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Tuberculosis, a global health threat 

Tuberculosis (TB) is a highly infectious bacterial disease that has plagued human kind since 

antiquity1,2. In 2016, 1.7 million deaths were attributed to TB worldwide with 95% of these 

deaths occurring in low- to middle-income Asian and/or African countries1. Moreover, TB 

and HIV co-infection is a lethal combination with 40% of HIV-infected individuals dying of 

TB/HIV co-infection in 20161. TB commonly infects the lungs (pulmonary TB), but it can 

also affect other organs (such as the brain, kidney, skin, joints, bones, lymph nodes, pleura, 

and abdomen or meninges). In this case, the disease is referred to as extrapulmonary TB3. A 

major global health threat that has developed more recently is caused by the appearance of 

multidrug-resistant TB (MDR-TB) and extensively drug-resistant TB (XDR-TB)1,4. Here, 

patients do not respond to the usual cocktail of anti-TB drugs due to antibiotic resistance of 

the pathogen. Person-to-person transmission of pulmonary TB is spread between individuals 

through the air in the form of via aerosol droplets that can containing as little as one to three 

bacilli bacteria of the pathogenic agent, which are released upon human coughing, sneezing 

or speaking5. Following inhalation of the bacterial contaminated aerosols, the pathogen 

penetrates into the host lung tissue where the bacteria are recognized and targeted by the 

alveolar macrophages. These are the main immune cells of the human innate immune system 

that is programmed to contain or even eliminate infection agents6. Signalling pathways then 

recruit other immune cells leading to the formation of granulomas7,8. Due to their 

composition and structure, granulomas are very efficient in containing the infection. 9 As a 

result, only a small number of people, about 5 percent, develop active TB within 3 months 

after infection, such as people with compromised immune systems or living with HIV, 

diabetes or malnutrition. However, granulomas are not very efficient in eliminating the 

infection. Latent infection can persist for weeks to years with no clinical manifestations. Five 

percent of the latently infected individuals develop active TB as a result of disintegration of 

granulomas leading to release of the bacteria into the lung8,10. The disintegration of 

granulomas is significantly accelerated in people with (early stages of) AIDS, explaining the 

deadly combination of HIV and TB. Albeit an “old” disease, TB is still very challenging to 

prevent by vaccination, diagnose effectively and target by antibiotic treatment. Moreover, the 

underlying molecular mechanisms that trigger active TB remain to be elucidated.  
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1. The mycobacterial genus 

 TB is caused by strains belonging to the Mycobacterium tuberculosis complex (MTC). This 

is a genetically related group of mycobacterial strains subdivided into eight sub-species: 

M. tuberculosis, M. africanum, M. bovis, M. microti, M. canetti, M. caprae, M. pinnipedii and 

M. mungi that differ in their epidemiology2,11–13. These pathogens can cause disease both in 

humans and other mammals. In total, the Mycobacterium genus includes more than 150 

species14, ranging from soil-dwelling saprophytes to human and animal pathogens. 

Mycobacterial species can be classified as fast- or slow-growing species based on the 

appearance of visible colonies on solid medium within seven days. Slow-growing species 

require up to thrity days for visible growth, or even cannot be grown on solid medium 15. 

Fast-growing mycobacteria are generally less virulent, but some exceptions exist, such as 

Mycobacterium abscessus16. Slow-growing mycobacteria most probably evolved from the 

fast-growing mycobacteria and include most of the human and animal pathogens, including 

for example M. leprae, M. ulcerans, M. marinum and M. xenopi (Figure 1)16,17. One of the 

major differences of slow-growing mycobacteria is linked to the permeability of the 

mycomembrane, whereas fast-growing mycobacteria produce pore-like proteins (MspA), 

slow-growing mycobacteria do not have such larger pores18. 

