram of RNA was 

reverse-transcribed using the SuperScript III First Strand kit (Invitrogen) with oligo-dT 

primers.  A 1:20 dilution of the cDNA was used for quantitative real-time PCR with 
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SYBR green as label and primers for actin, interferon-beta (IFN-β) and interferon 

induced protein with tetratricopeptide repeats 1 (IFIT-1), as listed in Table 2.   

 

Microscopy. For electron microscopy, 3 x 106 macrophages in tissue culture flasks were 

infected with M. tuberculosis strains at an MOI of 20.  After 24 hours cells were fixed in 

0.1 M Na cacodylate and 2.5% glutaraldehyde for 2 hours.  Cells were scraped, 

embedded in grids and visualized at Yale University. 

 

Mouse infection.   M. tuberculosis cultures were grown to mid-log phase, washed and 

resuspended in PBS-Tween.  BALB/c mice (Jackson Laboratories) were infected by 

aerosol with 1.5 x102 colony-forming units.  Lungs, spleens and livers were harvested, 

homogenized and plated for colony-forming units immediately after infection as well as 7 

and 21 days post infection, as previously described (Cox et al., 1999; Stanley et al., 

2003). 
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Table 1.  Strains and plasmids used in this study 

Strains  Relevant genotype      Reference 

M. smegmatis 

mc2155 wild-type         W. R. Jacobs, Jr. 

(Albert Einstein 

College of Medicine, 

Bronx, NY) 

SCM21    mc2155 ∆mycP1                         (Converse, 2005) 

SCM122  ∆mycP1 + pSEC82 (mycP1-2xHA)            (Converse, 2005) 

SCM27  ∆esxB (cfp-10 Sm3874)                 (Converse, 2005) 

SCM31  ∆esxA (esat-6 Sm3875)              (Converse, 2005) 

YOM1   mc2155 + pMJ13      This study 

YOM2   ∆mycP1 + pMJ13      This study 

YOM3   ∆mycP1 + pYO2S (protease-dead mycP1-2xHA)  This study 

pMJ13  groEL2 promoter, C-terminal in-frame 2x HA tag             (Converse, 2005) 

pYO1    Ptac promoter, MBP-propeptide-active MycP1     This study 

pYO1S    Ptac promoter, MBP-propeptide-protease dead MycP1     This study 

pSEC82  mycP1 promoter, mycP1-2xHA           (Converse, 2005) 

pYO2S   mycP1 promoter, protease-dead mycP1-2xHA   This study 
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M. tuberculosis 

Erdman   wild-type         W. R. Jacobs, Jr. 

(Albert Einstein 

College of Medicine, 

Bronx, NY) 

SSM3   Erdman snm4::Tn5370               (Stanley, 2003) 

SSM6   Erdman ∆esat6                  (Stanley, 2003) 

YOM4   Erdman ∆mycP1      This study 

YOM5   ∆mycP1 + pYO17 (mycP1-Rv3882c)    This study 

YOM6   ∆mycP1 + pYO17S (protease-dead mycP1- Rv3882c)  This study 

pYO3    pJSC407 + mycP1 flanking regions     This study 

pYO17   mycP1 promoter, mycP1-Rv3882c        This study 

pYO17S   mycP1 promoter, protease-dead mycP1-Rv3882c    This study 

pYO36   espB promoter, espB-2xHA      This study 

 

Table 2.  Primers used in this study 

Primer   Sequence (5′-3′) 

oYO1F  GAATTCATCGATCCCCCGGTCAT 

oYO1R  TCTAGATCAGAACTTCCTTGACCCGGAACG 

oS334A*  GAACGGCACGGCATTCTCGGCCGCGTA 

oYOmtko3F  TCTAGAGCGAAATCCTTTAGGGCTGC 

oYOmtko3R  AGGCCTGTTGGCCACCAGAT 

oYOmtko5F  CTCGAGGGTGGAGGGGCAGAC 
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oYOmtko5R  AAGCTTCACTCCCAGAACACTCCA 

oYO17F  AGATTACATATGTGTCGGGTCTGG 

oYO17R  ATAAGCTTCTACTTCGGCAGCGC 

oS332A*  ATCGCCGGCACCGCATTTGCCGCGGCATATG 

oYO36F  ATCAGCGGCCGCAGTTCGAGGAATT 
 
oYO36R  CGAAGCTTGCTTCGACTCCTTACTGTC 

* primers used for site-directed mutagenesis were used with their complement. 

