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Abstract 
Mycobacterium tuberculosis uses the ESX-1 type VII secretion system to export proteins to 

its cell surface, which permeabilize the host macrophage phagosomal membrane, 

allowing the bacterium to escape and spread to new cells. The structure of the type VII 

membrane complex and how it mediates this function is unknown, but it is hypothesized 

that some of the secreted proteins form an extracellular appendage that facilitates 

membrane lysis or direct secretion of virulence factors into the host cytoplasm. This thesis 

investigates the structural relationship between one of these secreted proteins, EspB, and a 

protease that processes it, MycP1. The x-ray crystallographic structures of both proteins 

are determined and described. EspB is shown to form a multimer with heptameric 

stoichiometry, and an EM reconstruction of this multimer is generated and used to create a 

model of the oligomer using symmetric Rosetta docking. The final model is supported by 

mass spectrometry-based detection of chemically cross-linked peptides from adjacent 

subunits. We use mass spectrometry to determine how EspB is proteolytically processed 

during secretion and discuss the effect of this processing event on the EspB ultrastructure. 

Finally, the structure of one of the membrane apparatus proteins, EccB1 is determined, 

revealing structural homology to a phage lysin. The combination of x-ray crystallography, 

EM, modeling, and mass-spectrometry provides an exciting first glimpse at the structure 

and function of the type VII secretion system - a critical factor in the TB pathogenesis 

cycle.
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Chapter 1: Introduction 
1.1 Mycobacterium tuberculosis and Homo sapiens 
Unlike pathogens that inadvertently infect and kill humans through chance encounters, 

Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis (TB), has 

purposefully waged battle with Homo sapiens for thousands of years (Brosch et al., 2002). 

These two species are now so intertwined that it is thought Mtb accompanied humans 

during the ‘Out-of-Africa’ migrations around 70,000 years ago (Comas et al., 2013). Mtb, 

also known as tubercle bacillus, appears to adapt to the changing parameters of human 

society: it minimizes transmission in smaller communities so as to not completely wipe 

out its host, while at times maximizing infectivity in crowded cities (Clark et al., 2002). In 

this way, Mtb is frequently credited as the world’s most successful pathogen for having 

infected over two billion people today and reaching all corners of the globe.  

The fascinating story of Mtb’s global colonization is matched by its place in the 

histories of art, medicine, and science. All-time great physicians such as Hippocrates and 

Galen sought to understand the cause of TB, but it was Robert Koch who undoubtedly 

made the biggest mark. His 1882 paper, ‘The Etiology of Tuberculosis’, which described 

the criteria by which bacteria cause disease, almost singlehandedly birthed the field of 

microbiology. Koch invented the core techniques the discipline still uses today, such as 

liquid and solid bacterial culturing, photomicrography, steam sterilization, and animal 

infection models. He also created methods to diagnose TB including the tuberculin skin 

test and visualization by sputum-smear microscopy. Following the discoveries of Koch, TB 

became the target of the largest vaccination effort ever carried out, with an estimated 3 

billion doses of the Bacillus Calmette–Guérin (BCG) vaccine administered by 1989. 

Finally, as a result of intense funding and research, new drugs were discovered in the 

1940s and 50s that led many to predict the end of TB. In the second half of the 20th 

century, the disease was in steady decline. It seemed that TB would soon be defeated 
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through the ingenuity of individuals such as Robert Koch and publicly-funded TB research 

essentially halted (Kaufmann and Parida, 2007).  

However, in the 1980s Mtb re-emerged as a result of the human immunodeficiency 

virus (HIV) pandemic, catching the world off-guard. The lack of ongoing basic TB research 

created a huge gap in knowledge related to the fundamental biology of this organism, and 

the tools to control the outbreak were limited to those from the Koch era (Comas and 

Gagneux, 2009). Methods of diagnosis were impractical and technically inadequate 

(Young et al., 2008). No new drugs had been discovered in decades, treatment regimes 

were long and difficult to adhere to (Young et al., 2008), and the BCG vaccine proved 

unable to protect adults from pulmonary disease. The World Health Organization 

declared TB an emergency in 1993 and today there are approximately 10 million new TB 

infections per year, with 2 billion people latently infected (Young et al., 2008). Nearly 2 

million people die of TB each year, a third of which are co-infected with HIV (Kaufmann 

and Parida, 2007). Emerging multi- and extensively-drug resistant strains are essentially 

untreatable (Kaufmann and Parida, 2007). 

Our lack of understanding of the fundamental disease mechanisms of Mtb and our 

premature declaration of its defeat played a significant part in our inability to curb the re-

emergence of TB. Developing new methods to diagnose, treat, and prevent TB requires 

deep knowledge of how this pathogen interacts with its host (Brites and Gagneux, 2015). 

The aim of this thesis is to contribute toward understanding a key molecular system used 

by Mtb during parasitization of its human host. This system, called ESX-1, influences most 

stages of the Mtb infection cycle including its ability to spread infection, manipulate the 

immune system, and cause lung pathology. Determining how ESX-1 functions at a 

molecular level will improve our basic knowledge of this organism and may help us 

develop novel therapeutics and epidemiological tools. 
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1.2 The life cycle of Mycobacterium tuberculosis 

1.2.1 Understanding the enemy 

Basic knowledge related to the Mtb life cycle and the molecular mechanisms that allow it 

to manipulate its human host may lead to better drugs, diagnostics, and vaccines. Of 

paramount importance is our ability to locate the bacillus over the course of the infection 

cycle, as this might reveal pressure points relevant to vaccine design or drug screening. 

For example, as the microenvironment of the pathogen changes, so will the availability of 

carbon sources, metals, vitamins, cofactors, and oxygen (Young et al., 2008). The bacillus 

will modify gene expression accordingly, and drug screens must be designed to mimic 

these conditions such that essential proteins are targeted at critical time points.  

The microenvironment of the pathogen also influences the immune response; different 

eukaryotic compartments are monitored by distinct pathogen sensors which are tightly 

coupled to antigen processing and presentation, cytokine secretion, and the shaping of 

long term responses. Surface structures or secreted proteins discovered to be highly 

antigenic and accessible to the immune system could be included in novel subunit 

vaccines. Alternatively, novel vaccine strains can be engineered to perturb or over-present 

surface structures in order to elicit an optimal adaptive immune response. We must also 

study countermeasures employed by the bacteria to evade or subvert the host immune 

response, as there may be a way to augment the natural immune response or inhibit 

detrimental signalling processes via therapeutics that target human proteins. 

Unfortunately, we do not fully understand the infection process, let alone many of the 

intricate details of how Mtb interacts with its host. However significant progress has been 

made in recent decades. In the following section, a brief overview of the Mtb infection 

cycle is presented in relation to its primary ecological niche, the macrophage. In section 

1.3.4, the influence of the ESX-1 system on these processes is discussed. 
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1.2.2 A newly infected macrophage 

An Mtb infection begins when an individual with active disease coughs, expelling the 

bacillus from the airway to the surrounding environment where it can remain suspended 

in air for several hours. Mtb poses a high threat to individuals in crowded, poorly 

ventilated environments, which is why the disease became more problematic when 

humans started living in cities after the Neolithic expansion (Comas et al., 2013). 

Interestingly, the aerosol droplet size is an important determinant of infectivity: a smaller 

droplet with about 6 bacteria travels more deeply through the airway (Wells, 1948), 

bypassing crowded parts of the mucosal airway that are teeming with other bacteria to 

reach the lower lung (Cambier et al., 2014). Here, the bacillus is engulfed by patrolling 

alveolar macrophages that destroy invaders and digest debris. While Mtb also infects other 

cell types, the macrophage is discussed here. 

The macrophage is a type of white blood cell that plays a critical role in non-specific 

innate immunity. It also helps initiate adaptive immunity by activating other immune cells 

such as T lymphocytes so that the body creates long-term memory and protects itself from 

future infections. Macrophages wrap their cell membrane around their prey to internalize 

them in a vesicle, a process called phagocytosis (Desjardins et al., 2005). This digestive 

process degrades the engulfed bacterium and liberates complex molecules through 

conserved processes. Macrophages react to what they are internalizing and communicate 

potential danger to neighbouring cells. This is mediated by various surface receptors that 

trigger specific intracellular events. Macrophage receptors known to bind Mtb during 

uptake recognize either opsonic or non-opsonic ligands. Mtb is covalently opsonized by 

C3b from the complement pathway. In contrast, non-opsonic ligands are structures found 

naturally on the bacterial surface, called pathogen-associated molecular patterns (PAMPs) 

(Vieira et al., 2002). PAMP receptors include Toll-like receptors, C-type lectin receptors, 

scavenger receptors, and complement receptors (Philips and Ernst, 2012). Stimulation of 

particular surface receptors will have specific effects; for example, one receptor may 

reduce phagosome maturation, while another may up-regulate antimicrobial responses 
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aimed at destroying the endocytosed cargo and preferentially send the vesicle to the 

lysosome (Philips and Ernst, 2012).  

Surface receptors also set off molecular events that trigger secretion of pro-

inflammatory agents known as cytokines which alert neighbouring cells. Extensive cross-

talk occurs at the site of infection. The goal is to eliminate the bacterium and create lasting 

memory of the pathogen throughout the body. Macrophages release cytokines that recruit 

and activate surrounding immune cells, most importantly CD4+ and CD8+ T cells. 

Macrophages also process and present antigens to these recruited T cells. Once bacteria 

are enclosed by vesicles of the endocytic pathway, their antigens are processed primarily 

through the major histocompatibility complex class II pathway (MHC-II), which interacts 

with CD4+ T cells. However, if bacteria escape to the cytoplasm, their antigens are 

processed via the MHC class I pathway (MHC-I), which interacts primarily with CD8+ T 

cells. When screening for antigens to include in novel TB vaccines, it is important to 

evaluate if a given antigen triggers strong CD4+ and CD8+ T cell responses and produces 

an optimal cytokine profile that helps the immune system control Mtb. Some of these 

cytokines include interleukins IL-1β, IL-18, IL-12, tumor necrosis factor α (TNF-α), and 

interferon-γ (IFN-γ). Therefore, tracking the bacterium through the various host cell 

compartments is critical to understanding aspects such as antigen-presentation and 

receptor stimulation. Immediately after uptake, for example, the relevant compartment is 

the phagosome. 

 

1.2.3 Life in the phagosome 

Once internalized, ingested particles are processed by the endocytic pathway in an 

endosome subtype called the phagosome. If left unimpeded, the phagosome undergoes a 

maturation process that fills the vesicle with damaging oxidative species and acidifies the 

vesicle contents. The last step of maturation is lysosome fusion. The lysosome carries a 

collection of hydrolytic enzymes that degrade ingested bacteria, freeing up organic 

molecules for nutrients. Phagosome maturation takes about 90 minutes to complete.  
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During the maturation process, the phagosome undergoes a complex set of 

interactions with organelles and vesicles from the endocytic pathway, including recycling 

endosomes, the Golgi/Sec pathway, multi-vesicular bodies, and the lysosome. Vesicles 

fuse and bud, and cargo is sent and delivered. The mechanistic details of these events are 

performed by fusion trafficking proteins such as SNARES, NSF, and SNAPs, but the actual 

directors of endocytic traffic are GTPases known as Rabs. The Rabs confer identity to the 

various types of vesicles, allowing the cell to sort vesicles to their target destination. 

Different Rabs are characteristic of different endosomal stages; an early endosome will 

have Rab4, Rab5, and Rab11, while a late endosome is rich in Rab7 and Rab9. For 

example, as the phagosome matures, Rab5 is exchanged for Rab7 through a process 

known as Rab conversion. When Rab5 is converted from a GDP- to GTP-bound state, it 

recruits a protein called EEA1, which in turn recruits the vesicle fusion machinery. 

Another group of key regulators of endosomal traffic consist of phosphoinositide 3-kinases 

(PI3-kinases) such as hVPS34. Their enzymatic product, the regulatory lipid 

phosphotidylinositol-3-phosphate (PI3P), accumulates on the vesicle, earmarking it for 

lysosomal fusion by recruiting trafficking proteins that have PI3P recognition domains 

(Vergne et al., 2005). 

Intracellular pathogens facing the threat of phagosome maturation and lysosome fusion 

have several evasion strategies: (1) lyse the phagosomal membrane and escape to the 

cytoplasm, (2) arrest phagosome maturation, or (3) withstand the acidic/oxidative/lytic 

environment (Finlay and Falkow, 1997). The classic theory is that Mtb utilizes the second 

option, however in recent years it has been suggested that Mtb employs a combination of 

all three strategies. The degree of phagosomal maturation can be determined by tracking 

fluorescently-labelled markers that are acquired through interaction with other vesicles. 

These markers include Rab5 (an early endosomal marker), Rab7 (a late endosomal 

marker), and LAMP-2 or Capthepsin D (lysosomal markers) (Seto et al., 2009). Fluorescent 

dyes such as LysoTracker are used to selectively stain acidic compartments (Via et al., 

1998). Vesicle markers are critical for locating Mtb in infected cells, however the degree 

to which these markers represent the true state of the endosome has been debated (Russell 

et al., 2009). 



7 

  

 

 

Figure 1.1: A diagram of the possible intracellular fates of Mtb. 

How does the bacillus deal with the threats of the endocytic pathway? The first 

challenge is the superoxide burst during which the NADPH complex assembles on the 

vesicle membrane to generate superoxide within the compartment for 15-20 minutes 

(Russell, 2011). Superoxide breaks down into toxic hydrogen peroxide and hypervalent 

iron species. To combat this, pathogenic mycobacteria are equipped with enzymes such 

as superoxide dismutase and scavenging lipoglycans that neutralize superoxide radicals. 

Next, the phagosome is usually acidified through the accumulation of vacuolar ATPases, 

which pump hydrogen ions into the vesicle, rapidly lowering the pH to ~4.8 over the 
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course of 15 minutes. The pH drop is required to activate hydrolytic enzymes deposited 

once the phagosome fuses with the lysosome. However, Mtb inhibits vacuolar ATPases to 

arrest the pH at ~6 (Wong et al., 2011). There is still debate as to what proportion of Mtb-

containing phagosomes ultimately fuse with the lysosomes (van der Wel et al., 2007).  

A number of bacterial lipid and protein molecules contribute to phagosome maturation 

arrest. The cell wall lipid lipoarabinomannan (LAM) incorporates into the phagosomal 

membrane to inhibit hVPS34, preventing PI3P accumulation. Other lipids involved in 

arresting phagosome maturation include phenolic glycolipid phenophthiocerol (PGL-1), 

isoprenoid edaxadiene, phthiocerol dimycocerosate (PDIM), and trehalose dimycolate 

(TDIM). Mtb also secretes eukaryote-like serine/threonine protein kinases such as PknG 

that may inhibit phagosome maturation (Chao et al., 2010), and phosphatases PtpA, PtpB, 

and SapM, which inhibit vacuolar ATPase trafficking (Bach et al., 2008; Wong et al., 

2011), subvert immune responses (Wong et al., 2013), and inhibit PI3P production, 

respectively (Vergne et al., 2005). 

 

1.2.4 Escaping the phagosome and triggering cell death 

To continue its life cycle, Mtb must escape the phagosome, exit the macrophage, and 

infect new host cells. The classic view is that Mtb exists in the phagosome for most of its 

life cycle and does not spend a significant amount of time in the cytoplasm. However, 

recent evidence suggests that Mtb permeabilizes the phagosome and escapes to the 

cytosol prior to exiting the cell. A controversial paper was published by van der Wel et al., 

who, through careful quantitation, found that a sizeable number of bacteria translocate to 

the cytosol a few days after infection (van der Wel et al., 2007). The significance of 

cytosolic mycobacteria is now a topic of intense debate (Russell et al., 2010). 

Inside the cytoplasm, pathogens face a distinct set of challenges and opportunities. 

Eukaryotic cells invest significant effort in order to maintain strict compartmentalization; if 

compartments such as the phagosome are compromised, cytoplasmic-facing receptors 

detect unsequestered bacterial DNA, RNA, and protein (O'Riordan et al., 2002). 

Stimulation of these cytosolic surveillance pathways initiates a robust inflammatory 
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response that activates processes such as autophagy and apoptosis in order to dispose of 

cytoplasmic bacteria (Fredlund and Enninga, 2014). However, Mtb appears to tolerate and 

even encourage an inflammatory response in order to control immune cell recruitment to 

the infection site and cause host cell death.  

Cytosolic sensing of Mtb proceeds through intracellular pathways such as the NLRP3 

or AIM2 inflammasome platforms (Dorhoi et al., 2011). Inflammasomes are oligomeric 

complexes that activate an inflammatory response by processing caspase-1, which 

induces maturation of pro-inflammatory cytokines such as IL-1β and IL-18 and triggers cell 

death. Recently, Mtb was also found to be detected by the STING/TBK1/IRF3 DNA 

sensing axis, which targets Mtb for elimination via autophagy (Watson et al., 2012). The 

STING pathway appears to sense extracellular mycobacterial double-stranded DNA 

(dsDNA), which is becoming increasingly appreciated as a key mycobacterial stimulant of 

the immune system (Yamashiro et al., 2014).  

Cytosolic surveillance pathways can also influence the mechanism by which the 

infected host cell dies. Infected cells have three possible modes of death: apoptosis, 

pyroptosis, and necrosis. Apoptosis and pyroptosis are forms of programmed cell death 

activated by the host in a regulated manner. Pyroptosis is associated with antimicrobial 

infection, triggered by the inflammasome-mediated release of caspase-1. During apoptosis 

and pyroptosis, the host cell attempts to contain the infection by initiating a controlled 

suicide that destroys invading bacteria with reactive oxygen species produced by 

mitochondria. This keeps the plasma membrane intact, trapping the pathogen inside  

apoptotic bodies that are subsequently engulfed by other macrophages (Cambier et al., 

2014). In contrast to apoptosis and pyroptosis, necrosis is an uncontrolled form of cell 

death resulting from compromised plasma membrane integrity. Mtb actively facilitates 

necrosis, permeabilizing the plasma membrane while simultaneously preventing the host 

from repairing the holes (Divangahi et al., 2009). Mtb also appears to promote the 

necrotic pathway by up-regulating TNF-α.  

To summarize, Mtb’s escape from the phagosome exposes the bacterium to cytosolic 

surveillance systems that trigger proinflammatory responses leading to cytokine secretion, 

autophagy, and programmed cell death. However, Mtb actively manipulates these 
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pathways in order to drive formation of the hallmark tissue pathology of TB: the 

granuloma.  

 

1.2.5 Granulomas and caseation 

The granuloma, or “tubercle”, is the structure from which tuberculosis gets its name. It is a 

tightly interdigitated wall of immune cells surrounding the caseum: a population of 

bacteria residing in a necrotic core of dead macrophages. The granuloma was once 

thought to be tissue intentionally remodelled by the host in order to contain and sterilize 

the site of infection. However this is now believed to be an anthropocentric view; the 

pathogen actively directs granuloma formation (Russell, 2007). The macrophage cytokines 

involved in this process include IL-1β, IL-2, TNF-α, CCL2, and CXCL10. These cytokines 

recruit neutrophils, which in turn secrete cytokines that recruit CD4+ and CD8+ T cells as 

well as B-lymphocytes. The recruited lymphocytes release IFN-γ which inhibits the pro-

inflammatory cascade. The final result is a series of stratified layers of infected-

macrophages and lymphocytes with caseum and bacteria in the centre (Russell, 2007). It 

has been suggested that Mtb exists extracellularly in the caseum’s rich deposits of 

cholesterol and triacylglycerol (Kim et al., 2010), which may be ideal grounds for 

replication (Cambier et al., 2014).  

Why does the granuloma suddenly reactivate? Pathogens must facilitate transmission 

to new hosts, and for this, tissue destruction is required (Brites and Gagneux, 2015). 

Granulomatous rupture, called caseation, releases bacteria into the airway, which are 

exhaled into the atmosphere to continue the infection. Caseation occurs most frequently 

in immunocompromised patients and appears to be regulated locally at the level of 

individual granulomas. The bacterial factors involved are not entirely clear. Host genes 

involved in lipid sequestration and metabolism may be involved (Kim et al., 2010), and 

the human matrix metalloprotease-9 (MMP9) is found at high levels in the serum of 

transmitting individuals, suggesting that tissue is actively destroyed by this protease 

(Russell, 2007). During caseation, the granuloma becomes more necrotic, liquefies, and 

bursts into the airway. The infection begins again when a new host inhales the bacillus. 
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1.3 The role of mycobacterial secretion in virulence 

1.3.1 The mycobacterial cell wall 

The mycobacterial cell wall is a highly impermeable barrier to the outside world and a 

major virulence factor. Mtb mutant strains lacking cell wall biosynthetic enzymes exhibit 

drastically reduced virulence. These enzymes are also targeted by TB drugs such as 

ethambutol and isoniazid (Hoffmann et al., 2008). The first layer in the mycobacterial cell 

wall is the plasma membrane (Figure 1.2). Next, is a layer of peptidoglycan, composed of 

alternating N-acetylglucosamine and modified muramic acid residues, cross-linked by L-

alanyl-D-isoglutaminyl-meso-diaminopimelyl-D-alanine (L-Ala, D-Glu, DAP, D-Ala) 

tetrapeptide sidechains. The majority of linkages occur between the carboxyl group of the 

terminal D-Ala and the amino group of the D-center of the DAP residue of an adjacent 

unit (Brennan and Crick, 2007). The 6-carbon of some muramic acid residues link to the 

next layer: a heterogeneous network of arabinogalactan, which is an elemental sugar 

unique to mycobacteria. Finally, the arabinogalactan is linked to mycolic acids, an α-

branched β-hydroxylated fatty acid (Brennan and Crick, 2007) 

 Mycolic acid is unique to mycobacteria and is the primary constitute of the mycolic 

acid outer membrane, sometimes dubbed the “mycomembane” (Brennan and Crick, 

2007). Despite early controversies, cryo-EM studies have established the existence of the 

mycolic acid layer (Hoffmann et al., 2008; Sani et al., 2010). Like the Gram-negative outer 

membrane, the mycobacterial outer membrane creates a hydrophobic barrier to the 

outside world (Hoffmann et al., 2008). The width of the mycolic acid layer is between 6-8 

nm, slightly wider than the Gram-negative outer membrane. Some mycobacteria have 

unique oligomeric goblet-shaped membrane-embedded porins located in the mycolic acid 

layer (Faller et al., 2004). Together, the peptidoglycan, arabinogalactan, and mycolic acid 

layers are essential for cell viability; enzymes involved in synthesizing these layers are 

important drug targets (Brennan and Crick, 2007). 