Figure 1. Phylogenetic tree of the Mycobacterium genus divided in fast- and slow-growing 
subgroups. Figure adapted from Veyrier et al162 with minor modifications.  
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M. tuberculosis is one of the world's top infectious killers owing its success in part to its 

unique cell envelope, different than Gram-positive and Gram-negative bacteria19–21. The 

mycobacterial cell envelope is composed of an inner membrane, a lipid-rich cell wall and an 

outer capsule layer (Figure 2). The mycobacterial cell wall is composed of layers of 

peptidoglycan, arabinogalactan and an outer membrane containing mycolic acids 

(mycomembrane)19,22,23. Similar to other gram-negative bacteria, the peptidoglycan forms a 

mesh-like polymer layer that surrounds the plasma membrane24. The cell wall also contains 

glycolipids, such as lipoarabinomannan, anchored to the cell membrane by diacylglycerol22. 

The covalently bound mycolic acids in the mycomembrane produce a very impermeable 

structure that has been reported to be responsible for conferring resistance to antibiotics25. 

Also, mycolic acids have been proposed to play key roles in biofilm formation and that their 

synthesis is required for persistent stages of the infection26,27. The outermost capsular layer is 

composed of polysaccharides and proteins which play key roles in pathogen-host 

interaction28,29. 

3. Mycobacterial virulence mechanisms 

M. tuberculosis has evolved highly complex pathogenic and virulence mechanisms30. These 

mechanisms are related to many different aspects, including (lipid) metabolism, toxin-

antitoxin systems, gene regulation and import and export across the mycomembrane, closely 

related to signalling mechanisms also taken over by proteins such as serine-threonine protein 

kinases and factors that directly interfere with the immune response31,32. Each mechanism 

plays an important role at different stages of the infection process, which include mucosal 

Figure 2. Representative scheme of the mycobacteria cell envelope. 
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Figure 3. Genetic organization of the five ESX systems in Mycobacterium tuberculosis. Genes have 
been colored according to the publication from Beckham et al77 with minor modifications. The RD1 
region deleted in the BCG genome is indicated by a dashed box. 

colonization, cell invasion and survival, host immune response evasion and survival under 

stress conditions31.  

In this thesis, two of these functional groups will be described. Firstly, the type VII secretion 

systems (T7SS) that mediate the secretion of M. tuberculosis virulence factors (ref) and 

secondly, toxin-antitoxin systems that are thought to contribute to the ability of M. 

tuberculosis to persist in the human host33. 

3.1 The Type VII Secretion System (T7SS) 

3.1.1 The five ESX systems and their role in mycobacteria 

Mycobacteria utilize the T7SS or ESX systems to facilitate protein export across their 

complex cell envelope. T7SS are essential for mycobacterial virulence and cellular 

physiology34. Pathogenic mycobacteria can encode up to five ESX systems, termed ESX-1 to 

ESX-5 (Figure 3). Although genetically related, each system has evolved different functions 

within the cell that are in part mediated by the effector proteins secreted by each ESX 

system34. Based on its presence in other actinobacteria, ESX-4 is presumed to be the most 

ancestral system, while the other systems emerged most probably by gene duplication and 

horizontal gene transfer34,35. Recent studies in M. smegmatis showed that ESX-4 is essential 
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for conjugal recipient activity, implying a role in the transfer of DNA into recipient cells36. 

Three ESX systems have been implicated in M. tuberculosis pathogenesis, ESX-1, -3 and -5. 

The paradigm T7SS system, ESX-1, is essential for full virulence of M. tuberculosis37. ESX-

1 was discovered by genetic studies of the attenuated vaccine strains M. bovis bacille 

Calmatte-Guérin (BCG). In the BCG genome, the so-called region of difference 1 (RD1) is 

deleted (Figure 3) 38–40. RD1 includes esxA and esxB, which encode major secreted antigens. 

In saprophytic mycobacteria, such as M. smegmatis, ESX-1 has been shown to play a role in 

conjugational DNA transfer41. However, in pathogenics species, incluing M. tuberculosis,  

ESX-1 substrates promote membrane damage and phagosomal rupture, leading to the release 

of bacteria and/or bacterial products into the host cytosol42,43. ESX-2 is the least characterized 

system and seems to have evolved more recently than ESX-1 and ESX-334,44. ESX-3 is 

essential for in vitro growth as it is responsible for the secretion of factors required for iron 

and zinc uptake45,46. In addition, ESX-3 has recently been implicated in evasion of bacterial 

killing by the innate immunity system47.  