 

 

 

Results 

 

MycP1 is required for ESX-1 secretion in M. tuberculosis.  To determine the role of 

MycP1 in M. tuberculosis, we created a mycP1 deletion mutant in M. tuberculosis via 

homologous recombination and verified that the deletion had occurred using Southern 

blot analysis (Figure 8).  To test if MycP1 is required for ESAT-6 secretion, we probed 

for the protein in culture supernatants from exponentially growing wild-type, ∆mycP1, 

Rv3877::Tn and ∆esxA M. tuberculosis strains.  Using antibodies specific for ESAT-6, 

we observed that the substrate was present in supernatants of wild-type M. tuberculosis 

but not in the ∆mycP1 mutant, a phenotype identical to that of the known ESX-1 mutant, 

Rv3877::Tn (Figure 1C).  ESAT-6 was present in extracts from cell pellets of all three 

strains and, as expected, no ESAT-6 was detectable in the ∆esxA mutant cells.  We also 
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confirmed that wild-type M. smegmatis secretes ESAT-6 but ∆mycP1 does not (Figure 

1C).  The cytosolic proteins GroEL and KatG served as lysis controls. 

 

Purification, protease activity and substrate specificity profiling of MycP1.  Analysis 

of the amino acid sequence of MycP1 suggests that it is a member of the subtilase class 

of serine proteases (Brown et al., 2000; Dave et al., 2002).  MycP1 contains an N-

terminal Sec signal sequence and a C-terminal transmembrane domain, and protein 

prediction programs suggest that it may be anchored in the cell membrane with its active 

site in the extracytoplasmic space (Tuberculist, 2008).  In addition, MycP1 has a putative 

propeptide and a catalytic triad of Asp, His and Ser residues, all hallmarks of the 

subtilase family (Figure 1B).   

 

To determine whether MycP1 has protease activity, we expressed the portion of M. 

smegmatis MycP1 containing its propeptide and protease domain as an MBP fusion 

protein in E. coli and purified it using amylose affinity chromatography.  The fusion 

protein also contained a cleavage site for the protease Factor Xa between MBP and the 

MycP1 propeptide, allowing removal of MBP.  Subtilases are known to require their 

propeptides for correct folding, following which the protease domain removes the 

propeptide, activating the protease (Fu et al., 2000).  Though the Factor Xa-cleaved 

MycP1 propeptide-protease domain fusion was initially inactive, prolonged incubation 

with the protease led to cleavage at a site between the MycP1 propeptide and protease 

domain, removing the propeptide and activating MycP1.  We activated subsequent 

preparations of MBP-MycP1 by incubating with active MycP1, and purified active 
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MycP1 using hydroxyapatite affinity chromatography (Figure 2A).  Since the substrate 

specificity of MycP1 was unknown, we tested its activity against a positional scanning 

synthetic combinatorial library, which comprised tetrapeptides of every possible amino 

acid composition.  We found that MycP1 had activity against a wide variety of substrates 

but has a strong and unusual preference for Pro in the P1 position (Figure 2B).  MycP1 

shows promiscuity in the P2-P4 positions, though there is a slight preference for small 

hydrophobic amino acids like Ala and Leu in the P2 and P4 positions.  The preference of 

MycP1 for Pro at P1 was confirmed using single substrates (Figure 2C).  Although the 

degeneracy of the MycP1 recognition sequence made it difficult to find potential 

substrates with this information alone, these results allowed us to design a specific 

substrate, Z-Gly-Pro-AMC, and a specific phosphonate inhibitor, Z-Gly-Pro-(OPh)2, 

which completely abrogates the activity of MycP1 in vitro (Figure 2C).   

 

Protease activity of MycP1 negatively regulates ESX-1 secretion.  Since the ∆mycP1 

strain failed to secrete ESAT-6, we reasoned that protease activity would also be required 

for MycP1 function and ESX-1 secretion.  To determine the role of MycP1 protease 

activity, we constructed a protease-dead mutant (MycP1 S334A) by replacing the active-

site Ser334 residue in M. smegmatis MycP1 with Ala using site-directed mutagenesis, 

and purified this as described above.  Recombinant MycP1 S334A had no significant 

activity against Z-Gly-Pro-AMC (Figure 3A).  We then examined ESAT-6 secretion in 

M. smegmatis ∆mycP1 bacteria expressing either wild-type MycP1 or MycP1 S334A.  

Expression of wild-type MycP1 in ∆mycP1 cells restored ESAT-6 secretion, although not 
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to wild-type levels.  Surprisingly, the presence of MycP1 S334A led to increased ESAT-6 

secretion, to levels significantly above that of wild-type bacteria (Figure 3B).   