The outermost layer is called the capsule, also known as the “electron transparent 

zone” in classic EM studies (Armstrong and Hart, 1975). It is a poorly defined mixture of 

extractable non-covalently linked glycans, lipids, and proteins that presumably intercalate 
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with mycolic acids. Lipids and proteins of the capsule appear to interact directly with the 

host and are essential to virulence; the presence of the capsule dampens pro-inflammatory 

cytokine responses (Sani et al., 2010). The capsule’s existence was initially questioned as 

it was not observed in some EM studies. However, its absence in these studies can be 

explained by their use of detergents such as tween-80, which prevents undesirable 

bacterial clumping during growth but inadvertently causes the capsule to shed (Sani et al., 

2010). The fragile nature of the capsule makes it difficult to ascertain whether exported 

proteins identified in the growth media are naturally separated from the bacterial surface 

or rather these proteins were originally located in the capsule but shed due to chemical 

disruption or physical agitation. The capsule’s existence was definitively shown using 

detergent-free culture media followed by cryo-EM analysis of the bacterial cell wall and 

immunolabelling of its primary sugar moiety, α-glucan (Sani et al., 2010). These authors 

also established that the capsular layer contains ESX-1-secreted proteins (Sani et al., 2010). 

As the capsule is an important virulence determinant, elucidating the mechanisms through 

which the capsule’s chemical constituents interact with infected host may provide 

important insight into Mtb pathogenesis. 

 

 

 

Figure 1.2: The mycobacterial cell wall. 
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1.3.2 Secretion systems of mycobacteria 

The impermeable cell wall that protects mycobacteria from environmental stress also 

poses a challenge to the bacteria: how does it transport its own proteins across? These 

proteins are needed to manipulate the outside world and gather nutrients. Mycobacteria 

have a general secretory translocase (SecYEG) that translocates proteins possessing an N-

terminal Sec signal recognized by the SecA1 ATPase. In mycobacteria, Sec signals are 

longer than those found in Gram-negative bacteria; upwards of 60 residues instead of 20 

(Champion and Cox, 2007). A few immunologically relevant Mtb T cell antigens are 

secreted through the Sec pathway including the antigen 85 complex. Mycobacteria are 

unusual in having a second Sec ATPase called SecA2, which is required for intracellular 

growth of Mtb. It is suggested that SecA2 exists to accommodate post-translationally 

modified substrates (Champion and Cox, 2007). Some virulence effector kinases (van der 

Woude et al., 2014) and phosphatases (Wong et al., 2013) may be secreted through 

SecA2. 

Mycobacteria also have a twin arginine translocase (Tat) pathway, which translocates 

cofactor-containing proteins that are required to first fold in the cytoplasm. Proteins 

exported via Tat have a hallmark twin-arginine signal sequence. The Tat pathway is 

essential for Mtb growth in culture, and between 11 and 31 potential Tat substrates have 

been identified (Champion and Cox, 2007). One important group of proteins secreted 

through Tat are phospholipases C enzymes, which are thought to act on host signalling 

pathways and membranes (Champion and Cox, 2007).  

Finally, mycobacterial genomes encode Esat-6 secretion systems, or ESX/type VII 

secretion systems (T7SS) (Abdallah et al., 2007). Mycobacteria have up to five ESX gene 

clusters that have arisen through gene duplication, denoted ESX-1 through ESX-5 (Houben 

et al., 2013). ESX-1 is an Mtb virulence determinant and is the subject of this thesis. ESX-3 

is involved in iron acquisition (Serafini et al., 2009; Siegrist et al., 2009). ESX-5 secretes 

the PE and PPE protein families which modulate the immune response (Abdallah et al., 

2008). The functions of ESX-2 and ESX-4 are unknown (Gey van Pittius et al., 2006). 
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1.3.3 Identification of ESAT-6 (EsxA) 

In 1975, a large vaccine trial in India proved the BCG vaccine to be relatively ineffective 

at protecting adults from pulmonary TB (Rook, 1987). TB incidence in the developing 

world was also on the rise, indicating drug treatments were failing to completely eliminate 

the disease (Rook, 1987). This led to renewed efforts to identify proteins secreted by Mtb 

that might be useful for improving the BCG vaccine, and new molecular biology tools 

were emerging that could help. It was of special interest to identify Mtb antigens 

recognized by circulating human T cells (Rook, 1987), as these were thought to be most 

relevant to vaccine design and development of novel diagnostics (Rook, 1987). One 

approach toward achieving this goal involved assaying the reactivity of T cell clones 

raised against dead or sonicated bacilli followed by phage display to identify the reactive 

antigens (Young et al., 1985). However it soon became apparent that the antigens 

recognized from dead/sonicated samples correlated poorly with T cell clones found in 

human blood (Rook et al., 1986), indicating that the antigens released by disrupted bacilli 

are not the same as those presented in a live context. These antigens are unlikely to be of 

use in engineered TB vaccines as they would not be accessible to the immune system 

during infection. To identify surface-displayed antigens secreted by live bacteria, 

Abouhzeid et al. developed an approach to growing Mtb for a short time (4-7 days) 

followed by analysis of [35S]-labeled secreted proteins; the labeling strategy allowed bona 

fide secreted proteins to be distinguished from those released by cell lysis (Abouzeid et al., 

1986). Soon, many secreted antigens of varying size were identified (Abouzeid et al., 

1988; Andersen et al., 1991a; Andersen et al., 1991b; Baird et al., 1989; Barnes et al., 

1989; Collins et al., 1988) and a list was compiled (Young et al., 1992). 

Next, Andersen et al. sought to determine which secreted antigens are recognized 

specifically by memory T cells, as these may help the body establish long-term immunity 

against TB (Andersen and Heron, 1993). They hypothesized that the T cell responses 

provoked by actively growing bacteria at the height of infection might be different from 

those initiated by long term memory T cells; this subset of T cells may better protect 

against a second infection. Their efforts led to the identification of a low molecular weight 
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protein fraction from the short term culture filtrate (Andersen and Heron, 1993) that could 

provide mice with a level of protective immunity that was comparable to BCG (Andersen, 

1994). While isolating the antigens responsible for this protective effect, Andersen purified 

a 6 kDa protein from the short-term culture filtrate (Sorensen et al., 1995). Using the 

phage display approach (Young et al., 1985), he identified the antigen as a 95-residue 

protein and named it the 6 kDa early secretory antigenic target, or ESAT-6, which was 

later renamed EsxA. EsxA was present as multiple apparent bands on a gel, localized to 

the culture filtrate and cell wall fractions, and could elicit release of IFN-γ from memory T 

cells (Sorensen et al., 1995). EsxA would be the subject of intense research for the next 20 

years and was soon discovered to be secreted through the ESX-1 system. 

 

1.3.4 Discovery of the ESX-1 secretion system 

The discovery of the ESX-1 system began with development of the infamous BCG vaccine 

between 1908 and 1921 by Albert Calmette and Camille Guérin. The protective agent 

comprising the BCG vaccine is an avirulent strain of Mycobacterium bovis, a close relative 

of Mtb that causes TB in cattle. The attenuated M. bovis strain, later named BCG, emerged 

after many rounds of cultured growth in ox bile media. BCG’s inability to revert back to 

virulence hinted that an irrecoverable genetic deletion was responsible for the attenuation; 

genome hybridization (Mahairas et al., 1996) and microarray experiments (Behr et al., 

1999) later confirmed this to be the case. Of all the chromosomal deletions that had 

occurred in the numerous BCG substrains, only one deletion was common to all of them: 

a 9.5 kilobase stretch of DNA spanning several open reading frames (ORFs) termed region 

of difference 1 (RD1) (Fig. 1.3). 

 

 
Figure 1.3. Mycobacterium bovis BCG region of difference 1 (RD1) 
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 Strikingly, RD1 was found to encode EsxA: the secreted T cell antigen identified 

earlier by Andersen (Sorensen et al., 1995). When the complete Mtb genome sequence 

became available (Cole et al., 1998), it was revealed that the esxA gene is flanked by 

several ORFs predicted to encode a number of membrane proteins and ATPases; these 

were immediately hypothesized to form the secretion system responsible for EsxA’s Sec-

independent export (Tekaia et al., 1999). The genome sequence also helped identify a 

second antigen secreted to the short term culture filtrate named, ‘culture filtrate protein 

10’ (CFP-10, later renamed EsxB), and the esxB gene is co-transcribed with esxA (Berthet 

et al., 1998). This newly-identified gene cluster, hypothesized to encode a novel type of 

secretion system that exports immunologically-relevant substrates, received a considerable 

amount of attention from microbiologists, geneticists, bioinformaticians, and 

immunologists. 

The floodgates opened for RD1-related experiments. In the following years, many 

major discoveries related to Mtb pathogenesis involved some form of RD1 mutant. Of all 

the BCG regions of difference identified, only reintroduction of RD1 was found to restore 

M. bovis BCG virulence (Pym et al., 2002). Multiple groups used targeted gene deletions 

and signature-tagged mutagenesis to confirm that Mtb strains with a variety of RD1 

disruptions (collectively designated here as Mtb-ΔRD1) are attenuated to the same extent 

as M. bovis BCG. Compared to wild type bacteria, Mtb-ΔRD1 strains exhibit markedly 

reduced virulence in multiple types of assays designed to probe various aspects of the Mtb 

infection cycle. Mtb-ΔRD1 strains have a reduced ability to kill mice (Hsu et al., 2003; 

Lewis et al., 2003; Stanley et al., 2003) and display less severe lung pathology in mouse 

model infections (Hsu et al., 2003; Lewis et al., 2003). Mtb-ΔRD1 are less cytotoxic, have 

reduced ability to lyse infected cells, and are unable to spread to new cells as measured in 

human macrophage and epithelial infection models (Gao et al., 2004; Guinn et al., 2004; 

Hsu et al., 2003; Lewis et al., 2003). Mtb-ΔRD1 strains also exhibit reduced capacity to 

replicate in cells, as measured by CFU studies in both cellular and mouse models (Lewis 

et al., 2003; Stanley et al., 2003). Furthermore, Mtb-ΔRD1 strains are less able to arrest 

phagosome maturation (MacGurn and Cox, 2007) and their ability to modulate immune 
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responses such as cytokine release and nitric oxide production is perturbed (Stanley et al., 

2003). Clearly, RD1 had an important role in pathogenesis. 

Many groups also sought to test the prediction that RD1 encoded a novel secretion 

system by carrying out experiments related to RD1’s predicted transcripts and ORFs. The 

RD1 region can be broken down into 4 transcriptional units (Pym et al., 2003). To 

determine which RD1 genes are most essential to virulence, different combinations of 

these transcriptional units were reintroduced into M. bovis BCG, however only a plasmid 

carrying the entire deleted region resulted in recovery of virulence (Pym et al., 2003). 

Several ORFs surrounding the esxA and esxB genes were deemed essential for secretion of 

EsxA and EsxB, adding support for the system’s proposed role in protein export (Guinn et 

al., 2004; Hsu et al., 2003; Pym et al., 2003; Stanley et al., 2003). The fish pathogen 

Mycobacterium marinum proved especially useful for establishing the contributions of 

individual ORFs to the system (Gao et al., 2004). Many of the single-gene disruptions had 

similar phenotypes as deletions of the complete RD1 region (Brodin et al., 2006; Guinn et 

al., 2004). These studies also served to expand the accepted boundaries of the functional 

gene cluster to include additional genes adjacent to the RD1 region (Gao et al., 2004). 

Finally, yeast two-hybrid experiments identified interactions between multiple proteins 

encoded in the locus (Stanley et al., 2003). The cumulative result was that, rather than 

individual genes acting independently, the gene cluster disrupted by the RD1 deletion 

likely encodes a multi-component secretion apparatus, perhaps similar to those commonly 

involved in the virulence mechanisms of Gram-negative bacteria. 

The secretion system received a new designation: ESX-1. The field also introduced a 

systematic genetic nomenclature along with a more general designation “type VII 

secretion system” (T7SS) (Bitter et al., 2009a; Bitter et al., 2009b). The christening of T7SS 

was not without controversy; experts in Gram-negative bacterial secretion systems 

claimed that the “type n secretion” designation should be reserved strictly for bacteria 

with definitive outer-membranes (Desvaux et al., 2009a, b). In this nomenclature, the core 

components of the apparatus are labelled with the prefix Ecc, for Esx core component, 

namely, EccA, EccB, EccC, EccD, and EccE. Other ESX-associated proteins were assigned 

the prefix Esp (ESX secretion-associated protein). These include EspA through EspL, and 
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the transcriptional regulator EspR. To distinguish between proteins from the 5 paralogous 

ESX systems, the protein names are followed by numerals 1 through 5 (e.g. EccB1, EccB2, 

EccB3, etc.). This standardized naming scheme appears to have mitigated problems seen 

in other bacterial secretion systems where gene/protein names were not standardized from 

the outset. These other systems often have a confusing set of names that vary by species. 

Bioinformatic analyses of the RD1 genes provided a few hints regarding the function of 

some of the ESX membrane proteins (Tekaia et al., 1999). EccC, which in some ESX 

systems is broken down into two genes, EccCa and EccCb, is a FtsK-SpoIIIE-like ATPase 

responsible for supplying energy for protein translocation. EccD is a multi-spanning 

integral transmembrane protein thought to be a channel through which secreted substrates 

pass (Abdallah et al., 2007). Each of the five ESX gene clusters also encode subtilisin-like 

serine proteases, termed mycosins, a linguistic blend of the genus mycobacteria and the 

subtilisin protease family (Brown et al., 2000). Mycosins are also sometimes called 

mycosin proteases and are abbreviated MycP followed by the numerals 1 through 5 

depending on their associated ESX system (Bitter et al., 2009a).  

 

 
Figure 1.4. Schematic organization of the ESX-1 secretion system. 
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1.3.5 Possible intracellular functions of ESX-1 

With ESX-1’s importance to promoting Mtb virulence established, researchers began to 

look more closely at the impact of the system in the context of the infected cell. Various 

intracellular effects have been observed that can perhaps be grouped into three broad 

infection models: (1) ESX-1 may allow for Mtb to full-on escape from the phagosome, (2) 

ESX-1 may permeabilize the phagosomal membrane, allowing for some mixing with the 

cytoplasm, and (3) ESX-1 may secrete proteins into the cytoplasm that modulate host 

cytosolic factors. The common theme of the models that ESX-1 permits the bacterium 

some degree of access to the host cytoplasm. However, the three models fall on a 

spectrum with respect to the extent in which they disrupt the previously-accepted scenario 

in which Mtb resides exclusively in phagosomes. The specific intracellular role of ESX-1 is 

hotly debated in the field, and there is by no means a consensus.  

 In 2007, van der Wel et al. published a paper that challenged the notion that Mtb 

spends most of its time in the phagosome; rather, they suggested that Mtb escapes to the 

cytosol two days after the start of infection (van der Wel et al., 2007). They conducted a 

cryo-electron microscopy analysis to survey the subcellular locations of bacteria. Is Mtb 

found in the phagosome or in the cytosol, and at which time point during infection? The 

group evaluated whether the bacterium was encapsulated in phagosome by tracking 

markers of early endosomes (EEA1 and transferrin receptor) or markers associated with 

lysosomes (LAMP-1, LAMP-2, CD63, and cathepsin D). They also observed the presence 

or absence of phagosomal membrane using EM. The results indicated that a portion 

bacteria had escaped from phagosomes. Importantly, this was not observed with BCG or 

heat-killed Mtb, and EsxA/EsxB secretion was required for escape. The same group later 

published a second report using a wider range of mycobacterial species, and 

demonstrated only the pathogenic species (Mtb, M. marinum, and M. leprae) can escape 

phagosomes (Houben et al., 2012a). Intriguingly, although some non-pathogenic bacteria 

like M. smegmatis have intact ESX-1 systems that actively secrete EsxA, they are incapable 

of phagosomal escape. A separate group added quantitative support for the notion that 

Mtb gains cytoplasmic access in an ESX-1-dependent manner using a single-cell 
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fluorescence resonance energy transfer (FRET)-based assay (Simeone et al., 2012). Further 

evidence for phagosomal escape was presented by researchers who discovered that M. 

marinum infecting the amoeba Dictyostelium were able to escape from vacuoles and 

spread to new cells in a non-lytic manner using a polymerized actin-based structure called 

the “ejectisome”; this was entirely dependent on having an intact ESX-1 (Hagedorn et al., 

2009; Stamm et al., 2003). Macrophage infection experiments combined with contact-

dependent red blood cell haemolysis assays indicated M. marinum also used ESX-1 to 

form pores and escape to the cytosol (Smith et al., 2008). It is unclear to what extent the 

M. marinum results can be extrapolated to Mtb. Finally, ESX-1-dependent Mtb escape was 

also determined to occur in vivo in a mouse-tail infection model (Carlsson et al., 2010). 

However there is still much controversy associated with Mtb phagosomal escape; it is 

unknown if this occurs in human lungs. 
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Figure 1.5. Summary of various ESX-1-dependent effects. 1:(van der Wel et al., 2007) 2: (Bach et 
al., 2008), 3: (Stanley et al., 2007), 4: (Manzanillo et al., 2013), 5: (Manzanillo et al., 2012), 6: 
(Kurenuma et al., 2009). 7: (Watson et al., 2012). 8: (Koo et al., 2008), 9: (Divangahi et al., 2009). 

 

A second school of thought is more conservative, not necessarily going so far as to say 

that ESX-1 helps Mtb completely escape phagosomes, but rather that ESX-1 generates 

pores that permeabilize phagosomal membranes, allowing the phagosome contents to mix 

with the cytosol. This hypothesis partly stems from observations that ESX-1 is required for 
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Mtb to trigger host cytosolic surveillance pathways like the STING DNA-sensing pathway 

(Manzanillo et al., 2012). This pathway is thought to sense extracellular DNA secreted by 

Mtb during biofilm formation. The STING pathway results in Mtb being marked for 

ubiquitination by the parkin ubiquitin ligase, targeting the bacterium for selective 

autophagy and destruction by the autophagolysosome (Watson et al., 2012). Interaction 

with STING and autophagic targeting would require direct cytosolic contact (Manzanillo 

et al., 2013). The work also provided an interesting link between nucleic acid sensing and 

autophagy as a mechanism of control of intracellular pathogens. It is worth noting that 

stimulation STING also impacts cytokine release, which would influence the immune 

response and granuloma formation. Interestingly, the ESX-1-dependent transcriptional 

profile of Mtb-infected bone marrow-derived macrophages was found to be nearly 

identical to that of macrophages infected with Listeria monocytogenes, which enters the 

cytosol using a pore-forming toxin called listeriolysin O (LLO) (Manzanillo et al., 2012). 

Both of these pathogens appear to activate a transcription factor called interferon 

regulatory factor 3 (IRF3) which initiates the production a class of cytokines called type I 

interferons including IFN-1β typically associated with viral infections. 

Finally, it has been proposed that rather than disputing phagosomal membranes, ESX-1 

secretes protein effectors directly into the macrophage host cytoplasm to modulate host 

responses (Stanley et al., 2007). For example, such secreted proteins may interact with the 

NLRP3/ASC inflammasome, leading to cytokine secretion required for bacterial spread. 

The inflammasome processes caspase-1, which is responsible for cleavage and secretion 

of cytokines IL-1β and IL-18. ESX-1 stimulates the release of these factors from infected 

macrophages (Koo et al., 2008), possibly by causing a potassium ion influx that results in 

capthepsin-B release from lysosomes (Kurenuma et al., 2009). IL-1β and IL-18 secretion 

are hypothesized to promote recruitment of other immune cells for continued bacterial 

spread, and a number of groups have observed the inability of ΔESX-1 mutant strains to 

form structured granulomas that caseate normally (Carlsson et al., 2010; Volkman et al., 

2004). 

The issue of ESX-1-dependent access to the cytoplasm has practical implications 

related to vaccine design. The system appears to influence the route through which Mtb 
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antigens are presented on the surface of the infected macrophage. If Mtb is sequestered to 

the phagosome, its antigens will be processed through MHC-II pathway to prime CD4+ T 

cells. However escape to the cytosol would mean some of its antigens are processed via 

MHC-I and presented to CD8+ T cells. For example, EsxB peptides are processed through 

the MHC-I pathway (Lewinsohn et al., 2006). Taken together, Mtb’s ESX-1-dependent 

access to the cytosol has important effects on the life cycle of the pathogen and the host 

immune response, which may be important to consider in the context of vaccine 

engineering. 

 

1.3.6 Structure, secretion, and proposed functions of EsxA and EsxB 

As ESX-1’s role in virulence and intracellular pathogenesis was elucidated, other important 

steps were made toward understanding how the system operates at a molecular level. 

These steps began with the biophysical characterization of EsxA and EsxB combined with 

the use of purified protein in assays developed with goal of discovering the direct 

functions of these proteins. There was also considerable interest as to how substrates are 

targeted for secretion through ESX; locating a secretion signal could help identify other 

secreted proteins. 

On its own, EsxA is ~75% helical but with minimal tertiary structure as measured by 

circular dichroism, tryptophan fluorescence, and NMR experiments (Renshaw et al., 

2002). In contrast, EsxB adopts a random coil (Renshaw et al., 2002). While EsxA and 

EsxB are largely unstructured when separated, they may never be found this way in nature 

because their genes are co-transcribed (Okkels and Andersen, 2004) and their protein 

products form a tight, fully folded heterodimeric complex (Renshaw et al., 2002) that 

exists both inside and outside the cell (Brodin et al., 2005). Herein, this complex will be 

referred to as EsxAB. The solution NMR structure of EsxAB revealed an antiparallel four-

helix bundle (Fig 1.6) (Renshaw et al., 2005). Of particular interest are the N and C termini 

of both proteins, which form long, flexible arms at either end of the four-helix bundle 

(Renshaw et al., 2005). Mutations to residues in these regions disrupt secretion and 

virulence (Brodin et al., 2005).  
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Figure 1.6. Structure of the EsxAB heterodimer. One representative structure from the 
ensemble depicted as ribbon, the rest as backbone stick trace. WXG and YXXXD motifs 
indicated (PDB: 1WA8, (Renshaw et al., 2005)). 