ESX-5 is the most recently evolved ESX system and is restricted to slow-growing 

mycobacteria, which include most of the pathogenic strains35. This system is essential for 

growth of both M. marinum and M. bovis due to its importance for nutrient uptake and cell 

wall stability48,49. In M. tuberculosis, ESX-5 is one of the most important modulators of host-

pathogen interactions as it is responsible for the secretion of many proteins belonging to two 

large families of effector proteins that are required for mycobacterial cell wall stability and 

virulence, namely the PE (Pro-Glu) and PPE (Pro-Pro-Glu) proteins50,51. 

3.1.2 ESX substrates  

EsxA and EsxB are major M. tuberculosis virulence factors and are secreted in a co-

dependent manner via the ESX-1 secretion system52,53. Moreover, EsxA and EsxB are the T 

cell antigens from M. tuberculosis that are most frequently recognized54. The Esx protein 

family includes twenty-two M. tuberculosis proteins with an approximate length of one 

hundred amino acids. The signature of this protein family is a highly conserved centrally 

positioned Trp/Xaa/Gly (WXG) motif52,55, hence the family name WXG100 proteins Esx 

proteins are typically encoded within bi-cistronic operons, although a small percentage of 

mono-cistronic genes were also reported56. EsxA/B, EsxG/H and EsxR/S protein pairs form 

1:1 heterodimeric protein complexes as shown by x-ray crystallography. These structural 
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features are likely a common characteristic for all Esx pairs56–59. The EsxA/B, EsxG/H and 

EsxR/S heterodimers form a four helical bundle in which the WXG motif is located in a loop 

between the two helices. Furthermore, both N- and C-terminal tails of these proteins include 

highly flexible loops containing conserved residues that play a role in secretion60 (Figure 4). 

Despite the fact that EsxR/S was crystallized as a heterotetramer, the complex is 

predominately heterodimeric in solution, similar to EsxA/B and ExsG/H58. Each ESX system 

secretes a different set(s) of Esx proteins.   

ESX-1 is involved in the secretion of other proteins in addition to EsxA and EsxB, such as 

some members of the ESX-1 secretion-associated proteins (Esp) including EspA61, EspB62, 

EspC63, EspE64, EspF65 and EspK65. Recently, the crystal structure of the EspB heptamer was 

solved66,67. Interestingly, the structure adopted by monomeric EspB resembles the structure of 

the EsxA/B heterodimer67.  

The pe and ppe genes correspond to almost 10% of the coding capacity of M. tuberculosis68 

and are thought to modulate macrophage responses following secretion through the ESX-5 

system69. PE and PPE proteins are named according to their N-terminus that contains either a 

Pro-Glu or a Pro-Pro-Glu motif, respectively68. The PE/PPE protein families can be further 

subdivided according to their variable C-terminus, including the PE_PGRS (polymorphic 

CG-rich-repetitive sequence)70 or the PPE_MPTR subfamily (polymorphic tandem repeat)50.  

Little is known about the function of the different domains and it is worth mentioning that 

LipY is the only reported PE protein with a functional C-terminal domain as a lipase that is 

involved in the degradation of triacylglycerols during nutrient starvation71. As described for 

the Esx protein-coding genes, pe and ppe genes are commonly found adjacent to each other in 

the M. tuberculosis genome and are believed to specifically interact with their cognate 

partner72. PE and PPE proteins are commonly unstable and or and or poorly soluble when 

expressed individually and even when co-expressed. This explains the lack of reported 

structures for PE/PPE pairs. The PE25/PPE41 heterodimer is, at the moment, the only 

reported structure for a PE/PPE pair co-expressed in the absence of a partner protein. It folds 

as a four helical bundle that interacts via a hydrophobic interface, similar to what has been 

described for ExsA/B and EspB (Figure 4)73. 
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Albeit the origin of pe and ppe genes is still unknown, bioinformatics analysis suggest that 

ancestral pe/ppe genes are associated to the ESX secretion system suggesting that they might 

be evolutionary related50. It is proposed that pe/ppe evolution accompanied EXS evolution 

and that these are functionally linked as the most recent ESX-5 system is responsible for most 

of the PE/PPE secretion in pathogenic mycobacteria74.  