 

We were unable to fully complement the M. tuberculosis ∆mycP1 mutant by addition of 

the mycP1 gene alone, perhaps due to a polar effect of the hygromycin resistance marker 

replacing mycP1 on expression of the downstream gene, Rv3882c (Figure 1A).  Rv3882c 

is likely required for ESX-1 secretion in M. tuberculosis, as its homolog in M. smegmatis 

is required for ESAT-6 secretion (Converse and Cox, 2005).  Therefore we expressed the 

gene encoding wild-type or protease-dead M. tuberculosis MycP1 (MycP1 S332A) in an 

operon with Rv3882c in ∆mycP1.  Wild-type MycP1 restored ESAT-6 secretion nearly to 

levels observed in wild-type M. tuberculosis.  Again, we observed that expression of 

MycP1 S332A led to increased secretion of ESAT-6 (Figure 3C).  To verify that the 

differences in secretion levels were not due to uneven loading, we used as a loading 

control the Sec substrate Mpt32, whose levels should not be affected by mutations in the 

ESX-1 secretion machinery.  As expected, Mpt32 was secreted to equal levels in all lanes 

(Figure 3C).  Since the difference in ESAT-6 secretion observed between ∆mycP1 

expressing wild-type MycP1 versus MycP1 S332A was not as robust in M. tuberculosis 

as in M. smegmatis, we examined ESAT-6 in culture supernatants by quantitative 

Western blotting.  Using this technique we determined that the quantity of ESAT-6 

relative to Mpt32 in culture supernatants was indeed greater in the MycP1S332 strain 

than the wild-type strain (Figure 3D).  Further, expression of MycP1 S332A robustly 
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increased secretion of all the other known ESX-1 substrates tested – CFP-10, EspA and 

EspR (Figure 3C).  Therefore, MycP1 protease activity inhibits ESX-1 secretion.   

 

MycP1 cleaves ESX-1 substrate EspB.  EspB (Rv3881c) is secreted in an ESX-1-

dependent manner and is cleaved upon secretion (McLaughlin et al., 2007).  Cleavage 

occurs at the C-terminus of EspB, but the cleavage site and the protease responsible have 

not been identified.  We observed that EspB is secreted in cleaved form by wild-type M. 

tuberculosis (Figure 4A, lane 5) and by M. tuberculosis ∆mycP1 cells expressing wild-

type MycP1 (Figure 4A, lane 7), but is not secreted by the ∆mycP1 mutant (Figure 4A, 

lane 6).  Full-length EspB (460 amino acids) is present in whole cell lysates of all strains 

(Figure 4A, lanes 1-4).  We used antibodies that recognize a 100 residue fragment of 

EspB comprising amino acids 234 to 333, and thus only detects full-length protein and 

the N-terminal cleavage products (Figure 4C, McLaughlin et al., 2007).  Using a higher 

resolution gel, we observed three EspB cleavage products in secreted fractions of wild-

type cells and the complemented strain (Figure 4A, lower panel, lanes 5 and 7), 

suggesting that EspB is cleaved at three sites during secretion.  However, two of the three 

cleavage products were absent in the supernatant of the MycP1 S332A strain, while full-

length EspB was detected (Figure 4A, lane 8).  This suggests that MycP1 is responsible 

for cleaving EspB at two sites.  

 

In order to determine whether MycP1 directly cleaves EspB, we purified recombinant 

EspB and tested it in an in vitro cleavage assay.  We observed that wild-type MycP1, but 
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not protease-dead MycP1 or wild-type MycP1 treated with Z-Gly-Pro-(OPh)2 inhibitor, 

was able to cleave EspB in vitro (Figure 4B).   However, wild-type MycP1 was unable to 

cleave BSA, suggesting that cleavage of EspB is specific. 

 

Effects of mutants on macrophages.  Since ESX-1 is required for stimulating innate 

immune responses, we decided to determine whether ESX-1 activation in the MycP1 

S332A strain would modify these responses.  In macrophages and dendritic cells, M. 

tuberculosis induces the cytosolic surveillance response characterized by the transcription 

of IRF-3-responsive genes such as IFN-β and IFIT-1 (Stanley et al., 2007; Lewinsohn et 

al., 2006).  We infected bone marrow-derived macrophages with wild-type, ∆mycP1, 

complemented and MycP1 S332A strains, extracted macrophage RNA and quantified 

IFN-β and IFIT-1 mRNA expression using quantitative real-time PCR.  We observed that 

∆mycP1 bacteria induced very little IFN-β and IFIT-1 expression compared to wild-type.  

However, the MycP1 S332A strain induced a more robust cytosolic response (Figure 5A 

and B).  Therefore, increased ESX-1 secretion leads to hyper-activated innate immune 

signaling. 