 

 The secretion signal for the T7SS system was soon located in the flexible C-terminus 

of EsxB (Champion et al., 2006). Yeast two-hybrid experiments demonstrated that EsxB is 

recruited to the membrane by the EccCb1 ATPase (Stanley et al., 2003). When the last 

seven residues of EsxB are deleted or mutated, interaction with EccCb1 is abolished and 

EsxB is not secreted (Champion et al., 2006). The sequence of the secretion signal was 

later refined to Tyr-x-x-x-Asp/Glu motif (YXXXD) and a few additional hydrophobic 

residue downstream from this (Daleke et al., 2012a) (Fig. 1.6, discussed in greater detail in 

section 3.1). The signal is required for export of a number of other ESX substrates 

including PE25, LipY, and EspB, but does not appear to target substrates to particular ESX 

systems; switching the signal does not change the ESX system through which they are 

secreted, indicating that this information is encoded elsewhere in the protein (Daleke et 
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al., 2012a). A separate group demonstrated that the signal is conserved in many Gram-

positive bacteria such as Bacillus subtilis (Sysoeva et al., 2014). They suggested that the 

WXG motif – another characteristic motif of the EsxAB superfamily -- forms a bipartite 

signal in conjunction with the YXXXD motif (Fig. 1.6). The crystal structure of an EsxA 

homologue from Streptococcus agalactiae hinted that residues of the YXXXD secretion 

signal align on the same face of a stabilized helix when bound to the EccCb1 ATPase 

(Poulsen et al., 2014). 

 Alongside these structural studies, a number of groups attempted to determine the 

function of EsxAB using purified protein in various types of biochemical and cell-based 

assays. Does the EsxAB complex rupture membranes independent from the rest of the ESX-

1 system? An early study showed that purified EsxA forms membrane pores in a planar 

lipid bilayer experiment (Hsu et al., 2003), however these experiments were not 

independently validated. A separate group used liposome flotation assays, surface 

plasmon resonance experiments, and cryo-EM to show that at low pH (such as the one 

encountered by Mtb in the phagolysosome), EsxA dissociates from EsxB and destroys 

liposomes (de Jonge et al., 2007). Furthermore, treatment of whole cells with purified EsxA 

creates pores that allows dye to permeate the cell (Derrick and Morris, 2007). Purified 

EsxA also causes various cells to lyse in vitro, including pneumocytes (Kinhikar et al., 

2010) and red blood cells (Smith et al., 2008). Moreover, heterologous expression of EsxA 

in amoeba helps ΔRD1 Mycobacterium marinum strains escape from phagosomes and 

proceed with non-lytic ejection from cells, again suggesting EsxA alone is sufficient for 

membrane rupture (Hagedorn et al., 2009). Finally, Smith et al. measured the size of the 

pores created by EsxA using a polyethyleneglycol osmoprotection assay (Smith et al., 

2008) and calculated a pore size of ~4.5 nm. Together, these studies suggest that EsxA 

indeed forms pores on its own. 

However, others have argued against EsxA pore-forming activity. Membrane-spanning 

proteins typically have surface-exposed hydrophobic residues with electropositive patches 

adjacent to an aromatic girdle; Renshaw et al. pointed out that EsxAB lacks such features 

(Renshaw et al., 2005). Moreover, EsxAB does not aggregate at concentrations over 2 mM 

in solution, an unusual observation for a pore-forming complex (Renshaw et al., 2005). 
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The group also showed that purified EsxAB does not disrupt macrophages membranes 

(Renshaw et al., 2005) and that EsxA does not dissociate from EsxB even at extremely low 

pH (Lightbody et al., 2008), refuting the earlier finding (de Jonge et al., 2007). Therefore, 

although there is evidence that EsxA forms pores, the issue is controversial and the 

molecular mechanism for how would occur has not been demonstrated. 

Along with its proposed involvement in membrane permeabilization, EsxA is also 

suspected to function as an effector that manipulates host intracellular signalling 

pathways. Many distinct EsxA effector functions have been reported: it was found to 

interact with a regulator of intracellular traffic called syntenin-1 (Schumann et al., 2006), 

modulate phagosome maturation (Tan et al., 2006), and induce apoptosis through 

activation of caspase activity (Derrick and Morris, 2007). It was also observed to dampen 

lipopolysaccharide-induced TLR signalling pathways through modulation of ERK1/2 MAP 

kinases (Ganguly et al., 2007), decrease production of reactive oxygen species, and inhibit 

NFkB DNA-binding (Ganguly et al., 2008). EsxA was further observed to interact with 

TLR2 to inhibit the MyD88 signalling scaffold assembly. The C-terminal region of EsxA 

was deemed necessary for some these functions and was shown to bind host proteins 

directly (Pathak et al., 2007). Cumulatively, these effects are believed to help Mtb 

manipulate the infected macrophage (Samten et al., 2011). 

How can a small 6-kDa protein interact with multiple host targets in addition to its role 

in permeabilizing membranes? One caveat of many of these studies is that they were 

carried out with purified EsxAB, separate from the rest of the secretion system complex. 

This may not accurately represent EsxAB’s true physiological environment. An alternative 

possibility is that EsxA and EsxB are instead extracellular components of the secretion 

system that facilitate export of other effectors that are responsible for the ESX-dependent 

phenotypes that have been observed (Pallen, 2002). This hypothesis is more consistent 

with the observation that ESX systems are encoded in a diverse range of non-parasitic 

Gram-positive bacteria that presumably have no need to permeabilize phagosomal 

membranes or modulate the eukaryotic immune system. In this scenario, non-pathogens 

would use ESX to secrete proteins that are unrelated to virulence. 
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1.3.7 The PE and PPE protein families 

There are two other ESX-secreted protein families that have received considerable 

attention. These  have been termed the PE and PPE families for their characteristic Pro-Glu 

(PE) and Pro-Pro-Glu (PPE) motifs in their N-terminal regions, respectively (Sampson, 

2011). PE and PPE paralogues together account for nearly 200 open reading frames and 

10% of the coding capacity of Mtb - a finding that was one of the major surprises 

following the sequencing of the Mtb genome (Cole et al., 1998). Some members of this 

family appear to interact with host cellular targets to modulate the immune response 

(Choudhary et al., 2003; Demangel et al., 2004; Li et al., 2005; Mishra et al., 2008; Nair 

et al., 2009; Ramakrishnan et al., 2000). Many PE and PPE proteins are predicted to have 

large, disordered C-terminal domains (CTDs) that lack structural complexity. These CTDs 

are hypothesized to promote antigenic variation at the cell surface and may function 

similarly to proteins used by the Epstein Barr virus to confuse the immune system (Cole et 

al., 1998). There are also PE and PPE proteins with CTDs predicted to adopt enzymatic 

domains such as lipases (Daleke et al., 2011) and hydrolases (Sultana et al., 2011). The 

different types of PE and PPE family members are illustrated in Figure 1.7. 
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Figure 1.7. Structure of the PE/PPE heterodimer. PDB: 2G38 (Strong et al., 2006). Schematic 
adapted from (Sampson, 2011). PGRS: polymorphic GC-rich sequence. SVP: refers to a 
characteristic Ser-Val-Pro motif. MPTR: major polymorphic tandem repeat. 

 

Aside from the lone PE/PPE pair encoded within the ESX-1 gene cluster which is 

secreted through ESX-1, most of the PE and PPE proteins appear to be secreted through a 

dedicated ESX-5 secretion system. ESX-5 is necessary for growth of pathogenic 

mycobacteria, and is hypothesized to form a transport system that helps mycobacteria 

acquire nutrients (Ates et al., 2015). The PE and PPE domains are required for their CTD 

cargo to reach the cell wall (Cascioferro et al., 2007; Sampson et al., 2001; Sani et al., 

2010). Some CTDs are proteolytically cleaved following export, possibly by the ESX-5-

associated MycP5 protease (Daleke et al., 2011). Although most members of the PE and 

PPE families are notoriously difficult to express and purify (Riley et al., 2008), PE25 and 

PPE41 were successfully purified and shown to adopt a heterodimeric complex (Strong et 
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al., 2006). Crystallographic analysis of the PE25/PPE41 complex revealed a helical bundle 

reminiscent of the EsxAB heterodimer (Fig. 1.7) (Strong et al., 2006).  

 

1.3.8 Secreted Esp proteins of the ESX-1 locus 

Along with the EsxAB and PE/PPE families, there are a number of other proteins secreted 

through ESX-1 that are also required for virulence. While the literature is often conflicted 

regarding which Esp proteins are secreted, a complete list of proteins with strong evidence 

of secretion through ESX-1 include EspA (Fortune et al., 2005), EspB (Gao et al., 2004; 

McLaughlin et al., 2007; Xu et al., 2007), EspC (Millington et al., 2011), EspE (Sani et al., 

2010), EspF (Sani et al., 2010), EspJ (Champion et al., 2014), EspK (Champion et al., 2014; 

Sani et al., 2010), PE32, and PPE68 (Chen et al., 2013b). Establishing that a protein is 

secreted is complicated by the high propensity for mycobacteria to lyse in culture, 

requiring strict experimental controls. The western blot is the most common method used 

to detect ESX-secreted proteins. However, more powerful mass spectrometry-based 

methods have been developed and employed to detect secreted proteins located 

specifically in the cell wall (Sani et al., 2010) or present in whole colonies (Champion et 

al., 2012). A promising new approach uses mass spectrometry-based multiple reaction 

monitoring (MRM) as a replacement for western blots, allowing for sensitive simultaneous 

detection of all known secreted substrates and identification of new ones (Champion et 

al., 2014).  

Many ESX-1-secreted proteins require each other for secretion, making it difficult to 

determine their isolated functions (Fortune et al., 2005). However, it is an important topic, 

as these proteins are located outside the cell and are positioned to interact with the 

bacteria’s environment. Particular secreted proteins may endow the five ESX systems with 

unique functionality. It is unclear if ESX-1-secreted proteins have separate, distinct effector 

functions, or if they operate as a complex. Experiments aimed at determining the co-

secretion requirements, effects on virulence, and binding are complicated and sometimes 

conflicting. A schematic attempts to summarize the results (Fig. 1.8). 
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 The first protein identified as uniquely secreted through ESX-1 was EspA (Fortune et 

al., 2005). EspA not part of the ESX-1 gene cluster; rather, it is located in an upstream 

operon with EspC and EspD (Fortune et al., 2005; MacGurn et al., 2005). However, EspAC 

share sequence similarity with EspEF in the ESX-1 locus (MacGurn et al., 2005). The 

EspACD operon appears to be specific to pathogenic mycobacterial species and is 

required for EsxAB secretion, and EsxAB is required for EspAC secretion. Mtb-ΔespA 

mutants have similar virulence phenotypes as Mtb-ΔRD1 mutants (Fortune et al., 2005; 

MacGurn et al., 2005). EspA has been shown to bind directly to an EsxAB fusion in a yeast 

two-hybrid assay (Callahan et al., 2009). The core ESX-1 EccC ATPase is required for EspA 

secretion, but interestingly, so is EspI, a homologue to a chromosomal segregation ATPase 

(Fortune et al., 2005). One intriguing aspect of EspA is that it appears to adopt a 

homodimer following secretion, mediated by a disulfide bond; the homodimer is required 

for Mtb virulence (Garces et al., 2010). EspA’s mutually-dependent secretion requirements 

led to speculation that it is a component of the secretion apparatus, since deletion of 

either EsxAB or EspA reduces apparatus integrity. It is speculated that EspA may carry out 

a role similar to LcrV form the Yersinia type III secretion system, which simultaneously 

acts as an apparatus component and an effector (Fortune et al., 2005). 

Does EspA have a direct impact or virulence, or is the loss of virulence a result of 

disrupted EsxAB secretion? To distinguish between these possibilities, two groups made 

attempts to decouple co-dependent secretion requirements by making specific point 

mutations in EspA. The first group mutated EspA’s lone cysteine that is involved in 

dimerization; the mutant still secretes EsxAB but nonetheless reduces Mtb ability to cause 

disease in mouse models (Garces et al., 2010). The mutation also appeared to affect cell 

wall integrity in an SDS-susceptibility test, although this finding was later disputed (Chen 

et al., 2013a). Mutating residues surrounding EspA’s WXG motif results in loss of EspA and 

EsxAB secretion, but for some reason does not attenuate Mtb virulence, providing the first 

ever report where EsxB secretion was unlinked to virulence (Chen et al., 2013a). This 

suggests that other virulence factors may be capable of compensating for EsxAB and EspA 

(Chen et al., 2013a). However, the exact function of EspA remains undetermined. 
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Figure 1.8. Secreted proteins from the ESX-1 locus 

 

EspA’s operon partner EspC is also secreted and is required for Mtb virulence. In 

addition, studies related to EspC serve to reiterate the importance of studying ESX-1 

secretion from an immunological perspective. Millington et al. assessed the immune 

response to EspC in patients with active TB using ELISA and flow cytometry (Millington et 
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al., 2011). They found that EspC is broadly recognized by CD4+ and CD8+ T cells that 

secreted IFN-γ and IL-2, which are promising cytokine markers of vaccine potential. EspC 

is at least as immunodominant as EsxAB in patients with both latent and active TB, and is 

not recognized by BCG-vaccinated subjects, allowing infected individuals to be 

differentiated from vaccinated ones. For these reasons, EspC is a potential vaccine 

candidate or immunodiagnostic (Millington et al., 2011). The exact mechanism by which 

EspA and EspC are secreted is not known, although it has been demonstrated EspC has a 

secretion signal similar to EsxB but is targeted by the EccA ATPase (Champion et al., 

2009). 

The fourth ESX-1-secreted protein to be identified was EspB (McLaughlin et al., 2007). 

A M. marinum EspB transposon mutant is one of the most attenuated RD1-related mutants 

in zebrafish infection models, is unable to cause contact-dependent haemolysis of red 

blood cells (Gao et al., 2004), and is not cytotoxic in macrophage infection assays (Gao et 

al., 2004). EspB’s importance to virulence was recapitulated in Mtb macrophage 

infections (McLaughlin et al., 2007). As was the case with ΔespA mutants, ΔespB mutants 

failed to secrete EsxAB, and EsxAB mutants do not secrete EspB, suggesting these 

substrates require each other for secretion (Chen et al., 2013b; Smith et al., 2008; Xu et 

al., 2007). However, this finding was subsequently disputed (Chen et al., 2013b). Also like 

EspA, EspB appears to require the EccA ATPase for export (McLaughlin et al., 2007; Xu et 

al., 2007). Additionally, EspB has its own unique requirements for export, which appear to 

include EspK (McLaughlin et al., 2007). Putative chaperones EspG and EspH may also be 

required for EspB secretion (Xu et al., 2007), although these proteins were not required in 

a separate study (McLaughlin et al., 2007). Recently, a dependence on EspL has been 

reported for EspB secretion (Champion et al., 2014), but a separate group reported EspL is 

not required (Stoop et al., 2011). Notably EspACD secretion is not required for EspB 

secretion (Chen et al., 2013b). Overall, the documented requirements for EspB secretion 

have been somewhat conflicted, but it is agreed this protein plays a critical role in Mtb 

virulence. 

EspB is a unique ESX-1 substrate because it undergoes C-terminal processing during 

secretion (McLaughlin et al., 2007; Xu et al., 2007). Only its N-terminal cleavage product 
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can be located in the supernatant; the C-terminal fragment is not detectable in the culture 

filtrate and may be degraded (McLaughlin et al., 2007). One group found that the C-

terminus of EspB is required for co-dependent secretion with EsxAB and that the EspB C-

terminus binds EsxAB directly, however others have not observed this (Chen et al., 2013b; 

McLaughlin et al., 2007). It was subsequently found that MycP1 is responsible for the 

cleavage event, though the exact site of cleavage was not well defined (Ohol et al., 2010). 

The purpose of this cleavage event is unknown. 

As is the case with EspA, the specific molecular function of EspB has been difficult to 

deconvolute from the rest of the ESX-1 system. Several possibilities have been proposed. 

EspB was initially suggested to be an apparatus component due to its dependence on 

other secreted proteins for its own secretion. In this hypothesis, EspB may be a part of a 

larger multi-component extracellular structure whose assembly is disrupted when any one 

of its constituent building-blocks is absent (Gao et al., 2004; Xu et al., 2007). Another 

hypothesis was put forth by Ohol et al., who suggested EspB cleavage serves as a post-

translational control point for fine-tuning the quantity of ESX-secreted proteins (Ohol et al., 

2010). This may be important for preventing over-stimulation of cytosolic surveillance as a 

result of too much highly antigenic secreted protein. A third hypothesis for EspB function 

is based on data provided by Chen et al. that indicates EspB can operate as an effector 

separately from the rest of the apparatus, perhaps by modulating the immune system 

directly (Chen et al., 2013b). These authors noted some residual cytotoxic activity in 

ΔespA Mtb strains and attributed this to EspB, because the residual cytotoxicity could be 

reduced by adding EspB-specific antibodies that presumably interfered with functional 

molecular surfaces. Moreover, EsxAB secretion-deficient strains can be made more 

cytotoxic through exogenous addition of purified EspB (Chen et al., 2013b). EspB was also 

shown to bind the eukaryotic phospholipids phosphatidylserine and phosphatidic acid, 

but only in its processed form, indicating that the presence of the C-terminal domain may 

determine EspB’s ability to bind to host membranes (Chen et al., 2013b).  

The remaining ESX-1-secreted proteins to discuss are EspJ, EspK, and the lone PE/PPE 

pair encoded by the ESX-1 locus. ΔespJ or ΔespK mutants result in intermediate levels of 

EsxAB secretion, indicating that they are not strictly necessary for virulence and not all 
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ESX-1 disruptions have identical effects (Champion et al., 2014). Likewise, disruption of 

EspB or possible chaperones EspI and EspG result in intermediate levels of secreted EspJ 

and EspK (Champion et al., 2014). PE35 and PPE68 are also secreted, and a Δpe35 mutant 

grows poorly in macrophages and is less cytotoxic (Chen et al., 2013b). PE35 secretion is 

required for secretion of EsxAB, EspA, and EspB (Chen et al., 2013b). Thus the lone PE/PPE 

pair of the ESX-1 systems appear to be quite important. A big question is: what is the 

relationship between this PE/PPE pair and the other 180 PE/PPE proteins in the Mtb 

genome?  

To summarize, there has been significant work from many groups aimed at 

characterizing the proteins secreted through ESX-1. These studies have tried to address 

several non-trivial, tightly coupled questions: (1) what proteins are definitively secreted, 

(2) does blocking secretion of one protein block secretion of other proteins, (3) which 

secreted proteins interact with each other, (4) which secreted proteins are dependent on 

chaperones, (5) by what basis are they targeted for secretion, (6) what are the direct 

functions of secreted proteins when they get outside the Mtb cell, and (7) how and why 

are certain secreted proteins such EspB proteolytically processed during secretion?  

 

1.3.9 Type VII secretion chaperones 

In many secretion systems, chaperones are required to prevent premature self-

polymerization, guide substrates, regulate secretion hierarchy, and keep substrates in a 

secretion-competent state (Korotkova et al., 2014). ESX systems have one such chaperone, 

EspG, which is required for virulence but is not necessary for EsxAB secretion (Bottai et 

al., 2010). Instead, EspG5 interacts in a 1:1:1 stoichiometry with PE/PPE proteins secreted 

through the ESX-5 system and is required for their secretion/stability (Daleke et al., 2012b; 

Teutschbein et al., 2009). There is some controversy as to whether or not EspG5 itself is 

secreted (Bottai et al., 2010; Chen et al., 2011; Daleke et al., 2012b). 

An exciting breakthrough came with crystal structures of the EspG5/PE25/PPE41 

ternary complex (Ekiert and Cox, 2014; Korotkova et al., 2014). The structure and 

accompanying functional analyses added support for EspG5’s role as a chaperone. EspG5 
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binds to one end of the elongated PE25/PPE41 heterodimer, leaving the secretion signals 

on the other end of the complex free to interact with the ESX secretion machinery. 

Mutating residues hypothesized to confer chaperone-substrate specificity surprisingly does 

not abrogate binding, indicating that sequence variability in the chaperone is not solely 

responsible for dictating substrate recognition (Korotkova et al., 2014). EspG5 plays a 

critical role in keeping aggregation-prone PE/PPE substrates in solution; a specific set of 

hydrophobic residues on the PPE tip promote aggregation (Korotkova et al., 2014). 

The role of EspG-like chaperones in mediating stability of other secreted proteins from 

the ESX-1 locus remains to be investigated, but EspD is required for EspAC stability (Chen 

et al., 2011). Korotkova et al. noted EspG’s similarity to the SycE/SycO chaperones from 

the Yersinia pestis type III secretion system, which mask aggregation-prone regions on 

hydrophobic membrane domains necessary for effector localization within the host 

(Korotkova et al., 2014). 

 
Figure 1.9. PE25/PPE41 in complex with the EspG5 chaperone, PDB: 4KXR. (Korotkova et al., 
2014) 
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1.3.10 ESX-1 involvement in DNA conjugation 

Finally, we discuss ESX-1’s intriguing role in DNA-conjugation. An ESX-1 gene cluster 

closely resembling those of pathogenic bacteria is present in the non-pathogenic fast-

growing species M. smegmatis. However in this organism, ESX-1 is involved in DNA 

conjugation rather than virulence (Converse and Cox, 2005). The DNA transfer 

phenomenon was first observed to occur between different isolates of M. smegmatis in the 

1970s (Tokunaga et al., 1973). Years later, Parsons and Derbyshire revived the research by 

creating a collection of chromosomally marked antibiotic resistant strains that were used 

to determine the conditions under which DNA transfer occurs (Parsons et al., 1998). They 

observed that extensive segments of donor chromosome were unidirectionally transferred 

from mc2155 donor strains to MKD8 recipient strains (Parsons et al., 1998). The genetic 

factors that distinguish donor and recipient strains are not entirely clear. Transfer requires 

extended cell-cell contact, is insensitive to DNAse treatment, and does not involve 

mycobacteriophage transduction. Transfer also requires multiple cis-acting DNA 

sequences termed bom which are found scattered around the genome. The conjugal 

process also involves gap repair, indicating that the DNA transferred is linear (Wang et al., 

2003). The mechanism is clearly different from classic Hfr-mediated chromosomal transfer 

(Wang et al., 2005), creating a diversely blended genome comprised of DNA from both 

parental strains in a manner that is reminiscent of meiotic recombination seen in sexual 

organisms (Gray et al., 2013). 

To identify trans-acting factors involved in the conjugation process, transposon 

insertion mutagenesis experiments were carried out, first with the donor strain. It was 

discovered that strains with transposon insertions in ESX-1 ORFs display increased rates of 

chromosomal transfer (Flint et al., 2004). This finding was opposite to what would be 

expected if the donor transfers DNA directly through the ESX-1 secretion system. It was 

hypothesized that ESX-1 secretes factors that reduce conjugation, perhaps coating the 

surface with proteins that interfere with cell-cell contacts (Flint et al., 2004). Strikingly, 

transforming a plasmid encoding the Mtb ESX-1 virulence gene cluster into an M. 
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smegmatis ESX-1 mutant restores DNA conjugation to wild type levels, indicating that the 

two systems are functionally equivalent (Flint et al., 2004). 