 

3.1.3 The type VII secretion signal 

One of the main areas of T7SS research aims to unravel how secretion effectors are 

recognized by their corresponding ESX system and subsequently transported through the 

secretion machinery. The lack of a canonical secretion signal in all the ESX substrates 

motivated the pursuit of a specific T7SS signal. Initial studies showed that EsxB C-terminal 

tail is crucial for secretion, as point mutations in this region completely abolished EsxB 

secretion75. Also, the same study revealed a direct interaction between the EsxB C-terminal 

tail and the cytosolic domain of the membrane component EccC from the ESX-1 system. 

This indicated that the unstructured C-terminal domain of the secreted effector possibly 

contains a specific type VII secretion signal75. This was later identified as the YxxxD/E motif 

that is present in at least one component of the T7SS heterodimeric substrates56,60. The motif 

Figure 4. Structure of known ESX secretion targets. Protein structures retrieved from the Protein Data 
Bank (PDB) correspond to EsxA(purple)/B(yellow) (PDB ID 3FAV), EsxG(yellow)/H(purple) (PDB ID: 
2KG7), EsxR(yellow)/S(purple) (PDB ID 3H6P), EspB(grey) (PDB ID 3XY3) and 
PE25(pink)/PPE41(green) (PDB ID 2G38). Structures have been colored with the same color code as in 
Figure 3. 
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is located in the elongated second helix and spatially closely linked to the WxG motif of the 

partner protein. Interestingly, the YxxxD/E signal is not the determining factor for system 

specificity, since swapping these motifs between ESX effectors did not redirect the substrates 

to another secretion system, indicating that another signal must be present76.  

3.1.4 ESX structural components 

The ESX systems share a number of conserved proteins that constitute the core components 

of the ESX secretion apparatus, namely ESX-conserved components (EccA-EccE). In 

addition all ESX systems require the presence of a specific subtilisin-like protease called 

Mycosin (MycP). The first study describing the composition of the ESX-5 membrane 

complex from M. marinum and M. tuberculosis showed that the membrane complex is 

composed of four structural Ecc components (EccB, EccC, EccD, EccE) with EccC and EccE 

being in the periphery of the complex49. Recently, the first structural insights into the ESX-5 

system from M. xenopi were reported, showing that the four Ecc core components form a 

hexameric translocation channel embedded in the inner membrane. The EccE C-terminal 

domain is located in the periplasm contrasting previous data, while the ATPase domains of 

EccC exist as long flexible structures extending into the cytosol77.  

 The dimensions of the pore of the translocation channel would allow for passage of folded 

substrates, like Esx and PE/PPE heterodimers77. PE-PPE and Esx protein pairs are predicted 

to be secreted as heterodimers, although further studies are required to corroborate this 

hypothesis. EspC, a specific ESX-1 secretion substrate, is suggested to polymerizes after 

secretion and has been hypothesized to form a filament that spans the cell envelope78. Also 

EspB has the ability to mutimerize. This protein forms ring-shaped heptamers that were 

suggested to be involved in the formation of the extracellular portion of the ESX system 

through helical assembly66. Considering that EspB and EspC are both ESX-1 secreted targets 

that are not present in the other ESX systems, other mechanisms may be involved in other 

ESX systems.  