 

Since the ESX-1 secretion system has been postulated to be required for phagosomal 

escape of M. tuberculosis (van der Wel et al., 2007), we reasoned that MycP1 S332A 

cells would escape into the macrophage cytosol at a higher frequency than wild-type 

bacteria.  To test this, we used transmission electron microscopy of infected macrophages 

to visualize the subcellular location of wild-type, ∆mycP1, complemented and MycP1 
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S332A bacteria.  Under these conditions, however, we were unable to detect any 

cytosolic bacteria (Figure 6). 

 

Since ESX-1 is required for growth in macrophages and mice, we wondered whether the 

enhanced secretion of ESX-1 substrates in the MycP1 S332A strain would alter the 

course or outcome of a M. tuberculosis infection (Stanley et al., 2003).  We found that 

mycP1 is attenuated in this model as compared to wild-type bacteria.  However, 

expression of wild-type or protease-dead MycP1 in the ∆mycP1 mutant strain restored 

survival to wild-type levels (Figure 7A).  Thus, although innate immune signaling is 

activated, its effects do not alter M. tuberculosis replication in macrophages. 

 

To test the effect of MycP1 on ESX-1 in overall pathogenesis with an intact immune 

system, we infected mice via aerosol with wild-type, ∆mycP1, complemented and MycP1 

S332A bacteria.  Wild-type, complemented and MycP1 S332A bacteria grew 

considerably, leading to a 100-fold increase in colony-forming units (CFU) in mouse 

lungs within 7 days and a 10,000-fold increase within 21 days post infection (Figure 7B).   

In contrast, ∆mycP1 mutant cells replicated poorly, leading to CFU levels 10-fold lower 

than the other strains at days 7 and 21.  This attenuation was even more pronounced in 

spleens (Figure 7C) and livers (Figure 7D), in which ∆mycP1 bacterial CFU were 100-

fold lower than those from wild-type, complemented and MycP1 S332A bacteria 21 days 

post infection.   
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Discussion 

 

The M. tuberculosis ESX-1 secretion system is likely under tight control as its key 

substrates, ESAT-6 and CFP-10, are both essential for virulence as well as highly 

immunogenic.  Thus M. tuberculosis may need to regulate the quantity and timing of 

ESAT-6 export in order to achieve an optimal balance between suppressing macrophage 

responses and stimulating the immune system.  We have discovered that the protease 

MycP1, a component of the ESX-1 secretion system, plays an unexpected dual role in 

controlling protein export.  ESX-1 secretion is abolished in the absence of MycP1 but 

inhibition of MycP1 protease activity leads to enhanced secretion of ESX-1 substrates.  

The identification of EspB, a required component of ESX-1, as a MycP1 substrate 

suggests a model in which full-length EspB is required for ESX-1 secretion and its 

cleavage by MycP1 functions to inhibit secretion (Figure 9).  Full-length EspB may 

function to chaperone other ESX-1 substrates through the secretion pore or constitute part 

of the secretion complex itself.  ESX-1 may thus resemble Type III and Type IV 

secretion, in which initially secreted substrates form the channel through which 

subsequent substrates are translocated (Galan and Wolf-Watz, 2006; Backert and Meyer, 

2006).  Since no EspB cleavage products are detected in M. tuberculosis whole cell 

lysates, EspB is likely secreted as a full-length protein and then proteolyzed by MycP1 in 

the periplasm.  MycP1 likely constitutes a point of control at the level of the secretion 

machine, downstream of the transcriptional regulation mediated by EspR (Raghavan et 

al., 2008).  Since MycP1 protease activity functions to inhibit ESX-1 secretion, it is 

surprising that removal of MycP1 is detrimental to secretion.  MycP1 may interact with 
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other ESX-1 machine components and thus be required for complex formation.  

Examples of such positive and negative regulation of a pathway by a single protein are 

unusual in biology.      

 

Since MycP1 is a regulator of ESX-1 secretion, identifying how its protease activity is 

modulated would deepen our understanding of the role of ESX-1 in M. tuberculosis 

pathogenicity.  MycP1 could potentially monitor changing conditions within 

macrophages over the course of M. tuberculosis infection and vary its activity in response 

to phagosomal cues.  Activity could be positively regulated by accessory proteins that 

chaperone or deliver substrates to the protease, or inhibited by endogenous protease 

inhibitors.  Interestingly, MycP1 more closely resembles eukaryotic than prokaryotic 

subtilases, as it cleaves a specific substrate and thus regulates its activity, rather than 

degrading it completely.  In addition, the specific preference of MycP1 for proline 

residues differentiates it from bacterial subtilases, which are typically promiscuous, while 

eukaryotic subtilases cleave after arginine or lysine residues (Gupta et al., 2002; Bergeron 

et al., 2000).   