The story became more complicated when the transposon mutagenesis experiment 

was carried out with the recipient strain. As seen with the donor, transposons inserted into 

ESX-1 ORFs impacted conjugation rates. However, the mutant strains exhibit reduced 

rates of chromosomal transfer, indicating that ESX-1 has a different role in facilitating 

conjugation depending on the whether it is carried by the donor or recipient strain (Coros 

et al., 2008). While its precise role in conjugation remains unclear, the M. smegmatis ESX-

1 system offers an valuable opportunity to study ESX function in an organism that is less 

cumbersome to manipulate than Mtb. Importantly, any attempt to explain ESX-1’s role in 

Mtb virulence must be compatible with its conservation in non-pathogenic species like M. 

smegmatis as well as its involvement in DNA conjugation. 

T7SS-mediated DNA conjugation also appears to occur between slow-growing 

pathogenic mycobacteria. A recent study identified a plasmid named pRAW that encodes 

a predicted T7SS along with components of a type IV secretion system (T4SS) (Ummels et 

al., 2014). Intriguingly, pRAW also encodes the T4SS components VirB4, VirD4, and 

VirB8, but lacks the outer membrane proteins typically associated with T4SS. The T7SS 

encoded by pRAW is most closely related to the ESX-5 system. The plasmid was found to 

mediate conjugal DNA transfer between slow growing mycobacteria, and transfer is 

dependent on both VirB4 and EccC. It was speculated that either the two secretion 

systems function separately (for example, T4SS transfers DNA, while T7SS mediates cell-

cell contacts possibly via biofilms), or that they function jointly as a single entity brought 

together through an undefined mechanism (Ummels et al., 2014).  
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1.4 Research scope 
The research here investigates the relationship between one of the ESX-1 apparatus 

proteins, MycP1, and the secreted protein that it processes, EspB. Using mass spectrometry 

and N-terminal sequencing, MycP1 is shown to cleave two EspB variants from Mtb and 

M. smegmatis at a conserved cleavage site in vitro. The x-ray crystallographic structure of 

M. smegmatis MycP1 reveals a subtilisin-like fold, and a comparative analysis with other 

subtilisin-like enzymes highlights MycP1’s unique structural features. The crystallized 

construct includes the putative N-terminal extension previously thought to be removed by 

autoproteolysis, an event believed to be required for MycP1 to mature from an inactive to 

an active state. However, our results demonstrate this is unlikely to be the case, as the N-

terminal extension shows no structural similarity to previously characterized protease 

propeptides, instead wrapping intimately around the catalytic domain. There is no 

indication that the extension is removed, and the protease is active with the N-terminal 

extension intact. A series of MycP1 truncation mutants suggests the N-terminal extension 

plays a role in stability, perhaps in a manner analogous to stabilizing metal ions found in 

other subtilisin-like enzymes. Finally, one of the identified EspB cleavage sites is modelled 

into the MycP1 active site to generate a plausible mode of cleavage site recognition. 

 Chapter 3 takes a closer look at the secreted protein, EspB. Its x-ray crystallographic 

structure is determined, revealing a fused PE/PPE-homology domain with a structured ESX 

secretion signal that is similar to those seen in other ESX-exported proteins, indicating 

EspB is secreted through the same pathway as other model substrates. Strikingly, the 

PE/PPE-homology domain of EspB mediates oligomerization, forming a barrel-shaped 

heptamer with a central pore. Two-dimensional electron microscopy averages are 

obtained for full-length and truncated EspB variants. A comparison of the two sets of 

averages hint that MycP1 cleavage modifies the ultrastructure of EspB. An electron 

microscopy reconstruction of the EspB multimer is generated, and a model of the oligomer 

is fit to the density using symmetric Rosetta docking. The final model is supported by mass 

spectrometry-based detection of chemically cross-linked peptides from adjacent subunits. 

These findings provide insight into how the specialized Esp proteins encoded within the 
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ESX-1 locus are targeted for secretion, and for the first time indicate an oligomerization-

dependent role for Esp virulence factors. 

 In Chapter 4, the structure of one of the predicted periplasmic ESX apparatus 

proteins, EccB1 is determined. EccB1 is one of three ESX membrane apparatus proteins 

predicted to have globular domains located in the periplasm-like space. EccB adopts a 

novel elongated chair-like fold with 2-fold internal pseudo-symmetry that can be divided 

into four α/β subdomains and a central beta sheet. These α/β units are structurally 

homologous to the Gram-positive phage lysin protein PlyCb, suggesting a related cell-wall 

binding function. 
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Chapter 2: Structure of a 

Mycosin Protease 
 

2.1 Introduction 
MycP1 is essential for ESX-1 secretion in pathogenic Mtb and for efficient DNA 

conjugation in the avirulent saprophyte M. smegmatis (Coros et al., 2008; Ohol et al., 

2010). MycP1 is one of six conserved components found in all five T7SS. Although a 

recent compositional analysis of the ESX-5 T7SS inner membrane complex did not identify 

MycP5 as part of the assembly (Houben et al., 2012b), knocking out MycP1 abrogates 

ESX-1 protein secretion, indicating its presence is essential (Converse and Cox, 2005; 

Ohol et al., 2010). 

Proteins exported by the T7SS have been detected in culture filtrates and in cell wall 

fractions as lower molecular weight/proteolytically processed species when compared to 

those which are not exported (Abdallah et al., 2009; Daleke et al., 2011; McLaughlin et 

al., 2007; Ohol et al., 2010; Xu et al., 2007). For example, LipY, a substrate of the ESX-5 

system, is cleaved between its N-terminal PE domain and its C-terminal lipase domain 

following secretion (Daleke et al., 2011). Mycosins may function in removing these 

PE/PPE “leader” domains following (or concomitantly with) secretion (Daleke et al., 2011). 

Ohol and coworkers provided the first evidence of MycP1tb proteolytic activity against a 

T7SS substrate by complementing a ΔmycP1tb knockout strain with a mutant in which the 

predicted serine nucleophile of the enzyme was changed to alanine (MycP1tb-S332A) 
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(Ohol et al., 2010). This catalytically impaired mutant resulted in an altered cleavage 

pattern of the C-terminal portion of the secreted protein EspBtb that suggested native 

MycP1tb mediates cleavage at two sites (Ohol et al., 2010). Intriguingly, the mutant strain 

also showed a 2-fold increase in secretion of known ESX-1 substrates as well as reduced 

virulence in mice, leading to the hypothesis that MycP1 protease activity negatively 

regulates secretion via EspB (Ohol et al., 2010). While several groups have documented 

secretion-coupled cleavage of EspB’s C-terminus (McLaughlin et al., 2007; Ohol et al., 

2010; Xu et al., 2007), data showing the exact residue at which proteolysis occurs has not 

been provided.  

Proteases are often synthesized with propeptide segments that act as intramolecular 

chaperones to promote folding, as well as regulate activity to prevent untimely and 

potentially destructive proteolysis in the incorrect cellular compartment (Khan and James, 

1998). These propeptides range from short dipeptides to independent domains, and are 

often proteolytically processed and removed as the enzyme matures (Khan and James, 

1998). Sequence analysis (Brown et al., 2000; Dave et al., 2002) of the MycP family 

indicates they have an N-terminal Sec signal sequence followed by a 40 amino acid 

stretch that, despite showing no sequence homology to propeptides of other subtilisin-like 

proteases, has previously been proposed to operate as a propeptide (Dave et al., 2002; 

Ohol et al., 2010). Following this is a predicted subtilisin domain which is attached to a 

predicted C-terminal transmembrane anchor by a ~ 30 amino acid proline-rich linker. 

 It is unclear what maturation events lead to MycP activity. In one study, MycP1tb 

expressed in infected macrophages was detected at a lower apparent molecular weight 

after six weeks when compared to samples taken from initial cell cultures; it was 

suggested this electrophoretic shift was related to loss of the putative propeptide (Dave et 

al., 2002). Recently, Ohol et al reported that a recombinant maltose binding protein (MBP) 

fusion construct of M. smegmatis MycP1sm-[24-407] is initially inactive (Ohol et al., 2010). 

However, extended sample aging with Factor Xa resulted in a shortened species as 

determined by SDS-PAGE relative to the MBP fusion as well as an apparent gain in 

promiscuous proteolytic activity against a range of fluorogenic tetrapeptide substrates 
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(Ohol et al., 2010). The authors suggested the shortened species was a result of loss of the 

proposed prodomain.  

Toward clarifying these issues pertaining to MycP1 maturation in relation to 

subsequent proteolytic activity, we present the first crystallographic analysis of a mycosin 

protease, including the proposed propeptide region (which we will herein refer to as the 

“N-terminal extension”). MycP1sm from M. smegmatis shares 72% sequence identity to its 

counterpart in Mtb (Figure 2.1), making it a suitable model system for studying mycosins 

of pathogenic mycobacteria. Our structure shows that the N-terminal extension is not a 

conventional subtilisin foldase, but rather an extended proline-rich, disulfide-tethered 

appendage that interacts extensively with the subtilisin core. The N-terminal extension of 

MycP1 does not occupy the active site cleft in a manner typical of previously 

characterized propeptides, suggesting regulation of the catalytic domain through a novel 

mechanism. Further, we show that MycP1sm with the N-terminal extension cleaves the C-

terminal region of purified EspB from both M. smegmatis and Mtb and determine the 

conserved cut site using mass spectrometry and N-terminal sequencing. 

 

 

 

Figure 2.1. Pairwise sequence alignment of Mtb and M. smegmatis MycP1 orthologues. 



43 

2.2 Methods 

2.2.1 Expression and purification 

The full MycP1sm gene was synthesized with codons optimized for expression in E. coli 

(Biobasic). Residues 24-407 were cloned into pET28a(+) using the restriction-free method 

(van den Ent and Lowe, 2006) and transformed into E. coli BL21 codon-plus RIPL 

competent cells (Stratagene) for use in protein expression. BL21 E. coli cells expressing 

native His-tagged (MGSSHHHHHHSSGLVPRGSH) MycP1sm-[24-407] were grown as 

described (Graslund et al., 2008), and SeMet derivative MycP1sm-[24-407] were grown in 

minimal media as described (Larrson, 2009)}. Induction was initiated by adding 1 mM 

IPTG at OD600 = 0.6 followed by growth for 20 hours. After harvesting the cells by 

centrifugation, the pellets were resuspended in 2x lysis buffer (100mM HEPES pH 7.5, 1M 

NaCl, 20 mM imidazole, and 1 mM TCEP) and stored at -80 °C until further use. When 

needed, the pellet was thawed and diluted 3x with IMAC buffer (50 mM HEPES pH 7.5, 

500 mM NaCl, 10 mM imidazole, 0.5 mM TCEP) (16) and lysed using an Avisten C5 

homogenizer. Lysate was spun at 40,000 RPM for 1 hour and the supernatant loaded onto 

a 1 ml HisPur IMAC column (Thermo, exae#88225) using an AKTA purifier FPLC system, 

washed with 10 CV of 25 mM imidazole, and eluted with 8 column volumes 500 mM 

imidazole without subsequent cleavage of the His-tag. Eluate was immediately 

concentrated and injected onto a Superdex 75 XK 26/60 column equilibrated with 20 mM 

HEPES pH 7.5, 150 mM NaCl, and 1 mM TCEP, and the fractions containing the centre of 

the main UV peak immediately concentrated to 20 mg/ml and set up for crystallization. 

The N-terminal deletion constructs were created using the Quick Change protocol 

(Stratagene). Small scale protein purification of the MycP1 truncation mutants were carried 

out as previously described (Graslund et al., 2008).  

 

2.2.2 Crystallization and x-ray crystallographic analysis 

 MycP1sm[24-407] crystals grew from 0.2M NaF, 25% PEG 3350 and reached maximum 

size after 1 week. Crystals were harvested and briefly washed in mother liquor containing 
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23% glycerol and rapidly cooled in liquid nitrogen before screening using a Rigaku 

RU200 rotating anode and Mar345db detector. SAD data was collected at the Canadian 

Light Source CMCF2 at a peak wavelength of 0.97895 Å and processed with imosflm and 

SCALA (Battye et al., 2011; Evans, 2006). Phenix AutoSol (Adams et al.) was used for 

phasing, with six selenium atoms found in the substructure solution (FOM = 0.37). The 

model was built and refined using Phenix and Coot (Emsley and Cowtan, 2004). Data 

collection and refinement statistics are given in Table 1. The resultant structure served as a 

molecular replacement search model to solve a second, higher resolution dataset using 

crystals grown in 0.1M Bis-Tris propane pH 6.77, 0.18M sodium thiocyanate, and 26% 

PEG 3350, which were cryoprotected as described above. No significant model changes 

were observed despite the differing space groups (I222 vs. P212121). The structure was 

analyzed and figures generated using UCSF Chimera (Pettersen et al., 2004). Active site 

cleft sizes for MycP1sm[24-407] and thermitase (1THM) were determined with 

DogSiteScorer (Volkamer et al., 2012). 

 

2.2.3 Cleavage assay 

Full length EspBtb[1-460] (Rv3881c) and EspBsm[1-520] (MSMEG_0076) were cloned into 

pET28a(+) and N-terminally His-tagged (MGSSHHHHHHSSGLVPRGSH). Both variants 

were expressed in E. coli BL21 codon-plus RIPL cells grown and processed as described 

above for MycP1sm[24-407]. Cells were harvested and lysed in 100 mM HEPES pH 7.5, 

500 mM NaCl and purified over HisPur Ni-NTA resin (Thermo, #88223) and further 

purified using a Superdex 75 column with 20mM HEPES 7.5, 150 mM NaCl as the elution 

buffer. MycP1sm[24-407] used for activity assays was purified as above except the buffer 

used in all stages was 20 mM MES pH 6.0, 50 mM NaCl. MycP1sm[24-407] and EspB 

variants were incubated separately (for controls) or mixed together in 20 mM MES pH 6.0, 

50 mM NaCl at a concentration of 0.2 µg/µl in 50 µl reaction volumes and incubated at 

37 degrees. 10 µl aliquots were withdrawn at the indicated time points. The samples were 

analyzed using sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE).  
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2.2.4 Determination of EspB cleavage products 

Protein bands were excised and in-gel digested with TrypsinGold (Promega) as described 

(Shevchenko et al., 1996). Eluted peptides were acidified with 0.5% formic acid and 

purified using C18 Stage tips (Rappsilber et al., 2007) before analysis on a capillary liquid 

chromatography system (LC Packings, Dionex) coupled to a quadrupole time-of-flight 

mass spectrometer (QSTAR XL, Applied Biosystems, operated by the UBC Centre for 

Blood Research Mass Spectrometry Suite). Peptides were separated on a column packed 

with Magic C18 resin (Michrom Bioresources) using a 0–80% gradient of organic phase 

over 90 min. MS data were acquired automatically using the Analyst QS software, v1.1 

(Applied Biosystems). Peptides were identified from a protein database containing the Mtb 

proteome database (Uniprot) with appended Mycobacterium smegmatis MTB48, common 

laboratory contaminant sequences and a reverse sequence decoy database spectrum-to-

sequence, using Mascot v.2.3 (Matrix Science). Search parameters included mass 

tolerances of 200 ppm for the parent ion and 0.4 Da for the fragment ions, trypsin or semi-

trypsin as cleavage specificity with up to two missed cleavages, and 

carboxyamidomethylation of cysteine residues (+57.02 Da).  

 

2.2.5 Edman sequencing 

Separated EspB cleavage fragments were transferred from SDS-PAGE gel to a PVDF 

membrane and stained with 0.1% (w/v) Coomassie brilliant blue R-250, 40% methanol, 

10% acetic acid for 5 minutes. The membrane was destained in 40% methanol/10% 

acetic acid and then rinsed for 30 seconds in 90% methanol, 5% acetic acid. The 

membrane was dried and EspB cleavage products were cut out. The first six amino acids 

were determined by Edman sequencing at the Advanced Protein Technology Centre 

within the Hospital for Sick Children, Toronto. 

 

2.2.6 Peptide docking 

MycP1 was aligned with subtilisin BPN’ (2SNI) and the CI-2 chain merged into the MycP1 

structure. Residues PVGTIVTMEYRIDR were changed to the identified EspBsm cut 
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sequence DPSLGKPASAGGGGG and the remainder of CI-2 deleted. Hydrogen atoms and 

missing sidechains were added to the model which served as the input for FlexPepDock 

(London et al., 2011). 100 low resolution and 100 high resolution structures were 

generated and the peptide with the lowest energy/RMSD was analyzed. 

 

2.2.7 Differential scanning fluorimetry 

DSF Experiments were carried out using 0.2 mg/ml protein in 100 mM MES, pH 6.0, 50 

mM NaCl with Sypro Orange (5x final concentration, Invitrogen Cat. #S6650). The 

mixture was monitored in MicroAmp Fast optical reaction plates (Applied Biosystems Cat. 

#4346906) using a 25 µl assay volume and an Applied Biosystems StepOnePlus RT-PCR 

system set to ROX (Ex: 488 nm, Em: 620 nm). Control experiments with no protein were 

carried out to ensure the observed Tm values were not dependent on the buffer.  

 

2.2.8 Circular dichroism 

CD spectra were acquired using 5 uM protein in 10 mM TRIS pH 7.5, 30 mM NaCl, 1 mM 

EDTA over wavelengths spanning 195 nm to 275 nm. 

 

2.3 Results 

2.3.1 MycP1 cleaves EspB at two sites 

We first analyzed MycP1sm (residues 24-407, with predicted N-terminal signal sequence 

and C-terminal transmembrane helix deleted) by mass spectrometry (± 3 Da resolution) 

and measured the molecular weight to be that of the expected construct, indicating the 

proposed propeptide is stably attached (data not shown). To confirm that MycP1sm-[24-

407] cleaves Mtb EspB (EspBtb) in vitro as previously show (Ohol et al., 2010), we purified 

EspBtb and mixed it with MycP1sm as described in the methods followed by observation 

of cleavage products using SDS-PAGE analysis. EspBtb (consistently running as an ~55 

kDa band) migrated at lower molecular weight (~48 kDa) after overnight incubation with 

MycP1sm[24-407] at 37°C; this truncated band was not observed when EspBtb was 
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incubated with the MycP1sm[24-407]-S334A catalytic mutant (Fig. 2.2a). A doublet of 

two additional closely spaced lower molecular-weight EspBtb bands were also produced 

(~10 kDa). We further tested and confirmed MycP1sm activity against purified EspB from 

M. smegmatis (EspBsm)(Fig. 2.2b). In contrast to the ~10 kDa doublet band observed for 

EspBtb, a single ~12 kDa band was produced when EspBsm was cleaved. At an equimolar 

ratio under the assay conditions tested, MycP1sm[24-407] required over six hours 

incubation to completely cleave either EspB variant (Fig. 2.2c). To determine where 

MycP1sm[24-407] cleaves EspBtb, the cleavage products, along with full-length EspBtb as 

a control, were excised from the gel and subjected to in-gel digestion by trypsin followed 

by LC-ESI-MS/MS analysis. Peptides from the large molecular weight band mapped to a 

discrete N-terminal region (Residues 1-356), while peptides from the smaller two bands 

mapped primarily to the C-terminal region (358-460), with the exception of two possible 

contaminating peptides (Fig. 2.2d). Perhaps the EspBtb variant has an extra cleavage site 

as a redundant measure to ensure cleavage occurs; EspB processing may be particularly 

important for the pathogen. A similar peptide distribution was also observed in the LC-

MS/MS analysis of the EspBsm cleavage products (data not shown). Thus, MycP1sm[24-

407] with its N-terminal extension intact cleaves two distinct EspB homologues in the C-

terminal region.  
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Figure 2.2 Identification of the MycP1 cleavage site of EspB (a) SDS-PAGE gel showing 
MycP1sm[24-407] cleavage of EspBtb, with the three EspBtb cleavage products indicated by 
asterisks. (b) SDS-PAGE gel showing MycP1sm[24-407] cleavage of EspBsm, two cleavage 
products indicated by asterisks. (c) SDS-PAGE gel showing MycP1sm[24-407]-dependent EspB 
degradation over 6 hours. (d) Summary of LC-MS/MS analysis of uncleaved EspBtb in comparison 
to the three EspBtb cleavage products. Tryptic peptides (black) and semi-tryptic peptides in (grey) 
are mapped against the full EspBtb sequence (residues 1-460), indicated by the numbered upper 
black bar. (e) EspBtb sequence surrounding the proposed cleavage sites with LC-ESI-MS/MS, 
Edman sequencing results, and proposed P residues mapped. (f) Multiple sequence alignment of 
EspB homologues with the residues involved in conferring specificity in subtilisin-like enzymes 
indicated by a box. 

 

To precisely locate the MycP1 cleavage site, we repeated the spectrum-to-sequence 

assignment searches to include semi-tryptic peptides, i.e. peptides that had been cut by 

trypsin at one terminus only, which would suggest the remaining terminus resulted from 

MycP1 protease activity. Analysis of the middle (~10 kDa) EspBtb cleavage product 

revealed the most N-terminal semi-tryptic peptide matching to EspBtb at residues 359-

394, indicating a non-tryptic cleavage between Ala358 and Ser359 
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(354AVKAA358|359SLGGG363, Fig. 2.2e). Edman sequencing independently confirmed 

this site as the N terminus of the C-terminal EspBtb fragment, strongly suggesting MycP1 

cleavage at this site. No semi-tryptic peptide could be identified for M. smegmatis EspBsm 

but Edman sequencing identified the N terminus of the C terminal cleavage product at 

(402SLKPA406|407SAGGG411). For both EspB homologues, the predicted molecular 

weights of fragments resulting from cleavage at these sites correlated well to their 

observed apparent molecular weights on the gel. Pairwise sequence alignment of EspBtb 

and EspBsm indicates this cleavage site is at a homologous location, immediately 

preceding a polyglycine stretch (Fig. 2.2f). Multiple sequence alignment indicates the 

cleavage site is similar across species (Fig. 2.2f). According to protease nomenclature, 

substrate residues upstream of the cleaved scissile bond are denoted as P1-P6 in the 

sequence and residues downstream of the scissile bond are termed P1’-P6’ (Siezen and 

Leunissen, 1997). The binding of the P1 side chain to the corresponding S1 pocket of the 

enzyme is often deemed most critical in aiding in the optimal positioning of the adjacent 

substrate peptide carbonyl for nucleophilic attack and thus greatest conservation is 

typically observed at this position. The P2’, P2 and P4 positions are also typically key 

specificity determinants in subtilisin-like protease substrate recognition. Thus it is notable 

that residues comprising these positions in our identified EspBtb and EspBsm cleavage 

sites are identical or similar in chemical nature to each other (P4:[L/V], P3:[K], P2:[P/A], 

P1:[A], and P2’: [L/A]). Interestingly, a sequence resembling these cut sites (384VRPA387) 

is found 29 residues downstream in the identified EspBtb sequence and may indicate a 

second cleavage site, which would explain the doublet band we observe when EspBtb is 

cleaved. Duplex EspBtb cleavage has also been observed previously in the cellular context 

(7). Indeed, LC-MS/MS analysis of the lower EspBtb cleavage product identified an N-

terminus at Gly387, and N-terminal sequencing supports cleavage at this second VRPA 

cut site (Fig. 2.2e). Both EspBtb sites we identified at Ala358 and Ala386 are within the 

vicinity but differ from previously proposed cut sites suggested from experiments using 
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cultures of Mtb and M. marinum cells secreting EspB (McLaughlin et al., 2007; Ohol et al., 

2010; Xu et al., 2007).  