Although the Mycosins arenot stably integrated in the membrane complex, they are essential 

for the stability and functionality of the T7SS machinery79,80.  In order to secrete ESX 

substrates efficiently, other proteins are also required, namely the AAA+ ATPase EccA and 

EspG chaperones. These cytosolic proteins are conserved in the different ESX loci, except for 

the ancestral ESX-4 that lacks both genes49. EccA is a cytosolic hexameric protein with 
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ATPase activity that may facilitate the release of PE-PPE proteins from their cognate 

chaperone prior to secretion81,82. EspG acts as a chaperone by maintaining the PE/PPE 

secretion substrates in their soluble state by direct binding to PE-PPE heterodimers (discussed 

in chapter 2)83–85. Interestingly, neither Esx proteins nor EspB require an EspG chaperone for 

secretion. These effectors are predicted to directly interact with EccC prior to secretion67.  

Figure 5 shows the current ESX secretion system model based on reported structural and 

functional information for the T7SS.  

3.1.5 Role of EspG 

EspG is crucial for secretion of PE/PPE proteins via the T7SS and seems to play a unique 

role as no homologues are described for other secretion systems. EspG acts as a chaperone 

for PE/PPE proteins by keeping them soluble in the cytosol, as shown in vivo in M. 

marinum84 and by structural data on the EspG5-PE25/PPE41 complex (discussed in chapter 

2). Moreover, EspG is also the key component for determining system specificity as 

replacing EspG-binding domains in PPE proteins allowed re-routing of secretion between 

ESX systems76,83,86. Nevertheless, further studies are required to fully understand the 

mechanism behind this system specificity (discussed further in chapter 2 and 3).  
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Figure 5.  Representative model of the T7SS pathway. Ecc components form a complex in the 
mycobacterial inner membrane (IM) in which the cytosolic ATPase domains from EccC provide energy for 
ESX substrates translocation. MycP is not associated with the secretion machinery assembly but is essential 
for membrane integrity. The component involved it the secretion via the outer membrane (OM) is still 
unknown, PE/PPE substrates require EspG chaperone to be in a soluble state (A). EccA is predicted to be 
involved in the release of PE/PPE heterodimer from EspG chaperone, upon interaction of the PE YxxxD/E 
motif in the PE/PPE-EspG complex with the EccC cytosolic domain (B). This will allow secretion of the 
PE/PPE heterodimer (C) and recycling of EspG chaperone in the cytosol (D). EspB and Esx pair substrates 
are secreted upon interaction of the respective YxxxD/E motif with EccC ATPase domains (C). Esx and 
PE/PPE pairs are secreted folded as heterodimers while EspB folds as a heptamer following translocation 
via the secretion machinery. All the components are colored according to their respective encoding genes 
shown in Figure 3. The model was adapted from Beckham et al 77 with permission from authors.  
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3.2 Toxin-Antitoxin (TA) systems 

3.2.1 Discovery and classification of TA systems  

Toxin-antitoxin (TA) systems are small genetic elements that have been shown to enhance 

the survival of bacteria under unfavourable conditions, such as nutrient depletion, 

environmental stress and hypoxia by a so-called bet-hedging strategy87,88. TA loci are 

generally composed of two genes organized as an operon that encode a stable toxin that 

inhibits the growth of the bacterial cell by disrupting essential cellular processes, and a labile 

antitoxin that counteracts the activity of the toxin89,90.  

The first TA systems that were described were encoded by plasmids and were shown to play 

a key role in plasmid maintenance. These studies reported that plasmid-free cells were unable 

to regenerate the “antidote” product resulting in activation of the toxin and consequent cell 

death through an unknown mechanism91,92. Since this discovery, many TA systems have been 

identified in bacteria93–95, archaea96 and fungi97 and can be found encoded by other plasmids, 

but also by chromosomes91,92,98 . 

So far six classes of TA systems have been described. In all cases, the toxin is a protein that 

generally has bacteriostatic (growth-inhibiting) activity. In rare cases, the toxin is suggested 

to have a bactericidal (cell-killing) activity, which is deduced from the fact the cognate 

antitoxin is essential for cell growth99.  The classification of TA systems depends on the 

nature of the antitoxin, protein (type II, IV, V and VI) or a noncoding RNA molecule (type I 

and III) and on its mechanism of toxin inactivation33,100 (Figure 6).  