 

MycP1 may regulate ESX-1 secretion by several mechanisms.  Structural analysis of the 

ESX-1 secretion machine has not yet been performed, but it is possible that substrates 

form a needle- or pilus-like structure similar to those found in bacterial Type III and Type 

IV secretion systems (Galan and Wolf-Watz, 2006; Backert and Meyer, 2006).  In Type 

III secretion, the FliK protein determines flagellar hook length by terminating hook 

export and assembly and initiating filament export, upon sensing that optimal hook length 
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has been reached (Shibata et al., 2007; Minamino et al., 2006).  MycP1 may function in a 

similar manner to regulate the length of a putative needle-like structure.  Alternatively, 

MycP1 may sense extracellular cues and regulate ESX-1 secretion in response to specific 

signals, in a manner analogous to the E. coli periplasmic protease DegS.  In response to 

unfolded periplasmic proteins, DegS cleaves the anti-sigma factor RseA, allowing 

transcription of stress response genes by the sigma factor σE (Walsh et al., 2003).  

Proteases commonly play important roles in bacterial secretion.  For example, the 

mycobacterial signal peptidase LepB removes the signal peptide from secreted proteins, 

while P. aeruginosa PilD cleaves the precursor of the major pilin subunit PilA, allowing 

it to assemble into filaments (van Roosmalen et al., 2004; Ribeiro-Guimarães and 

Pessolani, 2007; Nunn and Lory, 1992).  Cleavage may allow pilus assembly factors to 

recognize PilA, or the leader peptide removed by PilD from PilA may prevent 

spontaneous polymerization until PilA is properly localized in the cell envelope (Lory 

and Strom, 1997). 

 

Although the ESX-1 system is a key virulence determinant of M. tuberculosis, its exact 

role in virulence has not yet been elucidated.  One consequence of ESX-1 secretion is the 

induction of Type I IFN expression via the cytosolic surveillance pathway, perhaps due to 

the escape of substrates from the macrophage phagosome into the cytosol as a result of 

the pore-forming activity of ESAT-6.  The production of Type I IFNs enables a 

protective immune response against viral infections, but the immunological role of Type I 

IFNs during bacterial infections is still unclear (Stetson and Medzhitov, 2006; Taki, 

2002; O’Riordan et al., 2002).  Type I IFNs have been reported to promote some 
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antibacterial mechanisms, such as inducible NO synthase expression, while suppressing 

others, such as production of the cytokines IL-12 and TNF-α (Manca et al., 2001; Shi et 

al., 2005; Nagai et al., 2003).  However, since M. tuberculosis shows a growth defect in 

IFNAR-/- mice, the increased cytosolic surveillance response to the M. tuberculosis 

MycP1 S332A mutant may promote bacterial growth (Stanley et al., 2007). 

 

The inability of M. tuberculosis to regulate ESX-1 secretion quantitatively and 

temporally would probably have grave consequences for successful establishment of 

infection.  The lack of ESAT-6 secretion by ∆mycP1 mutant bacteria led to severe 

attenuation in macrophage and mouse models, confirming that M. tuberculosis requires 

ESAT-6 secretion during the early phase of infection.  However, the bacterium may shut 

off secretion later during infection to avoid detection by the immune system.  The 

observation that the number of ESAT-6 reactive T cells decreases during chronic M. 

tuberculosis infection suggests that the bacterium does indeed shield these antigens from 

the immune system (Lazarevic et al., 2005).  The constitutive ESAT-6 secretion caused 

by inactivation of MycP1 may promote ESAT-6 antigen presentation by antigen-

presenting cells during chronic infection, priming T cells to generate a stronger immune 

response against M. tuberculosis.  Since inhibiting MycP1 activity leads to enhanced 

secretion of ESAT-6, which contributes to virulence during early infection, MycP1 would 

not be a good target for an antagonistic drug.  However, it is interesting to speculate that 

ESX-1 secretion could be reduced by a small molecule agonist of MycP1.  More 

promisingly, the observation that inhibition of MycP1 activity could uncover hidden, 

potent antigens during latent infection could contribute to rational design of more 



 61

effective vaccines containing inactive MycP1 and the ESX-1 secretion system but lacking 

other, poorly immunogenic virulence factors. 
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Figure 3.1.   M. tuberculosis and M. smegmatis ∆mycP1 mutants fail to secrete ESAT-6.   

(A)  Schematic representation of ESX-1 locus in M. tuberculosis and M. smegmatis. 