 

2.3.2 Overall architecture of MycP1 

To further understand MycP1’s substrate specificity as well as the possible role of the N-

terminal extension as a regulatory propeptide, we sought to determine its crystal structure. 

MycP1sm[24-407] crystallized in the orthorhombic space group P212121 and the 

structure was determined to 1.86 Å resolution (Table 1, PDB ID code 4J94). As predicted 

from sequence analysis, residues 62-390 of MycP1sm[24-407] adopts a subtilisin-like α/β 

fold centered on a central 7-stranded parallel β-sheet (Fig. 2.3a), with a DALI (Holm and 

Rosenstrom, 2010) search yielding subtilisin BPN’ as its closest structural homologue 

(RMSD of 0.965 Å over 186 common CA atoms) (Fig. 2.3c). Thus, the canonical subtilisin 

nomenclature will be used to describe the structure (Siezen and Leunissen, 1997). The N-

terminal extension of MycP1sm, residues 24-61, proposed earlier to form the putative 

propeptide (Dave et al., 2002; Ohol et al., 2010), is observed to be structurally and 

functionally distinct from typical subtilisin propeptides (Siezen and Leunissen, 1997) in 

that it does not occupy the active site nor have a characteristic foldase domain, which acts 

as a intramolecular chaperone for subtilisin-like enzymes (Shinde and Inouye, 1995). 

MycP1sm[24-407] also contains several other unique insertions localized around the 

active site (Fig. 2.3b). Part of the C-terminal proline-rich membrane linker (390-403) was 

resolved and is found hugging the subtilisin core in an extended conformation, passing 

adjacent to the protein N-terminus. Coulombic electrostatic surface maps indicate 

MycP1sm[24-407] is negatively charged over the majority of its surface, including the 

active site cleft. In contrast to other subtilisin-like proteases (Siezen and Leunissen, 1997), 

MycP1sm[24-407] does not appear to bind calcium ions to promote structural integrity.  
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Figure 2.3 Overall structure of M. smegmatis MycP1sm[24-407]. (a) Crystal structure of M. 
smegmatis MycP1sm[24-407] displayed as a ribbon representation, with key features labeled and 
highlighted by colour. (b) Schematic of active site region illustrating how the unique MycP1 
secondary structural features and selected conserved residues interact. Green = N-terminal 
extension, blue = eI/eIII substrate docking strands, yellow = eI loop, brown = aromatic cradle, 
purple = e8/e9 insertion, orange = substrate location. (c) For comparison, the structure of subtilisin 
BPN’ with its propeptide foldase domain (1SBP). 
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Table 2.1. Data collection and refinement statistics for MycP1 structures 
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2.3.3 MycP1’s catalytic triad 

In structures derived from two different space groups, the positioning of the MycP1sm[24-

407] catalytic triad is unusual – namely, the side chain conformation of the nucleophile 

Ser334 is flipped and facing away from the presumed scissile bond location (Fig. 2.4a). 

Moreover, the phi angle (φ) for His123 in our MycP1sm[24-407] structure is -147°, 

compared to -60° in subtilisin BPN’. A survey of subtilisin-like enzymes of known 

structure reveal both φ/ψ torsion angles for the catalytic histidine are conserved in all 

other cases (φ = -58° ± 5.8 (S.D.), N = 22), making the MycP1’s backbone atypical in this 

region (Fig. 2.4b). The increased planarity of this peptide bond alters the back bone 

scaffold, and in combination with other global structural changes, His123 Cα and its 

imidazole side chain are positioned ~ 1.7 Å further from the active site cleft in comparison 

to subtilisin BPN’ (Fig. 2.4c and 2.4d). The other two catalytic triad members, Ser334 and 

Asp92, maintain their hydrogen bonds with His123 (Ser334-Oγ–His123-Nε and Asp92-

Oδ1-His123-Nδ, respectively), resulting in all three triad residues occupying positions 

further from the presumed scissile bond position, with perhaps the most important change 

being the Ser334 side chain adopting a conformation that in our structure appears 

suboptimal for nucleophilic attack and a conformational change would be required to 

properly position the catalytic machinery. The oxyanion hole residue N239 appears 

similarly positioned as in other subtilisin-like enzymes. 
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Figure 2.4. MycP1’s catalytic triad. (a) Structural overlay of MycP1sm[24-407] (blue) and 
subtilisin BPN’ (2SNI, tan) with catalytic triads displayed. (b) Ramachandran plot indicating φ/ψ 
torsion angles for MycP1 and 22 subtilisin-like enzymes. (c) Differing φ angles and His/Ser 
geometries for MycP1/subtilisin BPN’ (d) Structural alignment of subtilisin-like enzymes with 
catalytic triad displayed1. MycP1’s triad is highlighted in cyan. An acyl-enzyme structure of 
subtilisin Carlsberg (1BE6) indicates the serine location and orientation required for nucleophilic 
attack. 

 

2.3.4 Active Site Cleft 

The predicted MycP1sm[24-407] catalytic cleft is unusually large (volume = 1083 Å3) in 

comparison to typical subtilisin-like enzymes of known structure (e.g. thermitase = 373 

Å3) (Volkamer et al., 2012) (Fig. 2.5a). This is in part due to a unique 18 residue insertion 

after the eI substrate binding strand (termed here the eI loop; Fig. 2.5b) that creates a wide, 

elongated groove via its interaction with the N-terminal extension (Fig. 2.5c). A second 

mycosin-specific insertion, the e8/e9 beta strands, juts over the cleft to form a “lid” over 

the catalytic triad. To locate putative subsites (denoted by S) we used Rosetta 

FlexPepDock (London et al., 2011) to model the newly identified M. smegmatis 
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recognition motif (SLKPASAGG) into the cleft of MycP1sm[24-407] (Fig. 2.5d). As 

mentioned above, P1-P4 and P2’ are typically the most important determinants for 

specificity in subtilisin-like enzymes. The conserved P1 Ala and P2 Pro side chains are 

complementary to their respective subsites and contact Ala204 (Cβ) and Thr156 (Cγ), 

respectively. MycP1sm[24-407] appears to have a strong preference for Lys/Arg at P3, 

unusual in that this side chain is typically solvated and not a major contributor to 

specificity in most subtilisin-like enzymes (Siezen and Leunissen, 1997). However, MycP1 

has evolved a disulfide-stabilized loop that protrudes over top of the cleft to scaffold 

Asp243, creating a negatively charged S3 site that is optimally positioned to interact with 

the positively charged P3 side chain. The S2’ site is very similar to that of subtilisin BPN’ - 

an apolar pocket created by Phe292 that could accommodate a hydrophobic residue, and 

is consistent with the Leu/Ala identified in our cleavage site. Although P4 is [LV] and 

should reasonably bind to a hydrophobic pocket, an obvious S4 subsite was not evident in 

the docking experiment. Of final note, the eI/eIII substrate-docking strands that typically 

orient the peptide for substrate for catalysis (Siezen and Leunissen, 1997) are separated by 

~15 Å in the MycP1sm[24-407] structure (Fig. 2.5e) and appear incapable of forming such 

a triple-stranded ES complex without a conformational change/induced fit mechanism that 

would bring these active site elements into sufficiently close proximity. Taken together, 

the MycP1sm S2’, S1, S2, and S3 subsites in the structure appear complementary to the 

P2’, P1, P2, and P3 residues identified in the EspBsm cleavage site, however it is possible 

additional conformational changes may be needed to optimize the beta-strand interactions 

and formation of downstream subsites involved in binding substrate, and subtle 

repositioning of catalytic groups to promote optimal catalysis. 
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Figure 2.5. Active site cleft of MycP1. (a) MycP1 and thermitase (1THM) active site cleft 

regions, as predicted by DogSiteScorer (27). The catalytic triad is coloured green. (b) The eI loop 
and hD helix are unusually long in comparison to nearly all other subtilisin-like enzymes; the 
structural alignment2 of subtilisin-like enzymes highlights how these features are typically 
conserved in length and position. The outliers are C5a peptidase (red, 3EIF), and MycP1 (green). 
Note how the eI substrate docking strand is unusually positioned. (c) The N-terminal segment 
(green) and eI loop (gold) interact to form one side of the cleft, the docked EspBsm peptide 
(orange) indicates the cleft. (d) A docked peptide corresponding to the EspBsm recognition 
sequence is shown (orange) with P and S sites indicated. (e) MycP1sm eI/eIII substrate docking 
strand spacing (left) compared with subtilisin BPN’ (right).  
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2.3.5 N-terminal extension 

The unusual N-terminal extension of MycP1 (residues 24-61) follows a securely anchored 

extended path, wrapping along the surface of the subtilisin domain (Fig. 2.6). At the 

extreme N-terminal end, a diproline motif (residues 24-29) sits in an aromatic cradle of 

MycP1sm[24-407] formed by conserved residues W272, W261, W298, and Y273. This 

cradle is the result of an insertion (between the e5/e6 strands) composed of two short 310 

helices flanking a beta strand, that effectively creates an outcropping from the catalytic 

domain (Fig. 2.6b). The two proline side chains of the N-terminal motif stack favourably 

onto the tryptophan indole rings (Fig. 2.6b). This region of the N-terminal extension adopts 

a polyproline II helix, with characteristic 120° spacing between residues imposed by the 

conformational rigidity of the proline residues (Ball et al., 2005). Its interaction with the 

aromatic cradle is reminiscent of proline recognition motifs (PRM) of the WW family 

(Zarrinpar and Lim, 2000). The N-terminal extension passes underneath the hD/hE active 

site helices where a second diproline motif forms another polyproline II helix and is 

anchored by interactions with a patch of hydrophobic amino acids (Fig. 2.6c). The N-

terminal extension is further bound through a series of electrostatic interactions, beta sheet 

interactions with the eI loop and tethering by the C51-C120 disulfide bond (Fig. 2.6a). 

Generally, the N-terminal extension is rich in prolines, which appear required to facilitate 

its extended path around the subtilisin domain of MycP1sm[24-407]. We carried out a 

BLAST search to find MycP1 homologues and used the identified sequences to generate a 

multiple sequence alignment with the program MUSCLE. A sequence logo conservation 

plot is shown for the N-terminal extension, with purification results for a series of N-

terminal trunction mutants mapped below (Fig 2.6d). We observed MycP1sm[24-407] was 

expressed and folded (albeit with reduced solubility) even with up to 33 of 40 N-terminal 

extension residues removed, suggesting its primary function is unrelated to folding but 

may contribute to stability (Figs. 2.6d and 2.6e). Differential scanning fluorimetry 

comparing MycP1sm[24-407] and MycP1sm[49-407] showed a 7 °C difference in melting 

temperature (Tm = 64 °C vs. 57 °C), indicating the N-terminal extension contributes to 

overall stability (Fig. 2.6f). 
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Figure 2.6. Interactions between the N-terminal extension and subtilisin domain. (a) Overview of 
the propeptide path emphasizing electrostatic interaction, beta sheet formation with the eI loop, 
and the C51-C121 disulfide bond. (b) The N-terminal region of MycP1 adopts a polyproline helix 
that binds to a PRM-like aromatic cradle. The IDPP stretch interacts with a triple-tryptophan 
arrangement, where the proline rings pack parallel to two of the tryptophan residues. I24 and I29 
pack into adjacent hydrophobic pockets. (c) The N-terminal extension forms a second polyproline 
II helix that binds to the base of the hD and hE helices. D30 is strictly conserved and faces the 
solvent. (d) N-terminal extension sequence conservation with the mycosin consensus. A 
hydrophobicity plot shows four distinct hydrophobic patches on the N-segment (sliding window 
average= 3). The N-terminal portion is more highly conserved across all mycosins than C-terminal 
portion. Results of expression of N-terminal extension truncations shown as soluble (green bars) or 
insoluble (red bars). (e) Circular dichroism of MycP1sm[24-407] (solid line) and the N-terminal 
segment truncation mutant MycP1sm[49-407] (dashed line). (f) Differential scanning fluorimetry 
experiment of MycP1sm[24-407] (circles) and MycP1sm[49-407] (squares). 

 

2.4 Discussion 
MycP1sm[24-407] crystallized with a native catalytic triad that failed to hydrolyze the 

proposed pro-domain, indicating this full-length enzyme is highly stable over the course of 
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the purification procedure and crystallization experiment. In contrast to subtilisin pro-

domains, which form a typical foldase fold that occupies the active site within reach of the 

Ser-His-Asp catalytic triad, the structurally distinct MycP1 N-terminal extension is not 

bound within the cleft and is more than 13 Å away from the S334 nucleophile. This rules 

out the possibility of autoproteolytic cleavage of this region in cis, barring conformational 

rearrangement. Crystallization of wild type subtilisin-like enzymes with their uncleaved 

pro-domains is rare (a catalytically impaired form is typically required), the only other 

example to our knowledge is the proprotein convertase PCSK9 (Cunningham et al., 2007). 

Further, our mass spectrometry data showing MycP1, with its N-terminal extension intact, 

is able to cleave EspB (albeit slowly) at a [L/V]K[P/A]A | S[L/A]GG site adds further support 

that this appendage is not a propeptide. Thus, it is possible that the N-terminal extension 

may not be cleaved but may modulate proteolysis in response to an appropriate trigger. 

This mode of operation may be comparable to the intracellular subtilisin proteases (ISPs), 

which have a short N-terminal extension that operates through a combined active site 

blocking/catalytic triad rearrangement mechanism (Vevodova et al., 2010). Another 

possibility is that cleavage of the N-terminal extension may occur in a cellular context but 

the appendage could remain anchored to the subtilisin domain through the disulfide bond 

(e.g. as with chymotrypsin (Khan and James, 1998)), which could help explain previous 

reports of activation resulting from addition of Factor Xa protease (Ohol et al., 2010). We 

have shown that the majority of the N-terminal extension is not required for folding, but 

does contribute to overall stability. Given that the extension interacts with several features 

surrounding the active site (the eI strand (residues 159-163), aromatic cradle (residues 

261-274), the C51-C120 disulfide bond, and e8/e9 extension (residues 320-328), we 

suspect a role in modulating catalysis or conferring specificity. Another possibility is that 

the N-terminal extension is serving as a placeholder in obstructing binding surfaces, and if 

removed, these surfaces would have the potential to target substrates or other components 

of the secretion system, perhaps through the same proline recognition motifs which 

anchor the uniquely pro-rich N-terminal extension in the structure.  
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As MycP1sm[24-407] inefficient at cleaving EspB in vitro, we hypothesize the MycP1 

structure presented here is an isolated T7SS component in its pre-assembly form and could 

still represent a zymogen with “leaky” activity. Given that the previous in vitro fluorogenic 

substrate profiling data indicated an uncharacterized form of MycP1 is capable of catalysis 

with broad specificity (Ohol et al., 2010), it is unsurprising that MycP1 is synthesized with 

the intrinsic capacity to prevent rapid premature proteolysis, which could cause damaging 

non-specific cleavage. It is well understood that nucleophilic cleavage of peptide bonds 

requires a precisely defined geometric arrangement (Dodson and Wlodawer, 1998). Our 

analysis of MycP1’s native catalytic triad allows us to propose one possible mechanism by 

which a subtle conformational change, for example through N-terminal segment cleavage 

or binding to a cofactor or binding partner, could twist the His123 φ torsion angle and 

Ser334 side chain into positions more similar to that of catalytically competent proteases. 

MycP1 may have extrinsically low activity in the absence of unknown cofactors including 

the lipidic membrane environment, other ESX components such as the predicted EccBCDE 

ATPase/translocon complex, or as-of-yet uncharacterized components of the extracellular 

portion of the secretion apparatus. Perhaps an undefined temporal trigger mechanism may 

ensure proteolysis only occurs as ESX substrates are crossing the membrane.  

Due to its essential action in virulence and relatively accessible nature, MycP1 is an 

attractive extracellular anti-TB drug target. Additionally exciting are the mycosin’s 

potential as an engineerable factor in rational design of more effective TB vaccines due to 

its influence on processing and presumably the downstream function of highly 

antigenic/virulence-associated EspB and the PE/PPE protein families (Ohol et al., 2010). 

Indeed, manipulation of T7S systems have driven major advancements in mycobacterial 

immunology (Pym et al., 2003; Sweeney et al., 2011), and we have provided the first 

structural template for engineering vaccine strains that perturb this protease’s influence on 

regulation, secretion, and processing of secreted TB antigens. 
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Chapter 3: Structure of EspB 

and Insights Into its Export 

Mechanism 
3.1 Introduction  
Despite its central role in pathogenesis, the structure of the ESX apparatus remains poorly 

characterized. The core inner membrane export machinery consists of an EccC ATPase, a 

membrane-bound MycP protease that processes secreted proteins (Ohol et al., 2010), and 

several other transmembrane apparatus proteins (Abdallah et al., 2007) (Fig. 3.1a). Each 

gene cluster also encodes a more variable set of components such as chaperones, 

ATPases, transcription factors, and crucially, a specific set of secreted proteins (Houben et 

al., 2013).  

These secreted proteins are the focus of intense study due to their external location in 

the bacterial cell wall and growth media, placing them in position to manipulate the 

surrounding environment. However, their molecular functions remain an issue of some 

contention. Previous hypotheses suggest ESX-secreted proteins may possess pore-forming 

activity (de Jonge et al., 2007; Hsu et al., 2003; Smith et al., 2008), chelate metals, (Ilghari 

et al., 2011), modulate extracellular signalling pathways (Pathak et al., 2007), or are 

structural components that form the extracellular portion of the secretion apparatus itself 

(Pallen, 2002). In any case, each ESX system is associated with a specific set of secreted 

proteins that likely contribute to the specialized nature of each system. A close 

comparison of unique secreted proteins across ESX systems will help explain how, for 

example, ESX-3 functions in iron acquisition while ESX-1 is associated with pathogenesis 



62 

and DNA conjugation. Along these lines, ESX-1 secretes a number of proteins not 

encoded by the simpler ESX loci of Gram-positive bacteria. These proteins are also absent 

in ESX-2 through ESX-5 loci of mycobacteria, many of which are essential for ESX-1 

virulence phenotypes in Mtb and conjugal DNA transfer in M. smegmatis. These include 

EspA (Fortune et al., 2005), EspC (Millington et al., 2011), EspE (Sani et al., 2010), EspF 

(Sani et al., 2010), EspJ (Champion et al., 2014), EspK (Champion et al., 2014; Sani et al., 

2010), and EspB (Gao et al., 2004; McLaughlin et al., 2007; Xu et al., 2007) (Fig. 3.1b, red 

asterisks).  

EspB in particular is directly involved in ESX-1 membranolytic function, and strains 

lacking this secreted protein are as attenuated for virulence as those lacking the entire 

secretion apparatus (Gao et al., 2004). Knocking out EspB in the related pathogen 

Mycobacterium marinum abrogates red blood cell hemolysis (Gao et al., 2004), eliminates 

macrophage cytotoxicity (Gao et al., 2004), inhibits intracellular growth and phagosome 

maturation (McLaughlin et al., 2007; Xu et al., 2007), and completely attenuates virulence 

in zebrafish infection models (Gao et al., 2004). A transposon mutant of EspB also 

decreases M. smegmatis conjugation efficiency by 1000-fold, suggesting a role in conjugal 

transfer as well (Coros et al., 2008). EspB has a C-terminal domain (CTD) that is processed 

by the membrane-bound protease, mycosin-1 (MycP1) following secretion (McLaughlin et 

al., 2007; Ohol et al., 2010; Solomonson et al., 2013; Wagner et al., 2013a; Xu et al., 

2007) (Fig. 3.1a). The purpose of this cleavage event is unknown but is required for full 

pathogenesis of Mtb and has been reported to modulate the quantity of protein secreted 

by ESX-1 (Ohol et al., 2010) and/or regulate phospholipid binding by EspB (Chen et al., 

2013b).  

Despite this dual role in regulating and mediating ESX-1 virulence, structural data is 

lacking for EspB or any other secreted Esp protein in the ESX-1 locus. Moreover, the 

mechanism by which Esp proteins are secreted through ESX-1 is not entirely clear. Recent 

work has culminated in the identification of a general ‘secretion signal’ that targets 

cytoplasmic ESX substrates, including EspB, to the secretion apparatus for export across 

the inner membrane (Champion et al., 2006; Daleke et al., 2012a) (Fig. 3.1a). The 

structure of this secretion signal has primarily been studied in the simplest ESX-secreted 
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substrates of the WXG100 family such as EsxA and EsxB (Arbing et al., 2013; Arbing et al., 

2010; Ilghari et al., 2011; Poulsen et al., 2014; Renshaw et al., 2005).  

WXG100 family members are secreted as homo- or heterodimeric complexes that 

adopt elongated, antiparallel helical bundles, where a WxG motif is present in at least one 

member of the heterodimer (labeled “W subdomain” and colored orange in Fig 3.1 and 

3.2). This WxG motif forms one half of a bipartite composite secretion signal (Sysoeva et 

al., 2014) that is thought to target the heterodimeric complex to EccC for export 

(Champion et al., 2006) (Fig. 3.1a). The second member of the heterodimer contributes 

the other half of this composite secretion signal: a flexible C-terminal ‘export arm’ that 

harbours a characteristic Tyr-x-x-x-[Asp/Glu] (YxxxD) motif and at least one additional 

conserved hydrophobic residue seven positions downstream from the YxxxD motif 

(Poulsen et al., 2014) (this member is labeled “Y subdomain” and colored green in Fig. 3.1 

and 3.2). Previous NMR (Renshaw et al., 2005), crystallographic (Arbing et al., 2013; 

Poulsen et al., 2014), and two-hybrid studies (Champion et al., 2006) indicate this 

dynamic export arm is stabilized such that residues align on the same face to interact with 

the EccC ATPase, representing a key phase of the export cycle and a potential determinant 

of ESX substrate specificity (Champion et al., 2009). 