In type I TA systems, the antitoxin and toxin genes are located adjacent to each other albeit in 

opposite directions, which results in an overlapping transcript101. Here, the antitoxin gene 

encodes for a small RNA (sRNA) that is able to base pair with the toxin mRNA and inhibit 

the production of a small toxic protein with hydrophobic properties94. 
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The largest and best-studied family of TA systems is the type II family, which uses an 

antitoxin capable of inhibiting toxicity by forming an inactive protein-protein complex with 

its cognate toxin102. The antitoxin typically contains two domains where one domain binds 

the cognate toxin while the other domain binds double-stranded DNA, generally the promoter 

region of the respective TA operon103–105. In most cases, the toxin acts as a co-repressor of the 

TA operon106. Another important feature of the type II TA systems is the regulation by 

proteases, such as Lon and/or ClpXP that degrade the labile antitoxin in response to stress 

conditions. As a result, the toxin is free to bind its cellular target and promote cell growth 

arrest or even cell death107. 

In general for type II TA systems, the ability of the TA complex to bind the promoter region 

is even more pronounced than the DNA binding capacity of the antitoxin alone by a process 

Figure 6. Regulatory mechanisms of the six TA system classes. Toxins are shown in magenta and 
antitoxins in turquoise. DNA is depicted as arrows, RNA as rectangles and proteins as the remaining 
shapes. Type I: sRNA antitoxin binds to the toxin mRNA thus blocking translation of a generally small 
hydrophobic peptide. Type II: the antitoxin is a protein that inhibits toxicity by forming a protein-protein 
complex with the toxin. The antitoxin and, in most cases, the TA complex is able to bind to the promoter 
region and repress transcription levels. Under stress conditions, stress-induced proteases are upregulated 
and target the antitoxin protein, freeing the toxin. Type III: sRNA antitoxin is processed and forms a 
sRNA-protein complex with the toxin. Type IV: antitoxin stabilizes target while the toxin destabilizes it. 
Type V: antitoxin produces an endoribonuclease which cleaves the small toxin mRNA. Type VI: the 
antitoxin binds to the toxin targeting it to be degraded by proteases. 
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referred to as “conditional cooperativity”33. This phenomenon was first described for the 

Doc/Phd TA system, in which the toxin functions as a co- or de-repressor of transcription, 

depending on the ratio between the toxin and antitoxin108. When the concentration of 

antitoxin is higher than the toxin, which is the case in normal growing cells, it is able to 

weakly bind the promoter, generally as a dimer109, and to repress transcription moderately. In 

a situation of stress, the ratio of toxin-antitoxin becomes similar enhancing affinity of the 

antitoxin for the promoter DNA, in complex with cognate toxin, and consequently strongly 

repressing transcription. Once the concentration of the toxin is much greater than the 

antitoxin due to the action of cellular proteases, as it happens in cells that are in a non-

replicative state, the toxin destabilizes DNA binding of the antitoxin. This is accompanied by 

a change in the oligomerization of the TA complex and results in de-repression of 

transcription which then becomes robust110 (Figure 7). 

 

Another important feature of the type II TA systems is the regulation by proteases, such as 

Lon and/or ClpXP that degrade the labile antitoxin in response to stress conditions. As a 

result, the toxin is free to bind its cellular target and promote cell growth arrest or even cell 

Figure 7. Schematic representation of the conditional cooperativity mechanism performed by 
typical TA systems. (A) Phenotypic switching in the bacteria from growing to persistent is induced 
upon stress introduction into the system. (B) During this transition, the ratio levels of antitoxin and 
toxin change and are indicated in the figure. (C) Conditional cooperativity mechanism. When 
antitoxins are in higher levels than the toxin ([A]>>[T]) they bind weakly to the promoter, generally 
as dimers, which results in weak repression. When levels of antitoxin and toxin are similar ([A]~[T]) 
the TA complex binds promoter DNA with higher affinity than antitoxin alone resulting in strong 
transcription repression. Higher toxin levels ([A]<<[T]) promote a change in the TA oligomerization 
which is not able to bind DNA and consequently induces a strong activation of transcription.  
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death107. 