(B)  Diagram of M. tuberculosis MycP1 showing domains and active site residues 

D90, H131 and S332.   (C)  Western blot detection of ESAT-6, GroEL and KatG  

from cell pellets (P) and supernatants (S) of wild-type and mutant bacteria.   

Loading was normalized by BCA assay. 
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Figure 3.2.   Purification and substrate specificity profiling of M. smegmatis MycP1.   

(A)  MBP-MycP1 was purified using amylose affinity chromatography (lane 1), while 

active MycP1 was purified using hydroxyapatite affinity chromatography (lane 2).  (B)  

Profiling of the P1-P4 substrate specificity of MycP1 using positional scanning synthetic 

combinatorial libraries.  The y axis represents activity against the substrates relative to 

the highest activity of the library, whereas the x axis presents the amino acids as 

represented by one-letter code (nl = norleucine).  (C)  Activity of MycP1 against 

individual substrates, in the absence or presence of specific inhibitor.  The y axis 

represents activity relative to the highest activity of the substrates, whereas the x axis 

presents the substrates. 
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Figure 3.3.  Protease activity of MycP1 negatively regulates ESX-1 secretion. 

(A)  Activity of protease-dead MycP1 (MycP1 S334A), expressed relative to wild-type 

MycP1.  (B)  Western blot detection of ESAT-6, MycP1-HA and KatG in M. smegmatis 

pellets (P) and supernatants (S) from wild-type and mutant strains. 

(C)  Western blot detection of ESAT-6, CFP-10, EspA, EspR, GroEL and Mpt32 in M. 

tuberculosis pellets (P) and supernatants (S) in wild-type and mutant cells.   

(D)  Quantitation of ESAT6 in M. tuberculosis supernatants from wild-type and mutant 

strains, expressed relative to Mpt32. 
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Figure 3.4.  MycP1 directly cleaves ESX-1 substrate EspB. 

(A)  Western blot detection of EspB in M. tuberculosis pellets (P) and supernatants (S) 

from WT (lanes 1, 5), ∆mycP1 (lanes 2, 6), ∆mycP1 + WT MycP1-Rv3882c (lanes 3, 7) 

and ∆mycP1 + MycP1S332A -Rv3882c (lanes 4, 8).  The same samples were run on a 13 

x 8 cm gel (W x L, top panel) and a 16 x 16 cm gel (bottom panel).   (B)  In vitro 

cleavage assay of MBP-EspB by WT MycP1, MycP1S332A, and WT MycP1 in presence 

of specific inhibitor.   
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Figure 3.5.  Oversecretion of ESAT-6 by ∆mycP1 + MycP1S332A mutant is sensed by 

macrophages. 

Bone-marrow-derived macrophages were infected.  Total RNA was harvested from 

macrophage monolayers, and IFN-β (A) and IFIT-1 (B) mRNA levels were measured by 

quantitative PCR.  Values were normalized to actin mRNA levels and each sample was 

assayed in triplicate.   
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Figure 3.6.  Mycobacteria do not escape from phagosomes. 

Macrophages were infected with wild-type, ∆mycP1, complemented and MycP1 S332A 

bacteria, fixed, and visualized by transmission electron microscopy.



 80



 81

Figure 3.7.  MycP1 is required for virulence in macrophages and mice. 

(A)  Macrophages were infected, lysed at the indicated time points, and bacterial CFU 

were enumerated by plating.   (B)  BALB/c mice were infected with 1 x 102 CFU of each 

strain by aerosol, and bacteria were isolated from lungs immediately following infection 

as well as 7 and 21 days post infection.  Five mice were used per time point and asterisks 

indicate significant differences by Kruskal-Wallis test.  CFU were also obtained from 

spleens (C) and livers (D) of infected mice at 21 days post infection.     



 82



 83



 84



 85

Figure 3.8.  Construction of the ∆mycP1 deletion mutant in M. tuberculosis. 

(A) Map of the mycP1 region in wild-type and the ∆mycP1 mutant showing the 

restriction sites and probe location for Southern blot.   (B) Genomic DNA from wild-type 

and ∆mycP1 strains was digested with SmaI, and the blot was probed with a 3' flank 

sequence, revealing a 3.1 Kb fragment for wild-type and a 4.9 Kb fragment for the 

mutant. 
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Figure 3.9.  Model of MycP1-mediated regulation of the ESX-1 secretion system in M. 

tuberculosis. 