The final class of ESX-secreted protein relevant to the work presented here are the PE 

and PPE protein subfamilies, named for the characteristic Pro-Glu or Pro-Pro-Glu motifs 

located in the N-terminal regions of the respective variants (Sampson, 2011). Like EspB, PE 

and PPE proteins also possess CTDs, which encode for low complexity repetitive 

structures hypothesized to promote antigenic variation at the cell surface. Crystallographic 

analysis of the PE25/PPE41 complex from ESX-5 revealed a helical bundle reminiscent of 

the EsxAB heterodimer (Strong et al., 2006) (Fig. 3.2b).  
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Figure 3.1. Overview of ESX-1 secretion. (a) Schematic summary of inner membrane secretion 
complex, secreted proteins, and mycobacterial cell wall composition and dimensions (schematic 
adapted from references (Brennan and Crick, 2007; Houben et al., 2012b; Sani et al., 2010)). (b) 
The Mtb ESX-1 virulence locus, with tandemly-organized secreted proteins that together possess 
the full composite secretion signal marked by asterisks. 

 

Here, we describe the first crystal structure of EspB from M. smegmatis (EspBsm), 

which reveals structural elements common to both the EsxAB and PE/PPE family of 

proteins, with a structured view of the composite secretion signal that clearly classifies it 
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as a member of the WXG100 superfamily. EspBsm adopts a distinct homomeric helical 

bundle and an additional customized appendage that, like the PE/PPE heterodimers, 

replaces one of the dual signal sequences present in canonical ESX substrates. Our light 

scattering and negative stain electron microscopy data further show that EspB from Mtb 

(EspBtb) has a propensity to oligomerize, revealing the potential for EspB to serve as 

structural subunits in the construction of cell wall-associated architectures of 

mycobacteria as widely hypothesized (Champion et al., 2009; Fortune et al., 2005). 

 

3.2 Methods 

3.2.1 Purification, crystallization, and structure determination of EspB 

EspB coding sequences from M. smegmatis (MSMEG_0076) and Mtb (Rv3881c) were 

cloned into pET28a(+), in frame with an N-terminal cleavable histidine affinity tag with 

the sequence MGSSHHHHHHHHHHSSGLVPRGSH. Plasmids were transformed into E. 

coli BL21 codon-plus (DE3)-RIPL-competent cells (Strategene). Induction was initiated 

with 1 mM isopropyl 1-thio-β-D-galactopyranoside at A600 = 0.6 followed by growth for 

20 hours at 20 °C. Cells expressing Se-Met derivative EspBsm-[1-292] were grown as 

previously described (Larrson, 2009). Prior to purification, cells were resuspended in 50 

mM HEPES pH 7.5, 500 mM NaCl, 10 mM imidazole, and protease inhibitor tablets 

(Roche cOmplete) and lysed with a C5 homogenizer (Avisten). Lysate was spun at 45,000 

rpm for 1 h, and the supernatant was passed over HisPur Ni-NTA resin (Thermo, 88222) 

and washed with buffer containing 25 mM imidazole and finally eluted in buffer 

containing 250 mM imidazole. Eluate was concentrated and further purified on a 

Superose 6 10/300 GL column equilibrated with 20 mM HEPES pH 7.5, 150 mM 

imidazole. EspBtb protein corresponding to the oligomeric peak was concentrated and 

flash-frozen at −80 prior to EM, light scattering, and analytical ultracentrifuge analyses. 

The EspBsm variants were digested overnight with thrombin and purified on a Superdex 

200 column prior to crystallization. 
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Diffracting Se-Met derivative P3221 crystals grew using the EspBsm-[1-292] construct 

at 80 mg/ml in 100 mM HEPES pH 6.8, 540 mM MgCl2, 15% PEG 6000, and reached 

maximum size in 5 days. Crystals of the P65 space group were obtained using the EspBsm 

full-length construct at 20 mg/ml in 0.1 M Bis-tris propane pH 6.5, 200 mM MgCl2, and 

PEG 3350, reaching a maximum size after 1 month. The P3221 crystals were flash frozen 

directly, while the P65 crystals were cryoprotected in 20% glycerol prior to flash freezing. 

The data collected at the Canadian Light Source Canadian Macromolecular 

Crystallography Facility (CMCF) was integrated, scaled, and merged with Mosflm/Pointless 

(Bailey, 1994) and the structure was solved, built, and refined with the Phenix package 

(Adams et al., 2010) and Coot (Emsley and Cowtan, 2004). PHENIX Autosol located 13 

selenium atoms in the substructure solution (figure of merit = 0.42 using data from 3.2 − 

61.8 Å). The P3221 structure served as a molecular replacement search model for solving 

the P65 native dataset using PHASER (McCoy et al., 2007). The structures were analyzed 

and figures generated using UCSF Chimera (Pettersen et al., 2004).  

 

3.2.2 Protein fragment complementation assay 

The coding sequence for EspBsm residues 70-100 was cloned into pUAB100, in-frame 

with the a C-terminal murine dihydrofolate reductase F[1,2] fragment, and coding 

sequence for EccCb1sm residues 341-617 was cloned into pUAB200, in frame with a C-

terminal murine dihydrofolate reductase F[3] fragment, and the assay was carried out as 

described (Singh et al., 2006). Plasmids were co-transformed into M. smegmatis mc2155 

by electroporation and plated on 7H10 media containing 25 µg/ml kanamycin and 50 

µg/ml hygromycin. Overnight cultures grown from glycerol stocks were adjusted to OD = 

1.0 and 4 µl of cells were spotted on 7H11 plates containing 25 µg/ml kanamycin and 50 

µg/ml hygromycin, in the absence or presence of 5 µg/ml trimethoprim.  
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3.2.3 Multi-angle light scattering 

EspBtb-[1-460] samples (10 mg/ml, volumes of 100 µl) were loaded onto a Superose 6 

10/300 GL column (GE Healthcare) equilibrated with 20 mM HEPES pH 7.5, 150 mM 

NaCl at 25°C with a flow rate of (0.5 ml/min) followed by light scattering/refractive index 

measurements made with a miniDAWN TREOS detector coupled to a Optilab T-rEX 

differential refractometer following chromatographic separation. The ASTRA software 

package (Wyatt Technologies) was used to analyze the data and determine molar 

mass/polydispersity. 

 

3.2.4 Analytical ultracentrifuge 

Analytical ultracentrifuge experiments were carried out at 20 °C using a Beckman XL-I 

analytical ultracentrifuge, an An-60 Ti rotor, and absorbance optics. EspBtb-[1-460] 

samples were loaded at 1.0 mg/ml and spun at 47,000 RPM in two-channel carbon filled 

epon centerpieces. The data were analyzed with Sedfit (Schuck, 2000).  

 

3.2.5 Negative stain electron microscopy 

EspBtb was diluted to 0.01 mg/ml and prepared for EM as described previously (Ohi et al., 

2004) and visualized using a Tecnai Spirit transmission electron microscope (FEI) operated 

at with an accelerating voltage of 120kV. Images were taken at a nominal magnification of 

49,000x using an FEI Eagle 4K x 4K charge-coupled device (CCD) camera at a defocus 

value of -1.2µm. For image processing, 2 x 2 image pixels were averaged for a 4.7Å pixel 

size. For 2D analysis, individual particle images were selected using Boxer (Ludtke et al., 

1999). The particles were next subjected to reference-free alignment and sorted into 

classes by K-means classification using algorithms in the SPIDER image processing suite 

(Frank et al., 1996). Particle images in each class were averaged to generate EspB 2D class 

averages. 

To produce the EspB 3D reconstruction, a representative 2D class average 

corresponding to a side view of the EspB heptamer was rotationally extruded about the 

symmetry axis to form an initial 3D model using John Rubinstein’s program 
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“build_fspace_v2_00” (https://sites.google.com/site/rubinsteingroup/3-d-fourier-space). 

Single particle images belonging to class averages corresponding to both top and side 

views of the EspB complex (1,455 particles) were used to refine the initial model using 

EMAN2. The final resolution was determined using the Fourier shell correlation (FSC) 

function using the 0.5 FSC criterion. 

 

3.2.6 Oligomeric modeling 

Homology models were constructed in RosettaCM (Song et al., 2013) using the EspBsm 

P3221 crystal structure as a template and an alignment from hhsuite (Soding, 2005). Non-

terminal gaps in the sequence alignment were rebuilt from backbone fragments, and the 

whole structure was refined with a physically realistic forcefield combined with pairwise 

distance restraints derived from the homologue. A total of 25 homology models were 

generated (due to high similarity between the template and target sequence, convergence 

was quite good), and the lowest-energy model was selected. 

Using this selected model, we ran Rosetta's symmetric docking protocol (Soding, 

2005) guided by density data. Models were randomly oriented and a C7 symmetric system 

was built. Docking was carried out in two stages. In the first stage moves consist of rigid 

body perturbations and "slide-into-contact" moves, and structures are evaluated with a 

course energy function where sidechains are replaced with single interaction centers. In 

the second stage, sidechains are built, and moves consist of rigid-body perturbation 

followed by sidechain optimization; structures are evaluated with Rosetta's all-atom 

energy function. In both stages, an additional fit-to-density term ("elec_dens_fast") was 

included in model-building with a weight of 2. 

Due to the low resolution of the data, no backbone optimization against the 

experimental density data was performed. In total, 25,000 docked models were generated. 

The lowest-energy 500 were selected and clustered, yielding four distinct clusters. The 

centroids of each cluster were then compared to crosslinking data. 
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3.2.7 Crosslinking and mass spectrometry 

EspBtb[1-348] and EspBtb[1-460] samples were crosslinked with 1 mM cyanur-biotin-

dimercapto-propionyl-succinimide (CBDPS-H8/D8; Creative Molecules Inc.) and 

incubated for 30 min at 25 °C. The reaction mixtures were quenched with 10 mM 

ammonium bicarbonate at 25 °C. Crosslinked proteins were digested with either trypsin 

for 18 hours at 37 °C (Promega, Madison, WI) and/or proteinase K (Worthington, 

Lakewood, NJ) for 60 min at 37 °C, both at 1:15 (w:w) enzyme:substrate ratios. Trypsin 

and proteinase K digestions were inhibited by the addition of AEBSF to a final 

concentration of 10 mM. Trypsin and Proteinase K in-gel digests of dimer and pooled 

higher molecular weight bands were also prepared. CBDPS crosslinked peptides were 

enriched on monomeric avidin beads (Thermo Scientific, Rockford, IL), eluted from the 

beads with 0.1% FA 50% acetonitrile, concentrated by lyophilization, reduced with 10 

mM DTT for 10 min at 25 °C, and finally acidified with formic acid. Mass spectrometric 

analysis was carried out with a nano-HPLC system (Easy-nLC II, ThermoFisher Scientific, 

Bremen, Germany) coupled to the ESI-source of an LTQ Orbitrap Velos mass spectrometer 

(ThermoFisher Scientific, Bremen, Germany) (Petrotchenko et al., 2014a). Samples were 

injected onto a 100 µm ID, 360 µm OD trap column packed with Magic C18AQ (Bruker-

Michrom, Auburn, CA), 100 Å, 5 µm pore size (prepared in-house) and desalted by 

washing for 15 min with 0.1% formic acid (FA) before peptides were separated with a 70 

minute gradient (0-60 min: 4-40% B, 60-62 min: 40-80% B, 62-70 min: 80% B, with 

solvent B: 90% acetonitrile, 10% water, 0.1% FA) on a 75 µm ID, 360 µm OD analytical 

column packed (in-house) with Magic C18AQ, 100 Å, 5 µm pore size with IntegraFrit 

(New Objective Inc. Woburn, MA) and equilibrated with 95% solvent A (2% acetonitrile, 

98% water, 0.1% FA). MS data were acquired with Xcalibur (ver. 2.1.0.1140) Mass Tags 

and Dynamic Exclusion enabled in global data dependent settings. MS scans and MSMS 

scans were acquired in the Orbitrap mass analyzer at 60000 and 30000 resolution 

respectively. MSMS fragmentation was performed by CID activation at normalized 

collision energy of 35%. Data analysis was performed using DXMSMS Match of ICC-

CLASS. To determine intra- or inter-protein origin of the identified crosslinks crosslinking 
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was performed with equimolar ratio of 14N and 15N-metabolically labeled EspB 

(Taverner et al., 2002). Data were analyzed using 14N15N DXMSMS Match program 

(Petrotchenko et al., 2014b). 

 

3.3 Results 

3.3.1 Crystal structure of EspB 

The x-ray crystallographic structure of the N-terminal helical domain of EspB from M. 

smegmatis was determined in two crystal forms, one encompassing residues 3-288, (space 

group P3221, PDB code 4WJ1) and a second crystal form encompassing residues 8-296, 

(space group P65, PDB code 4WJ2 (Table 3.1). Due to predicted disorder, the CTD was 

not included in the construct used to grow the P3221 form (Fig. 3.2a), and this CTD was 

also not observed in the P65 form even though it was included in the construct, likely due 

to proteolyic degradation or disorder within the large crystal solvent channels of this 

crystal form (~80% solvent). Although highly similar in overall architecture (0.69 Å 

backbone RMSD), the two structures display significant differences in functionally relevant 

regions (discussed below). Unless noted, we will describe structural features based on the 

P3221 form, as this structure was refined to higher resolution (2.4 Å). 

 EspBsm (residues 3-288, Fig. 3.2a) is composed of long, antiparallel coiled-coil 

helices characteristic of a PE/PPE heterodimer (Fig. 3.2b, right). Unlike other ESX-

associated proteins, EspBsm[3-288] is not a heterodimer but rather adopts a PE/PPE-like 

fold due to an apparent genetic fusion of heterodimeric members into a single open 

reading frame by a 35-residue linker (Fig. 3.2a). A side-by-side comparison of EspBsm[3-

288] with the crystal structures of the ESX-secreted substrates EsxAB and PE25/PPE41 

reveals the modular nature of ESX-secreted proteins (Fig. 3.2b and 2c). The helix-turn-

helix domains of PE25, EsxB, and the N-terminal domain of EspBsm residues 1-92 are 

roughly superimposable, each with a characteristic YxxxD motif at the turn (this 

subdomain is labeled “Y subdomain” and colored green in Fig. 3.1 and 3.2.) EspBsm 

residues 135-226, EsxA, PPE41 residues 2-104 are also roughly superimposable, each with 
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a WxG motif at the turn of the second helix-turn-helix subdomain (labeled “W 

subdomain” and coloured orange in Fig. 3.1 and 3.2). In EspBsm[3-288], the Y and W 

subdomains form an extensive interface of non-covalent interactions, and the linker 

connecting them adopts an extended conformation that anchors loosely to the helical 

bundle through van der Waals interactions (Fig. 3.2d). 

Compared to PE25/PPE41, EspBsm[3-288] has a shorter h1 helix, with residues in this 

position instead adopting an extended conformation (Fig. 3.2b). EspBsm[3-288] and 

PE25/PPE41 possess features that are not found in EsxAB. Notably, helix 3, helix 6 and 

helix 7 of EspBsm[3-288](residues 231-269) create a “helical tip” that is rich in solvent-

exposed hydrophobic/aromatic/acidic residues (Fig. 3.2d, purple). This helical tip is 

slightly smaller in EspBsm[3-288] than in PE25/PPE41. The tip ends in an extended 

polyproline stretch (residues 270-288) that sandwiches between the Y and W subdomains 

through hydrophobic interactions provided by prolines and aliphatic side chains (Fig. 

3.2d). Sequence comparisons suggest that in EspBsm and many PPE-family proteins, this 

helical tip is connected via the polyproline stretch to the CTD of varying sequence (Fig. 

3.2d).  
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Figure 3.2. Crystal structure of M. smegmatis EspB compared to model ESX substrates EsxAB and 
PE25/PPE41. (a) Summary of ESX-secreted proteins discussed in this paper. W subdomain indicates 
presence of WxG motif, Y subdomain indicates presence of YxxxD motif, HT - helical tip, L - 
linker, CR - conserved region of C-terminal domain (b) Structures of representative members of Esx 
and PE/PPE-families for comparison with EspB, colour-coded by feature (c) Structural 
superposition of isolated Y and W subdomains across ESX-secreted protein classes demonstrates 
conserved modularity. (d) Surface view emphasizing helical tip. 
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Table 3.1. Data collection and refinement statistics for the EspB structures  
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3.3.2 Structure of EspB's secretion signal 

The EspBsm crystal structure also reveals the unique relative disposition of multiple 

characteristic ESX sequence motifs including a structured view of the helical “export arm”. 

Fig. 3.3a, middle). In this work, we define the export arm as EspBsm residues EspB 78-93, 

corresponding to the appendage that is dynamic in the EsxAB NMR structure (Fig 3.3a, 

left) and lacking electron density in the PE25/PPE41 structure (Fig 3.3a, right). The 

prevalent view is that residues from the export arm align on the same helical face upon 

binding the EccCb1 ATPase, targeting ESX-secreted substrates for secretion (Callahan et 

al., 2009; Champion et al., 2006; Daleke et al., 2012a). In keeping with this hypothesis, 

residues within the export arm of EspB are identical in sequence to those shown to be 

essential for EsxBtb interaction with EccCb1 (Champion et al., 2006), and either mutation 

of Y78 in the YxxxD motif (Daleke et al., 2012a) or deletion of the EccCb1 ATPase 

(McLaughlin et al., 2007) similarly disrupts EspB secretion. In the EspBsm P3221 structure, 

this arm takes the form of a fully stabilized helix where export arm residues Y78, D81, 

L89, S90, and M93 indeed align on the same helical face to interact with a symmetry-

related molecule in the P3221 crystal, representing a disposition that we suggest mimics 

the EccCb ATPase-bound state (Fig. 3.3a, middle and Fig. S1a). The alpha helical pattern 

is similar to that seen in recent Esx structures (Arbing et al., 2013; Poulsen et al., 2014), in 

particular to the Streptococcus agalactiae homodimeric EsxA structure determined by 

Poulsen and colleagues. Notably, the portion of this arm containing L89/S90/M93 was not 

resolved in the electron density of the P65 structure of EspBsm, which has no such 

stabilizing crystal contacts, indicating that in the unbound conformation, a portion of 

EspBsm’s export arm adopts a similar dynamic state as EsxB (Fig. 3.3d). 
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Figure 3.3. Structure of EspBsm’s stabilized bipartite composite secretion signal. (a) Comparison 
of secretion signal structures across the major ESX-secreted protein classes. 28 structures of the 
EsxAB NMR ensemble (1WA8) and PE25/PPE41 (2G38) crystal structures are shown. (b) M. 
smegmatis murine dihydrofolate reductase protein fragment complementation assay demonstrates 
in vivo interaction between EspBsm[70-100] ‘export arm’ and the second FtsK-homology domain 
of EccCb1sm, residues [341-617] (c) Compared to EsxAB, EspB has a flipped WxG motif that 
allows the W180 indole nitrogen to form a direct hydrogen bond with the Y78 side chain 
hydroxyl. The interaction is stabilized by conserved hydrophobic residues that form an ‘alanine 
cradle’ (d) Dynamic export arm in the P65 structure (e) The composite secretion signal creates a 
continuous hydrophobic surface that interacts with the N-terminal portion of the construct in the 
P3221 structure  

 

To determine if EspBsm’s export arm interacts with EccCb1sm in vivo, we carried out a 

murine dihydrofolate reductase (mDHFR) protein fragment complementation assay (Singh 

et al., 2006). EspBsm residues 70 to 100 which encompass the ‘export arm’ were fused to 

the mDHFR-F[1,2] fragment. The second FtsK-like ATPase domain of EccCb1, residues 

341 to 617, was fused to the mDHFR-F[3] fragment. If the fused proteins interact, the 

F[1,2] and F[3] halves of mDHFR associate and enzyme activity is reconstituted, allowing 



76 

M. smegmatis to survive on media containing the antibiotic trimethoprim. A strain 

expressing known interacting proteins, EsxB-F[1,2] and EsxA-F[3], served as a positive 

control, and growth was observed (Fig. 3.3b). For negative controls, EspBsm-F[1,2] and 

EccCb1-F[3] were co-expressed with GCN4-F[3] and GCN4-F[1,2], respectively. GCN4 is 

a protein not associated with ESX-1 and no interaction is expected, and indeed, no growth 

for these strains was observed (Fig. 3.3b). The experimental strain expressing EspBsm-

F[1,2] and EccCb1-F[3] did exhibit growth indicating an interaction, but to a lesser extent 

than the positive control (Fig. 3.3b). The strength of interaction is difficult to evaluate from 

this assay. The structural and in vivo interaction data are thus compelling evidence that 

EspB and EsxB are secreted through ESX-1 by a similar export mechanism involving 

recognition of a conserved stabilized helix by the EccCb1 ATPase.  

Recent secretion/mutagenesis experiments with the Bacillus subtilis homodimeric ESX 

substrate YukE suggests the WxG motif works in conjunction with the YxxxD motif 

adjacent to the stabilized export arm (Sysoeva et al., 2014). The WxG motif has also been 

shown to be indispensable for EspA secretion (Chen et al., 2013a) and this is presumably 

the case as well for EspB. Remarkably, in the EspBsm crystal structure, Y78 from the 

YxxxD motif and W181 from the WxG motif are seen interacting directly (Fig. 3.3c). A 

survey of Esx protein structures deposited in the PDB indicates this is the first observation 

in which both elements of the Esx bipartite signal sequence are in direct contact. In our 

EspBsm structure, the WxG motif is uniquely flipped towards the YxxxD motif within the 

export arm such that the Y78 side chain hydroxyl forms a direct hydrogen bond with the 

W180-Nε side chain indole nitrogen. Furthermore, the flip of the WxG is dependent on 

G182 within the motif adopting dihedral angles that can only be assumed by glycine (Fig. 