In case of type III TA systems, the antitoxin is a sRNA that binds the toxin forming a sRNA-

protein complex via RNA pseudoknots111,112. Type IV TA systems do not involve interaction 

between the antitoxin and the toxin, but instead, both interact directly with the cellular target 

resulting in stabilisation or destabilisation of the target, respectively113,114. So far only one 

member of the class V TA systems has been characterised from a molecular perspective. In 

this case, the antitoxin is an RNase that degrades mRNA of the toxin consequently inhibiting 

its translation115. Furthermore, the regulation of this TA pair involves the activity of a type II 

TA system that produces a toxin that degrades the antitoxin mRNA105. The most recent TA 

class to be described is the type VI class that also only contains one member. Here, the 

antitoxin binds to the toxin and induces its degradation by the protease ClpXP116.  

3.2.2 Structure and function of TA systems from Mycobacterium tuberculosis 

M. tuberculosis H37Rv encodes an impressive number of seventy-nine TA systems117. This 

number even more important if one realizes that closely related species, such as M. marinum, 

carry less than 10 such systems. This must indicates that the acquisition and evolution of TA 

systems is or has been important for the evolution of M. tuberculosis. Sixty-eight of these TA 

systems belong to the type II class TA systems (Table 1). M. tuberculosis also encodes three 

putative type IV systems (Rv2826c-Rv2827c, Rv1045-Rv1044, Rv0836c-Rv0837c), seven 

unclassified TA systems (Rv0910-Rv0909, Rv0919-Rv1918, Rv1546-Rv1545, Rv1989-

Rv1990, Rv2035-Rv2034, Rv2653c-Rv2654c, Rv3189-Rv3188) and the DarTG TA system 

which shares features with type II as well as type IV TA systems117–119. 

Three TA systems are likely to exhibit bactericidal activity based on essentiality of the 

antitoxin gene, namely DarTG, Rv1045-Rv1044 and Rv1990c-Rv1989c120. Of these three TA 

systems, DarTG is the only one that has been characterised in molecular detail so far. 

In chapter 4, we present new structural and functional data on one of the two additional 

bactericidal TA systems, namely Rv1990c-Rv1989c. In chapter 5, we present an atypical TA 

pair, Rv2018-Rv2019 (VapBC45), which antitoxin is not essential but is structurally different 

than all reported VapB antitoxins up to date. 
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Table 1. Type II TA systems from M. tuberculosis H37Rv. Structural information was extracted from 
the Protein Data Bank (PDB). PDB numbers for antitoxin (A) or toxin (T) structures are provided 
(#xxx). 

TA family #TA Antitoxin Toxin Toxin target 
Cellular 
process 
targeted 

Available 
protein 
structures 

VapBC 50 VapB VapC 
mRNA 
rRNA 
tRNA 

Translation 
5AF3, 4XGQ, 
4CHG, 3H87, 
3DBO 

MazEF 10 MazE MazF 

DNA 
topoisomerase I 
mRNA 
rRNA 

Translation 5CCA, 5X3T 

RelBE 2 RelB RelE mRNA Translation 3G5O 

YoeB-YefM 1 YefM YoeB mRNA Translation 3OEI 

ParDE 2 ParD ParE DNA gyrase 
Transcripti
on 
Replication 

- 

HigBA 3 HigB HigA mRNA Translation - 

VapBC TA systems 

The biggest group of type II TA systems in M. tuberculosis is formed by the virulence-

associated protein B and C (VapBC) family, which is characterized by a toxin-binding 

partner that contains a PilT N-terminus (PIN) domain. This domain is generally found in 

ribonucleases121,122and accordingly, most of the VapC toxins from M. tuberculosis H37Rv 

have ribonuclease activity in vitro123–125. In general, VapC toxins target translation by 

degrading mRNA126, rRNA127 or tRNA128 or, less commonly, by binding to “stable RNA”129. 