MycP1 controls protein export by the ESX-1 secretion system via two mechanisms, one 

dependent on and the other independent of its protease activity.  In wild-type M. 

tuberculosis, active MycP1 protease cleaves full-length EspB, which is required for 

secretion of all ESX-1 substrates, including ESAT-6 and CFP-10.  In the ∆mycP1 mutant 

expressing protease-dead MycP1 S332A, full-length EspB accumulates in the periplasm 

and ESX-1 secretion is upregulated.  However, secretion is abolished in the ∆mycP1 

mutant as MycP1 protein itself is required for ESX-1 function, perhaps enabling complex 

formation. 
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Chapter 4. 

Conclusions and Perspectives 
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My thesis work focused on the “Type VII” ESX-1 secretion system, which M. 

tuberculosis uses to deliver key effector molecules into host cells during infection.  The 

major ESX-1 substrates ESAT-6 and CFP-10 are essential for early replication in 

macrophages and mice, but are also potent immunogens.  Thus it may be essential for M. 

tuberculosis to tightly regulate the quantity and timing of ESAT-6 export in order to 

maintain an optimal balance between virulence and immunogenicity.  However, very 

little is known about regulation of ESX-1 secretion.  In addition, the components of the 

secretion machine have not been extensively characterized.  

 

My thesis work showed that the ESX-1 component, the protease MycP1, is a key point of 

post-translational control of ESX-1 secretion.  MycP1 protein is required for secretion 

but, unexpectedly, its protease activity inhibits export of ESX-1 substrates, perhaps via 

cleavage of the ESX-1 substrate EspB.  Previously, one regulatory mechanism involving 

transcriptional activation of the ESX-1 substrates EspA and EspC by the DNA-binding 

protein EspR, had been identified (Raghavan et al., 2008).  Since secretion of all ESX-1 

substrates but EspR is mutually dependent, ESAT-6 and CFP-10 can only be secreted if 

EspA and EspC are transcribed.  Downregulation of their transcription is achieved by 

export of EspR via ESX-1, and expression of a FLAG-tagged version of EspR that was 

not secretion-competent lead to increased transcription.  However, the FLAG-EspR strain 

did not secrete more ESAT-6 and CFP-10 than wild-type M. tuberculosis, suggesting that 

ESX-1 secretion was still limited, perhaps by the number or capacity of secretion 

machines.  We have shown that MycP1 constitutes this downstream point of regulation at 

the level of the secretion machine.  The ∆mycP1 strain expressing protease-dead MycP1 
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is the first M. tuberculosis strain to secrete significantly higher quantities of all the ESX-1 

substrates (except EspB) than wild-type bacteria.  This strain allowed us to test the effect 

of ESX-1 activation in macrophages and mice.  We observed that macrophages sensed 

the increase in ESX-1 secretion by inducing a higher cytosolic surveillance response. 

 

We observed intriguing differences between the phenotypes of the protease-dead strains 

of M. smegmatis and M. tuberculosis.  Despite – or perhaps due to – the fact that wild-

type M. smegmatis secretes lower levels of ESAT-6 and CFP-10 than wild-type M. 

tuberculosis, the ESAT-6 over-secretion phenotype in the protease-dead strain was more 

robust in M. smegmatis than in M. tuberculosis.  In addition, different mRNA expression 

levels of wild-type MycP1 versus MycP1 S334A were observed only in M. smegmatis, 

suggesting that different mechanisms of regulation may exist in the two organisms. 

 

An open question is what function the ESX-1 system, which is a key virulence 

determinant of M. tuberculosis, plays in the non-pathogenic M. smegmatis.  M. 

smegmatis and M. tuberculosis may use ESX-1 for quorum sensing, which allows 

bacteria to detect the presence of other bacteria and respond by altering their 

transcription, translation and secretion patterns on a population-wide scale (Waters and 

Bassler, 2005).  Since M. tuberculosis ESAT-6 is both a key virulence factor and a potent 

immunogen, it or some other ESX-1 substrate could be used as a signaling molecule to 

synchronize ESX-1 secretion among the bacterial population.  ESX-1 secretion could be 

turned on in a coordinate manner when macrophage conditions requiring it are sensed by 
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one or more bacteria, or turned off when the extracellular concentrations of ESAT-6 

reach levels high enough to be easily detected by immune cells. 

 

Although six substrates of ESX-1 have been identified, more may still exist.  One method 

of identifying all the substrates would be to compare wild-type versus ∆mycP1 secreted 

protein fractions from M. tuberculosis by two-dimensional gel electrophoresis, followed 

by mass spectrometry to identify those proteins that are missing from the ∆mycP1 

secreted protein fraction.  Alternatively, fractions could be examined using quantitative 

iTRAQ mass spectrometry.  In addition, although many have speculated about the roles 

of the ESX-1 substrates, these have not yet been elucidated.  Further, only one substrate 

proteolyzed by MycP1 has been identified: EspB.  More could perhaps be found by 

substrate trapping experiments – immunoprecipitating potential substrates bound to 

protease-dead MycP1 – or by comparing M. tuberculosis whole cell lysates from wild-

type versus ∆mycP1 or ∆mycP1 expressing MycP1 S332A by iTRAQ-MS. 