3.3c). The interaction between Y78 and W180 is specifically stabilized by surrounding 

hydrophobic residues - primarily through a conserved “alanine cradle” formed by side 

chains of L12, A73, and A74 which interact with the Y78 aromatic ring, and L12, A184, 

A185, L286 which interact with the indole ring atoms of W181 (Fig. 3.3c). These 

surrounding hydrophobic residues appear to stabilize a configuration in which the Y78 

and W181 side chains form a perpendicular, aromatic surface that is observed in both 
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crystal forms, independent of crystal contact influence (Fig. 3.3d). When structures from 

the two EspBsm crystal forms are compared, this aromatic surface is variably bound to 

hydrophobic side chains of Y6 in P3221 structure or L294 in the P65 structure, suggesting 

this surface may have indiscriminately bound the adjacent free N and C terminal regions 

of the constructs that were crystallized (Fig. 3.3d). In a physiological context, it is possible 

that rather than binding these termini, the stabilized export arm and WxG loop may 

operate as a unified protein-protein interaction surface that is poised to interact with the 

EccCb ATPase (Sysoeva et al., 2014). 

 

 

 

Figure 3.4. Secretion signals in other Esp proteins (a) Presence of secretion signal motifs in other 
Esp proteins of the ESX-1/EspACD locus. (b) Multiple sequence alignment of the bipartite 
composite signal sequence-containing proteins in the Mtb ESX-1/EspACD locus. 

 

We next investigated if this composite secretion signal is a general feature of other Esp 

proteins in the ESX-1/EspACD loci. Using the structural homology server PHYRE2 (Kelley 

and Sternberg, 2009) we established that EspC, EspF and EspJ each have predicted Y 

subdomains, and EspA, EspE, and EspK each have predicted W subdomains fused to CTDs 

(Fig. 3.4a). Furthermore, the residues forming the alanine cradle that stabilize the 

interaction between the WxG and YxxxD motifs in the EspBsm structure are conserved 
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across these Esp proteins (Fig. 3.4b). As EspA and EspC, EspE and EspF, and EspJ and EspK 

are tandemly arrayed in a similar manner as known ESX heterodimers (Fig. 3.1a), it is 

tempting to speculate that these pairs also associate with similarly positioned export 

features as EspB, and that these other Esp proteins likely belong to the WXG100 

superfamily.  

 

3.3.3 Biophysical analysis of EspB quaternary structure 

While our structural studies of the N-terminal domain of M. smegmatis EspBsm provides 

insight into the molecular basis of ATPase-mediated export, subsequent analysis of our 

full-length Mtb EspB (EspBtb-[1-460]) revealed that EspB has the capability of forming 

higher-order oligomeric states. Immediate clues of EspB oligomerization arose during 

purification, with protein eluting on a gel filtration column at multiple retention times, 

suggesting that EspB can self-associate in a concentration-dependent manner (Fig. 3.5a,b). 

To more accurately determine the subunit stoichiometry of the higher molecular species, 

we carried out size-exclusion chromatography coupled to multi-angle light scattering 

(SEC-MALS) analysis. The SEC-MALS experiment detected a monodisperse peak of 

molecular weight 52 kDa (corresponding to mass of a single EspBtb-[1-460] monomer) as 

well as a polydisperse high-molecular weight peak with a molecular mass of 351 kDa at 

its centre, equivalent to seven EspB copies (Fig. 3.5c). In agreement with the SEC-MALS 

data, our analytical ultracentrifugation sedimentation velocity experiments identified a low 

molecular weight 2.1S species (44 ± 5 kDa) and a high-molecular weight species with a 

sedimentation coefficient of 10.5S (317 ± 41 kDa) (Fig. 3.5d).  

 To characterize the structural properties of the EspBtb-[1-460] oligomer, we next 

subjected the peak fraction from our gel filtration run to negative stain electron 

microscopy analysis. Raw images show ring-shaped structures that were evenly distributed 

across the grid (Fig. 3.6a). Indeed, over 90% of the two dimensional (2D) class averages 

obtained from reference-free classification of 2,733 particles show an overall circular ring 

shape with several displaying unfused or incomplete rings (Fig. 3.6b,d). To determine 

which part of EspB was responsible for ring formation, we generated a truncated construct 
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EspBtb[1-348] that approximates the previously determined position of the mycosin 

protease (MycP1) cleavage site and thus mimics the physiologically processed form 

(Solomonson et al., 2013). This truncation mutant, which encompasses the N-terminal 

PE/PPE homology domain and a portion of the low-complexity region of the CTD, still 

produced ring-shaped structures, indicating that it is the PE/PPE homology region of EspB 

forming the ring (Fig. 3.6c,e). 

 

 

 

Figure 3.5. Purification and size determination of EspBtb[1-460]. (a) EspB elutes with a bimodal 
distribution on a Superose 6 column. (b) SDS-PAGE analysis confirms EspB as the major species in 
the higher-order peak. (a) SEC-MALS analysis of EspBtb[1-460] (b) Analytical ultracentrifuge 
analysis of EspBtb[1-460]. 
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 However, the truncated EspBtb-[1-348] shows a more diverse set of orientations 

compared to full length EspBtb-[1-460], with 20% of the class averages depicting a tubular 

shape that appears to represent a side view as its width is consistent with that estimated 

from the top view averages (Fig. 3.6c). Even with no imposed symmetry, projection 

averaging of the “ring” views clearly showed seven distinct “nodes” (Fig. 3.6c, red 

arrows), which is fully consistent with our SEC-MALS and analytical ultracentrifugation 

data. Notably, a distinct appendage was seen protruding from the ring’s core in some of 

the top view EspBtb-[1-460] averages (Fig. 3.6b, blue arrowhead). This structure was 

absent in the EspBtb-[1-348] averages, suggesting that this region corresponds to EspB 

residues 350-460. However the EspBtb-[1-348] averages did reveal some unidentified 

density located at one end of the putative side view, which may correspond to the residual 

50 CTD amino acids (Fig. 3.6c, green arrowhead).  

We next determined the 3D reconstruction of the EspBtb-[1-348] multimer using an 

approach that involves generating an initial model by rotating a side view class average 

360° about the Z-axis and iteratively refining this initial model against untilted data 

containing top and side views. The final map, with 7-fold symmetry imposed, has a 

resolution of 30 Å as measured by the Fourier shell correlation (FSC) function using the 

0.5 FSC criterion (EM Data Bank accession code EMD-6120) (Fig. 3.7a). This EM structure 

shows that seven copies of EspBtb-[1-348]’s PE/PPE-homology domain associate to form 

an overall cylindrical shape of 100 Å by 80 Å with a central pore of 50 Å in diameter. 
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Figure 3.6. Electron microscopy characterization of EspB (a) Representative negative stain EM 
micrograph of full length EspBtb[1-460] (b) 2D class averages of EspBtb-[1-460] and (c) truncated 
EspBtb-[1-348]. Red arrows draw attention to distinct nodes in the unsymmetrized averages that 
provide evidence for heptameric stoichiometry. The blue arrow indicates appendage protruding 
from the ring’s core found only in EspBtb-[1-460] averages. Green arrows indicate unexplained 
density in the side view. (d) Complete reference-free 2D averages of EspBtb[1-460] (50 averages, 
2733 particles) and (e) EspBtb[1-348] (50 averages, 3257 particles). 

 

3.3.4 Data-guided computational model of EspB oligomer 

 To determine the molecular details of how the monomeric EspB structure assembles 

into a heptameric complex, we examined the P3221 and P65 EspBsm crystal lattices for 

potential interaction interfaces. The P3221 crystal exhibits a remarkable hexagonal lattice 

in which EspB monomers interlock in a herringbone pattern formed by tight side-by-side 

stacking at the hexagonal edges and tip to tail contacts between export arm residues and 

the helical tip. However, the potential oligomeric structures generated by these 

symmetries do not match the dimensions estimated from the EspBtb EM structure. We next 

carried out chemical crosslinking coupled to mass-spectrometry (CXMS) using the 

isotopically coded cleavable affinity-purifiable crosslinker cyanur-biotin-dimercapto-
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propionyl-succinimide (CBDPS). In multiple independent experiments, we identified 

CBDPS crosslinks between K259-K259’ and K259-K267’ peptides (Table 3.2), indicating 

these residues are located within 25 Å from one another. Our CXMS data definitively 

shows that intermolecular interactions based on crystal contacts are different from the 

ones mediating EspB oligomerization.  

 

Table 3.2. Identified inter-protein CBDPS crosslinks of EspBtb-[1-348] and EspBtb-FL. L, light 
isotopic form of the crosslink. Δ, mass difference between theoretical and observed crosslink 
masses. Peptide sequences are shown with preceding and following residues in the protein 
sequence in parentheses. Fragment ion, intensity scores and CID-cleavage products number reflect 
crosslink MS/MS spectrum match quality. Tr, trypsin, PK, proteinase K. Reconfirmation of 
crosslinks as intra- or inter-protein origin with 14N/15N crosslinking experiments is indicated.  
 

 
 

We decided to carry out in silico Rosetta-based symmetric modeling with an 

EspBtb[11-286] homology model using an approach we have previously developed 

(Bergeron et al., 2013). Simulations with a stoichiometric constraint of seven resulted in 

model convergence to several low energy clusters (Fig. 3.7b). The fourth-lowest energy 

cluster was selected as the final model as it satisfies constraints from our CXMS data 

(density-fitted model PDB code: 3J83, Fig. 3.7c). The calculated model-map correlation 

was 0.9, indicating good agreement between the heptameric EspBtb model and the EM 

reconstruction (Fig. 3.7a). Regions of EspB lying outside the EM density correspond to the 

dynamic export arm, which, according to the P65 EspB crystal structure, are unlikely to be 
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well-ordered in the EM reconstruction. The model places the C-terminal region of the 

EspBtb’s helical domain in close proximity to the unexplained density located at one end 

of the multimer, which is consistent with this density corresponding to the residual 50 

residues of the CTD. While further experiments will be necessary to refine the exact 

orientation and molecular interactions involved, this model provides a framework for 

delineating how EspBtb oligomerizes in the context of the ESX secretion apparatus. 

 

 
Figure 3.7. Heptameric EspBtb model fit to negative stain 3D reconstruction density with 
location of mass spectrometry-derived cross-links mapped to adjacent subunits. (a) EspB negative 
stain 3D reconstruction with heptameric EspBtb model fit to the EM density, approximate 
dimensions indicated (b) Top Rosetta energies for EspBtb heptameric model (c) Locations of 
CBDPS-crosslinked lysine residues mapped to the proposed model. (d) Overlay of the 
PE25/PPE41/EspG5 ternary chaperone complex (PDB: 4KXR) on the heptameric EspB model.  
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3.4 Discussion 
The EspB crystal structure provides new insight into the common structural characteristics 

shared by ESX substrates, as well as the elevated complexity of ESX-secreted proteins 

found in mycomembrane-encapsulated bacteria. Ancestral ESX-secreted proteins in Gram-

positive bacteria likely originated as symmetric homodimers with WxG and YxxxD motifs 

located at both ends, and this is still observed in homodimeric substrates such as B. 

subtilis YukE (Sysoeva et al., 2014) (Fig. 3.8a). However, organisms such as Mtb encode 

more complicated heterodimeric ESX substrates, with each “monomer” possessing either a 

WxG motif or a YxxxD motif, but not necessarily both. This arrangement places the 

composite signal sequence at just one end of the helical bundle (Fig. 3.8b). In the case of 

EspB, a linker has merged the heterodimer into a single ORF. Furthermore, in EspB and 

other PPE proteins of mycobacteria, the canonical motifs on one end of the helical bundle 

have been phased out and replaced by a ‘helical tip’ (Fig. 3.8b). 

 

 

 

Figure 3.8 Schematic summary of ESX-secreted protein specialization in mycobacteria. (a) 
Ancestral ESX substrates were homodimeric and displayed essential export motifs on both sides of 
the helical bundle with N/C termini on separate sides. (b) Mycobacterial ESX proteins such as EspB 
which are located in the cell walls of these organisms have become increasingly asymmetric, 
losing one of the bipartite signal elements and gaining a helical appendage (c) Proposed model of 
EspB quaternary structure, placing the helical tip and secretion signals on opposite sides.  

 



85 

 The EspB structure reveals an unexpected hydrogen bonded interaction between the 

defining tyrosine and tryptophan side chains in the YxxxD and WxG motifs positioned in 

our structure on the same helical face as conserved acidic and hydrophobic residues of 

the stabilized export arm. We note the similarity of the stabilized export arm to the signal 

peptides of the secretory pathway, which also adopt a helical conformation when bound 

to lipids or translocon components (Briggs et al., 1986; Chou and Gierasch, 2005). We 

suspect the unique conformation of the WxG and YxxxD motifs observed in our crystal 

structure represents a functional disposition that is adopted by all ESX substrates at some 

critical point during their translocation. The conserved alanine cradle serves to stabilize 

this direct interaction, perhaps favouring a secretion-competent conformation of the 

composite signal. Our analysis also shows that the ESX-1-associated EspA, EspE, EspK 

have WxG motifs and EspC, EspF, EspJ have YxxxD motifs, and all have residues of the 

‘alanine cradle’ that potentially support their direct interaction. We predict EspAC, EspEF, 

and EspJK are heterodimeric complexes that associate to ensure the presence of both 

secretion motifs in the complex with a similar structural configuration we observe in EspB, 

perhaps allowing some or all of these unique ESX-1 substrates to be secreted through the 

same pathway as the well-studied EsxAB heterodimer. Thus, we suggest these proteins be 

included in the WXG100 family, resulting in a total of five heterodimeric WXG100 pairs 

as well as one fused homomer (EspB) in the ESX-1 locus, which in pairwise combination, 

possess the complete composite secretion signal (3.4b).  

 Of particular interest are the mycobacteria-specific features of ESX-secreted proteins, 

such as the helical tip we observe in EspB and PPE proteins (Fig. 3.9b). The helical tip is 

relatively hydrophobic, raising the possibility of its involvement in traversing the 

mycomembrane or perhaps in facilitating interaction with an unidentified component 

within the mycomembrane that aids this process. This appendage may also have a role in 

oligomerization, particularly in light of recent studies that show EspG chaperones bind 

directly to the helical tip of PPE41 from the PE25/PPE41 complex, preventing self-

aggregation (Daleke et al., 2012b; Ekiert and Cox, 2014; Korotkova et al., 2014). When 

the PE25/PPE41/EspG5 ternary complex (4KXR) is aligned to EspB in the context of our 

heptameric model, the EspG5 chaperone is situated at an identical interface as the cross-
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linked lysines identified by our CXMS experiments (Fig. 3.5d). This raises the possibility 

that EspB may also have a yet to be identified chaperone that prevents premature self-

association in the Mtb cytoplasm. 

In the context of the ESX system as a whole, the finding that EspBtb can oligomerize is 

particularly exciting as it indicates the helical domains of ESX-secreted proteins may serve 

a structural role in addition to, or as part of, their role in facilitating export. Our proposed 

model places EspB’s helical tips on one side of the multimer, opposite the composite 

secretion signals and CTD (Fig. 3.8c). This creates an arrangement of seven closely spaced 

hydrophobic helical tips, which in combination with the pore generated by the multimer, 

may contribute to a mycomembrane-puncturing event that facilitates EspB’s path across 

the mycobacterial cell wall and/or carry out ESX-1-mediated phenotypes such as 

phagosome permeabilization within Mtb-infected macrophages (de Jonge et al., 2007; 

Hsu et al., 2003; Smith et al., 2008) or conjugal transfer of DNA in M. smegmatis. Does 

EspB promote these activities in isolation or rather in concert with other components of 

ESX-1, such as the remaining five WXG100 pairs encoded by the locus and/or the inner 

membrane apparatus? It is currently thought that the inner membrane-spanning portion of 

the ESX apparatus forms a large molecular weight complex of probable symmetric 

composition (Houben et al., 2012b), and EspB could contribute to the extracellular 

portion of this, perhaps anchoring to a tip of a membrane-spanning filament. That ESX-1’s 

secreted proteins are extracellular components of the secretion apparatus is supported by 

the co-localization of apparatus and secreted components to the same pole of the bacteria 

(Carlsson et al., 2009; Wirth et al., 2011) and is further supported by the finding that many 

Esx/Esp proteins are co-dependent for secretion (Champion et al., 2009; Fortune et al., 

2005). Moreover, expression of EspB with its endogenous promoter has been shown to be 

important in recovering the wild-type ESX phenotype, suggesting stoichiometric 

expression levels of EspB is key (Xu et al., 2007). It should perhaps not be ruled out that in 

vivo, EspB may form structures of a higher order than cyclic heptamer to extend its span to 

the extracellular space, for example through helical assembly. The extent to which ESX-
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secreted proteins structures resemble the filamentous protein building blocks from other 

secretion systems has been noted (Pallen, 2002). 

 Finally, what might our data reveal about the function of MycP1-mediated cleavage 

of EspB? By comparing 2D averages of the full-length and truncated EspBtb constructs, we 

speculate that MycP1 proteolysis serves to alter the structure of the EspBtb multimer. In the 

top view averages for EspBtb[1-460], we observed a region of density extending from the 

ring that we propose to be EspBtb’s CTD; this density was lacking in the truncated 

construct (Fig. 3.6b, blue arrow). A previous circular diochroism experiment showed the 

CTD is unstructured (Wagner et al., 2013a), but the EM data here suggests the CTD may 

become structured in the context of the multimer, perhaps through self-association of the 

CTD’s conserved region (see Fig. 3.2a, red). In contrast, the EM averages for EspBtb[1-

348], a construct that resembles processed EspB, exhibited a region of density located at 

the mouth of the pore in the side view averages where no such density was found in 

averages of the full length protein. If EspB indeed contributes to the secretion system 

channel through which other ESX substrates are also secreted, perhaps the region of the 

protein corresponding to this density shifts from the perimeter of the ring to occlude the 

centre of the pore following MycP1 cleavage. This hypothesis would explain the 

observation that in the absence of MycP1 cleavage, hypersecretion ensues (Ohol et al., 

2010), as no “plug” is situated in the pore. Alternatively, perhaps this density corresponds 

to a domain that mediates interaction with other secretion system components, allowing 

assembly to be regulated by MycP1 processing. 

 We have shown that EspB possesses a WXG100 bipartite secretion signal that 

accounts for its localization to the Mtb cell wall. Once exported to the cell wall, EspB 

appears to be equipped to operate as a structural building block, which we propose to 

underlie its involvement in ESX-1-mediated macrophage killing that is essential for Mtb 

disease progression. Further characterization of key Mtb secreted proteins such as EspB 

will likely accelerate TB vaccine development - a field where major advancements have 

previously depended on genetic manipulation of the ESX loci and their associated secreted 

antigens. 
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Chapter 4: Structure of 

EccB1 
4.1 Introduction 
There are five conserved membrane proteins associated with the inner membrane of the 

type VII secretion apparatus: EccA, EccB, EccC, EccD, EccE, and MycP (Bitter et al., 

2009a) (Fig. 4.1a). These components are thought to form a complex that exports cytosolic 

proteins across the multi-layered envelope of mycobacteria to the outer capsular layer and 

secretion media (Houben et al., 2012b). The structure and function of the apparatus 

complex is not well characterized, and mechanism by which it passages secreted proteins 

through these unique mycobacterial cell wall barriers is unclear. These barriers include 

the inner membrane, peptidoglycan, arabinogalactan, mycolic acid, and capsular layers 

(Fig. 4.1a).  

While the architecture of the complete T7SS assembly is unknown, structures of some 

of the individual soluble domains are becoming available, and many have general-

purpose folds and are structurally homologous to proteins from other systems. For 

example, EccA has an AAA+ ATPase domain with six tetratricopeptide repeats (Wagner et 

al., 2013b), and EccC exhibits sequence homology with the FtsK/SpoIIIE-like family of 

AAA+ ATPAses (Gey Van Pittius et al., 2001; Pallen, 2002), which are involved in DNA 

translocation and chromosomal segregation (Aussel et al., 2002; Massey et al., 2006). The 

structure of the MycP protease revealed a subtilisin-like domain that processes proteins as 

they are secreted (Solomonson et al., 2013; Sun et al., 2013; Wagner et al., 2013a), and 

EccD is a multi-spanning integral membrane protein with 10 predicted TM helices and a 

ubiquitin-like cytosolic domain. However aside from the MycP protease, structures of the 
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apparatus components predicted to be in direct proximity to the outer cell wall barriers, 

namely EccB and EccE, are lacking. 

EccB and EccE do not exhibit sequence homology to any structurally characterized 

proteins. Structural data may provide clues as to how these proteins contribute to T7SS 

export and will make steps toward understanding architecture and function of the 

assembled apparatus. In this chapter, we report the structural determination and analysis 

of the soluble domain of EccB1 from the Mycobacterium smegmatis ESX-1 system. 

 

4.2 Methods 

4.2.1 Purification of EccB1 

The DNA encoding residues 66-479 from EccB1 (EccB1sm-66-479) from the M. 

smegmatis ESX-1 system was amplified from M. smegmatis mc2 155 genomic DNA by 

PCR and cloned into a modified pET28a(+) vector, in-frame with an N-terminal thrombin-

cleavable histidine tag with the sequence MGSSHHHHHHHHHHSSGLVPRGSH. The 

plasmid was transformed into Escherichia coli BL21-CodonPlus (DE3)-RIPL competent 

cells. The protein was expressed in LB medium containing 25 µg/ml kanamycin and 1mM 

isopropyl β-D-1-thiogalactopyranoside (IPTG) at 20°C overnight following induction at an 

OD600 of 0.6. Cells were harvested by centrifugation and lysed using an Avestin C-5 

homogenizer in buffer containing 50 mM HEPES pH 7.5, 500 mM NaCl, DNAse, and 

cOmplete protease inhibitor tablets (Roche). Lysate was centrifuged at 45,000 RPM at 4°C 

for 1 hour. The supernatant was passed over HisPur Ni-NTA affinity resin (Thermo 

#88223). Protein was eluted with buffer containing 50 mM HEPES pH 7.5, 500 mM NaCl, 

and 250 mM imidazole. Eluate was concentrated and injected on a Superdex 200 HR 

10/30 column (GE Healthcare) equilibrated in gel filtration buffer containing 20 mM 

HEPES pH 7.5, 150 mM NaCl, and the fraction containing EccB1sm-66-497 was pooled. 
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4.2.2 Crystallization and structure determination of EccB1 

EccB166-497 protein was concentrated to 45 mg ml-1 in gel filtration buffer. Plate-like 

crystals were grown by sitting drop vapour diffusion with protein mixed at a 1:1 ratio with 

15% w/v PEG8000, 100 mM imidazole, pH 6.7, at a temperature of 20°C. The crystals 

were cryoprotected by soaking in 1.6x mother liquor with 20% glycerol and then flash-

cooled in liquid nitrogen.  

A native data set was collected at the Canadian Light Source Macromolecular 

Crystallography Facility using the 08B1-1 insertion device beamline and processed using 

iMOSFLM (Battye et al., 2011). The data were merged and scaled with AIMLESS (Bailey, 

1994). Shortly after collection of our dataset, the Mtb EccB1 structure was deposited in the 

PDB (4KK7; unpublished) by Korotkov et al. This served as a molecular replacement 

search model for phasing our Mycobacterium smegmatis EccB1 native dataset using the 

Phaser software package (McCoy et al., 2007). Two molecules were located in the 

asymmetric unit. The structure was built and refined with Coot (Emsley et al., 2010), and 

PHENIX (Adams et al., 2010). Structure validation statistics were calculated with 

MolProbity (Chen et al., 2010). Regions of the molecule that are part of the construct but 

could not be built include chain A N-terminal residues 66-74, residues 119-127, and C-

terminal residues 466-479. In chain B, N-terminal residues 66-75, residues 122-128, and 

C-terminal residues 461-479 could not be built. 

Structural homologues of EccB1sm[66-479] were identified using DALI (Holm and 

Rosenstrom, 2010). The structure was analyzed and figures generated with UCSF Chimera 

(Goddard et al., 2007). For the conservation analysis, homologues were located with 

hhblits (Remmert et al., 2012) and the results were mapped to the structure in Chimera. 

The surface electrostatics were calculated with PDB2PQR (Dolinsky et al., 2004) and the 

Adaptive Poisson-Boltzmann Solver (APBS) (Baker et al., 2001).  
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4.3 Results 

4.3.1 Overall structure of EccB 

Transmembrane hidden markov analysis (Krogh et al., 2001) of Mycobacterium smegmatis 

EccB1 predict residues 1-39 to be cytoplasmic, residues 40-62 to form a single-spanning 

transmembrane helix, and residues 63-479 to be soluble and located outside the cell. We 

purified a stable construct spanning residues 66-479 of this soluble C-terminal region 

which crystallized in the orthorhombic space group P212121, herein referred to as 

EccB1sm[66-479]. The 2.3 Å resolution structure was solved by molecular replacement 

using Mtb EccB1tb[74-458] (PDB code 4KK7; unpublished) as a search model and refined 

to R/Rfree = 0.21/0.25. As described in the methods, the N-termini, C-termini, and 2 loops 

are lacking electron density. 

EccB1sm[66-479] adopts a ‘chair-shaped’ structure with internal 2-fold pseudo-

symmetry (Fig. 4.1b). The curvature of the protein results in two distinct clefts (Fig. 4.1b, 

labelled cleft 1 and cleft 2). The C-terminus of EccB is located in close proximity to where 

the predicted N-terminal transmembrane helix would attach. In contrast to the recently 

deposited EccB1tb structure, EccB1sm crystallized with two molecules in the asymmetric 

unit related by a twofold axis of symmetry, resulting in an X-shaped unit. The two copies 

in the asymmetric unit have an 0.64 Å RMSD over 346 Cα atoms. The PISA interface 

analysis tool (Krissinel and Henrick, 2007) calculated the buried surface area at the 

asymmetric unit dimer interface to be ~1337.5 Å2 with 26 hydrogen bonds. However, the 

protein also migrates as a monomer on a gel filtration column. Thus, the biological 

relevance of the crystallographic dimer is unclear. 
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Figure 4.1. Structure of Mycobacterium smegmatis EccB1sm[66-479]. (a). Schematic diagram of 
the ESX-1 type VII secretion membrane complex & mycobacterial outer membrane. EccB is hi-
lighted in orange. (b). Structure of EccB1 coloured by N/C rainbow. The central beta sheet and 
four α/β subdomains (labelled d1 - d4) are indicated (c). Secondary structure diagram. 
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Table 4.1. Data collection and refinement statistics for EccB1 
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4.3.2 Pseudosymmetric modularity of EccB 

 EccB1’s 2-fold pseudo-symmetry is generated by four α/β subdomains (labelled d1 

through d4) centred around a 6-stranded beta sheet (Fig. 4.1b and 4.1c). The order in 

which these subdomains connect in the 3D tertiary structure does not strictly correspond 

to their locations in the polypeptide chain primary sequence. For example, while the d1 

and d2 subdomains are adjacent in the tertiary structure, they are formed by N and C 

terminal regions of the primary sequence of the crystallized construct (Fig. 4.1c). Each of 

the four α/β subdomains in EccB1sm[66-479] are comprised of three-stranded antiparallel 

beta sheets capped on both sides by short alpha helices (Fig. 4.2a and 4.2b). The two 

alpha helical caps are oriented roughly 90° from one another and are the primary 

mediators of inter-subdomain contacts (Fig. 4.2a, arrows). The four domains can be 

overlaid reasonably well, despite no detectable similarity in amino acid sequence (Fig. 

4.2c). 
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Figure 4.2. Pseudo-symmetric modularity of EccB tertiary structure. (a) Core secondary structure 
elements from the five EccB subdomains highlighted by color. The rest of the polypeptide 
connecting these subdomains in grey. (b) Side-by-side comparison and (c) Overlay of the four 
EccB .α/β domain repeats. (d) Monomeric structure of PlyCb (4F87) (McGowan et al., 2012), the 
top DALI search result (Z-score 3.19). (e). Comparison of EccB’s PlyCb homology domains with 
the PlyCb octamer. (f) Proposed evolution of EccB modularity. 

 

A structural similarity search of the PDB using the full EccB1sm as a search model in 

the DALI structural homology server (Holm and Rosenstrom, 2010) returned no significant 

hits. However, when an individual α/β subdomain (the d2 subdomain from chain A) was 

queried, the results showed statistically significant structural homology to phage lysin 

PlyCb (Z-score 3.19) (PDB code 4F87) (Fig 4.2d). PlyCb and its partner PlyCa comprise a 

two-component phage lysin that ruptures the cell wall of Streptococcus species 

(McGowan et al., 2012). PlyCb is responsible for binding to the bacterial cell wall such 

that PlyCa, is positioned hydrolyze peptidoglycan.  
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By taking into account EccB1’s modularity as observed in the crystal structure, and by 

examining how each modular unit is connected in the primary sequence of the 

polypeptide chain, it is possible to infer how EccB’s subdomains might have arisen from a 

single α/β unit through three sequential duplication/fusion events followed by genetic drift 

and sequence divergence. In the first event, the beta strands from the first ancestral α/β 

subdomain could have duplicated to form half of the central strand (Fig. 4.2f, i). In the 

second event, the ancestral α/β subdomain duplicated in its entirety to form a second α/β 

domain (Fig. 4.2f, ii). In the third event, the whole unit duplicated to generate the full 2-

fold pseudo-symmetric protein (Fig. 4.2f, iii). Note that events (i) and (ii) are not mutually 

exclusive and thus interchangeable in time; either could have been predecessors to the 

final event (iii). Genetic drift then led to loss of sequence similarity across the four 

subdomains. The central sheet appears to act as the “glue” that helps hold together halves 

at the pseudo-2-fold via alternating β-strand intercalation and a disulfide bond between 

the β4 and β13 strands (see Fig. 4.1c).  

These observations suggest EccB’s fold may have arisen through a series of duplication 

and fusion events followed by genetic drift to the point where each modular unit is 

unrelated in sequence but highly similar in tertiary fold. Some other examples of this type 

of pseudo-symmetric evolution are the trefoil protein (Broom et al., 2012), beta propeller 

domains (Chaudhuri et al., 2008), and gamma crystallin (Wolynes, 1996). These 

duplication events may have extended the protein’s reach within the cell wall, perhaps 

providing surfaces that interact with other T7SS components, for example through the two 

clefts generated by the concave curvature of the 5 subdomains. An intriguing possibility, 

based on the DALI search results, is that a Gram-positive phage lysin PlyCb-like protein 

may have been the progenitor of EccB’s α/β subdomains. Gram-positive bacteria could 

have adapted this fold for T7SS-mediated export rather than the phage protein’s lytic 

function. A similar proposal was put forth for the Gram-negative type VI secretion system, 

which has several components that are structurally homologous to bacteriophage tail 

proteins (Leiman et al., 2009; Pell et al., 2009).  
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4.3.3 Comparison with EccB-tb structure 

There are a few notable differences between the EccB1tb[74-458] structure recently 

deposited by Korotkov et al (PDB: 4KK7) and the M. smegmatis structure determined here, 

despite these proteins having relatively high sequence identity (65%) (Fig, 4.3a). First, the 

α2 helix of the first α/β subdomain was not resolved in the electron density (Fig. 4.3b). 

Second, there is a subtle change in position of the d4 α/β subdomain relative to the rest of 

the protein. To quantify this change, we analyzed the structures using the DynDom 

protein domain motion analysis server (Hayward and Lee, 2002) by threading the M. 

smegmatis sequence over the Mtb structure and evaluated the structures as separate 

conformers. DynDom calculated that the d4 α/β subdomain, formed by EccB1sm residues 

244-333, is offset by a rotation angle of 18.7° and a translation of 3.7 Å (Fig. 4.3b). 

Residues 243-248 and 333-334 were identified as hinge residues that provide 

conformational flexibility for the differing positions. This difference is perhaps too large to 

be accounted for by sequence divergence alone, which at 65% would predict an RMSD of 

<1 Å across the entire sequence (Aloy et al., 2003), and may instead reflect an influence 

of crystal contacts on protein conformation. In the EccB1sm structure, the most extensive 

crystal contact from a symmetry-related molecule that could influence domain 4 

positioning is generated by the -x+3/2, -y+1, z-1/2 symmetry operator, creating a buried 

surface area of 804 Å2. On the other hand, in the EccB1tb structure there is significantly 

more packing around the d4 domain with symmetry-related molecules generated by x-1, 

y, z and x-1/2, -y+1/2, -z+1 operators, which contribute 889 Å2 and 664 Å2 buried 

surface area, respectively. This subtle difference in the relative position of the d4 domain 

in the two structures may or may not be indicative of a conformational change in EccB 

that occurs during the T7SS export cycle or when bound to other components. 
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Figure 4.3. Structural differences between Mtb and Msmeg EccB (a). Superposition of 
Mycobacterium smegmatis and Mtb (4KK7) structures. (b). Absence of α2 helix in domain 1. (c). 
Difference in domain 4 position seen in the Mtb and M. smegmatis crystal structures, relative to 
the rest of the protein. 

 

4.3.4 EccB surface conservation and electrostatics 

To determine which EccB1 residues might be functionally important, we queried the M. 

smegmatis EccB sequence on the hhblits homology detection server (Remmert et al., 

2012). The top 60 hits, mostly from mycobacteria and closely related species, were used 

to generate a multiple sequence alignment and the percent conservation level was 

mapped on the EccB1sm structure using UCSF Chimera (Goddard et al., 2007) (Fig. 4.4a). 

The most highly conserved residues are shown in purple, the most poorly conserved in 

teal. EccB1 exhibits the highest density of conserved residues in the region closest to 

where the predicted transmembrane-spanning helix would attach, in particular near the 
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interface between the d1 and d2 α/β subdomains (Fig. 4.4a). Many of these conserved 

residues are facing the solvent in cleft 1 (see Fig. 4.1b). A strictly conserved Ser-Ala-Arg-

Leu (SARL) motif is observed on the α2 helix. Ser103 and Ala104 appear to contribute to 

inter-subdomain contacts, and Arg105 and Leu106 are surface-exposed (Fig. 4.4b). 

Arg105 is notable in that it is largely buried except for the guanidinium group which 

pokes out adjacent to the Leu of the motif. On the face opposite the surface formed by 

Arg105/Leu106 is a tri-proline arrangement formed by conserved residues Pro134, 

Pro136, and Pro451. Together, these two strips of conserved solvent-exposed residues, 

located in close proximity to the predicted site of membrane attachment, are strong 

candidates for protein-protein interaction surfaces, and could for example, anchor to the 

EccD integral membrane protein, which is hypothesized to form an inner-membrane 

channel. In general, the protein is mostly acidic or neutral, as measured by Adaptive 

Poisson-Boltzmann calculations (Baker et al., 2001) (Fig. 4.4c). 
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Figure 4.4. EccB conservation and surface electrostatics. (a). Conserved residues mapped to the 
EccB1sm surface. A distinct conservational bias is seen at the d1-d2 interface, near the membrane 
spanning attachment. (b). Close-up view of the d1-d2 interface. (c). APBS surface electrostatics.  

 

4.4 Conclusion 
In conclusion, we have solved the structure of EccB1 from the ESX-1 type VII secretion 

system complex. An analysis of its structural modularity allows us to propose an 

evolutionary scenario. The four EccB1 α/β subdomains are structurally homologous to the 

Gram-positive phage lysin protein, PlyCb, suggesting a shared ancestry. EccB1 has a 

conserved residue patch in close proximity to where the single-spanning transmembrane 

helix is predicted to attach, representing a candidate surface for interaction with other 

components of the T7SS inner membrane complex.  
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Chapter 5: Concluding 

Chapter 
5.1 Summary 
In this thesis, I have investigated three components from the type VII secretion system with 

the hope that structural information about these individual pieces could lead to insight 

into how the system functions as a whole. The MycP1 structure revealed a subtilisin-like 

fold with unique structural features I predict are adaptations that allow the protease to 

work in concert with the rest of the system, perhaps by mediating interactions with other 

proteins or by regulating activity. The MycP1 structure and cleavage site determination 

also provided insight into how it cleaves its target, EspB. The EspB study showed for the 

first time a very interesting attribute of the PE/PPE fold: the ability to self-associate. I 

predict this to be a general feature of the PE/PPE fold that is central to its trafficking 

function across the mycolic acid layer. The EspB structure also contributes to our 

understanding of the common structural requirements of secreted proteins across ESX 

systems, and I suspect the structures of other ESX-1 Esp proteins will to some extent 

resemble those of EspB, EsxAB, and the PE/PPE proteins. Finally, the EccB1 structure 

revealed that it is constructed from four α/β subdomains that display structural homology 

to a phage lysin protein. 
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5.2 The two faces of MycP1 
There are several logical routes to further investigation of MycP1. First, its dual role as a 

required ESX component as well as a protease has not been explained (David, 2010). 

Deletion of MycP1 abrogates secretion, suggesting it is bona fide apparatus component 

(Ohol et al., 2010). However, MycP5 was not detected in the purified ESX-5 complex 

(Houben et al., 2012b); perhaps it is loosely attached and was lost during purification.  

 Secondly, we know that MycP1 processes EspB, but to what extent is this protease a 

general “signal peptidase” of ESX systems? How many other secreted proteins might it 

process? Some ESX-5 substrates like LipY are also cleaved during secretion, and it was 

hypothesized this is carried out by the MycP5 protease from that system (Daleke et al., 

2011); MycP5 is indeed essential to ESX-5 function system and for growth of pathogenic 

mycobacteria (Ates et al., 2015). We now know the common attribute of EspB and LipY is 

their dependence on a PE/PPE domain for transport. Perhaps PE/PPE domains are the 

vehicles required for transfer across the mycolic layer and the unique C-terminal domains 

carry out functions outside the cell; the mycosins serve to liberate the CTDs from their 

cognate PE/PPE transporters following translocation. 

Inquiries into MycP1’s relevance as a potential drug target are ongoing. As a MycP1 

catalytic mutant significantly reduces Mtb virulence in mouse models, it is hoped that a 

compound which inhibits MycP1 activity may similarly curb Mtb virulence (Ohol et al., 

2010). Recent efforts to discover such a compound have included 4D fingerprinting 

(Hamza et al., 2014), the use of pentapepetide boronic acid inhibitors (Frasinyuk et al., 

2014), and substrate profiling (Wagner et al., 2013a). Along with identifying an inhibitory 

compound, there are additional requirements for targeting MycP1: drugs must be 

delivered to the site of infection and they must traverse the mycomembrane.  

In the quest for new preventative measures to combat TB, the MycP1/EspB system 

could also be exploited to engineer new Mtb strains that may lead to novel vaccines. As 

previously suggested, a MycP1 catalytic mutant Mtb strain that hyper-secretes ESX 

substrates may provide enhanced protective immunity through stimulation of cytosolic 

surveillance pathways (Ohol et al., 2010). Or perhaps the substrates themselves could be 
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engineered to perturb the infection cycle to favour of the host immune system. For 

example, point mutations in key ESX-1 substrates like EspA have deleterious effects on 

secretion and virulence; importantly, these effects are different than what is observed 

when the corresponding gene is completely disrupted (Chen et al., 2013a). Therefore, 

vaccines based on such point mutant strains may have a protective capacity that is 

different from, and hopefully better than, BCG. These ESX-1 point mutant strains have the 

potential to be more protective than BCG because a larger variety and quantity of ESX-1 

antigens would be sampled by the immune system, coupled to the pathogen’s exposure to 

cytosolic surveillance pathways as a result of the ESX-1-mediated cytosolic access, 

resulting in a stronger immune response. However, such novel vaccines must also be 

attenuated to the extent that they do not cause disease in vaccinated subjects. The 

structural data presented here could be used to guide further rational mutagenesis efforts 

aimed at perturbing the functions of EspB and MycP1, ideally resulting in a strain of Mtb 

that is attenuated for virulence but not to the extent that secretion is completely abrogated 

and the stimulatory effect of ESX-1 on the immune system lost. For example, point 

mutations in the MycP1 N-terminal extension or at EspB’s PE/PPE interface could have a 

desirable destabilizing effect.  

 

5.3 The PE/PPE fold 
One of the central questions remaining in T7SS research: what is the molecular function of 

the PE/PPE fold? As discussed in section 3.4, the PE/PPE and EsxA/B families probably 

have a shared ancestry, but why have mycobacteria evolved this PE/PPE fold as part of its 

secreted protein repertoire? How can we elucidate the function of the PE/PPE fold in vivo? 

Proteins with this fold are generally difficult to express and purify; however, EspB is an 

exception. EspB should be regarded, along with PE25/PPE41, as a model ESX substrate 

that has the potential to provide key insight into the general function of the PE/PPE fold. 

For example, Chen et al. have already exploited this to discover EspB binds to specific 

phospholipids (Chen et al., 2013b). Do other PE/PPE proteins bind specific lipids as well? 

To better understand the function of this fold, perhaps we should focus on devising 
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labeling/imaging strategies to observe ESX-1-secreted proteins in vivo. For example, super-

resolution microscopy combined with cryo-electron tomography could be used to locate, 

observe, and structurally characterize these secreted proteins in situ. Such approaches 

have recently led to breakthroughs in our understanding of the structure and function of 

the type VI secretion system (T6SS) (Basler et al., 2012). 

 

5.4 Visualization of the T7SS apparatus 
Full understanding of the T7SS system will require structural characterization of the 

assembled apparatus. Toward this goal, I can suggest three possible strategies. First, 

endogenous T7SS apparatus could be purified from a source under conditions in which it 

is naturally expressed. I argue the best candidate system for this is M. smegmatis ESX-1. M. 

smegmatis assembles ESX-1 under well-characterized conditions, can be grown in large 

quantities in biosafety level 1 facilities, and has an ESX-1 gene cluster that is nearly 

identical to that of Mtb, allowing inferences to be made about ESX-1 as it functions in the 

pathogen. To ensure the system is expressed and functional, robust methods to detect 

various apparatus components and secreted proteins are needed. For example, Houben et 

al. have made progress toward purifying the ESX-5 membrane complex of M. marinum by 

designing a suite of antibodies to detect its constituent proteins (Houben et al., 2012b). 

Tagging ESX-1 components with fluorescent proteins may also help facilitate structural 

studies, and these can be added with disrupting ESX-1 function (Carlsson et al., 2009; 

Wirth et al., 2011). A potential disadvantage of this approach might be low protein yield. 

Perhaps this could be addressed by over-expressing of regulatory transcription factors that 

increase ESX-1 protein quantity. Such an approach has been applied to increase yields of 

the Salmonella SPI1 type III secretion system by over-expressing the transcription factor 

HilA prior to purification of the system by differential centrifugation in a caesium chloride 

gradient (Eichelberg and Galan, 1999). Transcription factors that may increase expression 

of ESX-1 include EspR (Blasco et al., 2011; Raghavan et al., 2008) and the WhiB6/PhoP 

regulon (Frigui et al., 2008; Solans et al., 2014).  
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A second possible strategy for obtaining T7SS apparatus protein for structural studies is 

through heterologous expression of the complex in E. coli followed by tandem affinity 

purification and single particle cryo-EM analysis. Such an approach recently led to the first 

structural characterization of the type IV secretion system (T4SS) inner membrane complex 

(Low et al., 2014). These authors identified a plasmid-encoded T4SS under control of a 

single promoter which was replaced with a high-expression/inducible T7 promoter. They 

engineered the individual membrane components to have unique affinity tags, and after a 

series of affinity purification steps, were able to enrich sufficient quantities of 

homogenously assembled membrane complex for single particle cryo-EM analysis. The 

tags were also used to approximate the positions of the constituent apparatus components 

in low-resolution EM maps using nanogold labeling. Could a similar approach be 

exploited to obtain T7SS apparatus protein for EM studies? It is difficult to identify T7SS 

gene clusters in which all the genes appear to be under control of a single promoter that 

could easily be replaced with T7. While rare for T7SS gene clusters, one such operon 

appears to encompass ESX-3, and another is found on the conjugation-related pRAW 

plasmid described in section 1.3.10 (Ummels et al., 2014). Alternatively, if a given ESX 

gene cluster is comprised of multiple operons, these operons could be cloned individually 

into separate plasmids or engineered as an artificial operon. It may also be worth 

identifying, cloning, and carrying out expression trials for a wide variety of ESX systems 

from non-mycobacterial actinobacteria. From a genetic perspective, some of these systems 

appear to be less complex than mycobacterial systems and are controlled by just one or a 

few promoters, reducing the technical challenges associated with engineering expression 

constructs. It may also be beneficial to utilize Gram-positive heterologous expression 

systems such as those developed for Rhodococcus jostii or M. smegmatis; these expression 

systems could provide a native-like cell wall environment better-suited for ESX system 

assembly. 

Finally, it is possible that much could be learned from observing the T7SS structure in 

situ by cryo-electron tomography. Advances in sample preparation techniques (Villa et al., 

2014), subtomogram averaging (Briggs, 2013), and correlated cryo-fluorescence 

spectroscopy (Chang et al., 2014; Schorb and Briggs, 2014) have made it easier to obtain 
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quantitative structural data for multi-protein complexes in their native context. It is now 

possible to differentiate between the various assembly states of large molecular machines 

in eukaryotic cells (Asano et al., 2015). Through these methods, perhaps the goal of 

making a “movie” of Mtb T7SS assembly and function as the infection progresses in 

eukaryotic cells will be achievable. 
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