 

Since MycP1 protease activity plays such an integral role in modulating ESX-1 secretion, 

this protease activity itself may be regulated by conditions within macrophages.  MycP1 

activity could be positively regulated by accessory proteins that chaperone or deliver 

substrates to the protease, or inhibited by endogenous protease inhibitors.  Several such 

serine protease inhibitors have been identified and are usually small proteins 25-220 

residues in size (McGrath et al., 1995).  These inhibitors may be specific to a certain 

protease, for instance Streptomyces subtilisin inhibitor, or inhibit a broad range of 

proteases, for example E. coli ecotin.  Specific inhibitors possess an extended loop that 
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mimics the protease’s substrate specificity, bind irreversibly to the protease and often 

cause conformational changes.  MycP1 inhibitors or accessory proteins would likely be 

co-immunoprecipitated by antibodies to MycP1, or interact with MycP1 used as bait to 

screen an M. tuberculosis library via bacterial two hybrid assay.  Alternatively, MycP1 

inhibitors could be found by screening an M. tuberculosis transposon mutant library for 

increased ESAT-6 secretion, perhaps by red blood cell lysis assay, since this occurs in an 

ESX-1-dependent manner (Gao et al., 2004).  If MycP1 does undergo conformational 

changes in macrophages, this could perhaps be studied by solving its crystal structure in 

in vitro conditions mimicking those within the macrophage.  MycP1 activity could also 

be temporally and spatially regulated by removal of the propeptide in response to external 

stimuli when the protease is correctly localized.  The presence of the propeptide would 

cause an electrophoretic mobility shift that could be detected by Western blotting of HA-

tagged MycP1 under different conditions. 

 

It is interesting to speculate what functions MycP1 may have, if any, in addition to 

regulating export of ESX-1 substrates.  It is not known whether EspB has a role in 

macrophages besides helping to regulate ESX-1 secretion, or whether the cleavage of 

EspB by MycP1 has functional consequences on EspB activity.  Preliminary 

experimentation in our laboratory suggests that EspB may localize to the macrophage 

nucleus.  Knowledge of EspB interactors would shed light on the role of EspB and its 

cleavage, and these could be found by identifying macrophage proteins that co-

immunoprecipitate with full-length and cleaved EspB, or using full-length and cleaved 

EspB as yeast two-hybrid bait against a mammalian library.  Alternatively, MycP1 could 
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be responsible for post-translational modification of CFP-10, since different species of 

CFP-10 are detected in secreted fractions of wild-type versus ∆mycP1 + MycP1 S332A 

M. tuberculosis.  The modifications could be identified by mass spectrometric analysis of 

CFP-10 species resolved by 2D-GE.  Modification could be abolished by site-directed 

mutagenesis of the CFP-10 residues that are modified, and the functional consequences 

of these mutations could be assayed by testing the ability of mutated CFP-10 to interact 

with ESAT-6, allow ESX-1 secretion, induce IFN-β transcription, and arrest phagosome 

maturation. 

 

It is essential to learn more about the mechanisms M. tuberculosis uses to survive within 

the host, in order to develop improved therapeutics and vaccines against this disease.  The 

ESX-1 secretion is a key component of the bacterial arsenal against the host.  It would be 

interesting to screen a library of small molecules against MycP1 to search for an agonist 

of protease activity.  Since even reduced levels of secretion, as observed in the espR::Tn 

and espC::Tn mutants, leads to attenuation, and MycP1 activity is a negative regulator of 

secretion, increasing MycP1 activity could conceivably reduce secretion to levels that 

would incapacitate M. tuberculosis during early infection.  Alternatively, MycP1 activity 

could be modulated to target latent M. tuberculosis.  Latent M. tuberculosis can survive 

in infected individuals for decades, with a 2-23% lifetime risk of reactivation (Parrish et 

al., 1998).   Inhibiting MycP1 could enable the immune system to better recognize the 

presence of M. tuberculosis by increasing the abundance of potent immunogens during 

early infection and uncovering them during latent infection, when they are typically 

undetectable.  Thus elucidation of MycP1 function not only enhances our understanding 
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of M. tuberculosis pathogenicity but could also guide development of new antibiotics and 

an improved anti-tuberculosis vaccine. 
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