Analysis of different VapBC complex structures from M. tuberculosis H37Rv revealed a 

structurally conserved VapC binding site formed by conserved residues from the PIN-domain 

that coordinate a Mg2+ ion, essential for the ribonuclease activity. The antitoxin is a more 

flexible helical structure that includes an N-terminal DNA binding domain and a C-terminal 

toxin binding domain connected by a long hinge loop region that wraps around the toxin 

(Figure 8)124,125,130. Interestingly, VapBC complexes oligomerize with different binding 

stoichiometry (1:1, 1:2, 2:2 or 4:4 antitoxin to toxin ratio). This oligomerisation behaviour 

could play a role in controling toxin neutralization and in regulation of transcription levels of 

the TA operon via antitoxin-promoter DNA binding131. 
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The VapB45 crystal structure reveals no structural homology with other reported VapB 

antitoxins from M. tuberculosis or other bacteria. Although VapC45 was reported to be a 

ribonuclease132, like other VapC toxins, it is possible that the VapBC45 TA pair does not 

belong to the VapBC family considering these structural divergences, but further studies are 

required to verify this hypothesis (discussed in chapter 5). 

MazEF TA systems 

MazF toxins have endoribonuclease activity133,134. In contrast to other toxins from type II TA 

systems, MazF toxins degrade (specific) intracellular RNAs in a ribosome-independent 

manner135. In case of mRNA cleavage, there is no consensus sequence that is targeted by 

MazF toxins since many different cleavage sites in mRNA have been reported. This suggests 

that MazEF TA systems directly control the levels of specific mRNAs or even interfere with 

the global process of translation inhibition117. In contrast, MazF6 from 

M. tuberculosis H37Rv acts on rRNA136, while MazF4 interacts with DNA topoisomerase I 

resulting in mutual inhibition of their respective activities137. 

MazF toxins share a β-barrel-like protein fold formed by antiparallel β strands that are 

flanked by a small number of α-helices138. To date, the only structural information available 

for MazEF TA systems from M. tuberculosis H37Rv is the crystal structure of MazEF4131,138. 

This heterohexamer complex comprises two MazF monomers for one MazE monomer that 

dimerize to form the DNA binding motif required for transcription regulation (Figure 8). 

RelBE and YoeB-YefM TA systems 

RelE and YoeB toxins are endoribonucleases that cleave mRNA at the ribosomal A site135. 

These toxins share homology at the primary sequence level as well as at the structural level, 

although the mechanism by which mRNA is targeted is different. RelE inhibits translation 

elongation by binding to the 30S subunit of 70S ribosomes, whereas YoeB inhibits translation 

initiation by binding to the 50S subunit135. 

M. tuberculosis H37Rv encodes two RelBE TA pairs and one YoeB-YefM TA pair, 

originally annotated as RelBE3. RelBE2 and YoeB-YefM protein complexes display high 

structural similarity with a heterotetrameric arrangement of two toxins per two antitoxins. 

RelB and YoeB toxins adopt a β-barrel-like structure formed by antiparallel β strands flanked 
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by a small number of α-helices, which are wrapped around their cognate antitoxins (Figure 

8). 

ParDE TA systems 

The first parDE operon was identified as being encoded on the broad-host-range plasmid 

RK2 as a gene that conferred stability to the system139. Despite primary sequence homology 

(30-40% sequence similarity) to RelE, the cellular target of the ParE toxin is different140 as 

described in  a recent study of the M. tuberculosis ParDE2 TA pair which revealed that the 

ParE2 toxin inhibits mycobacterial DNA gyrase, thereby affecting transcription and 

translation141.  

The two ParDE TA pairs found in M. tuberculosis H37Rv have not been structurally analysed 

so far. However, the ParDE1 from Caulobacter crescentus is organized as a heterotetramer 

composed of two homodimers of toxin and antitoxin. C. crescentus ParE toxin reveals high 

structural similarity to E. coli RelE toxin, while ParD is structurally similar to the E. coli 

RelB antitoxin (Figure 8)142.  

HigBA TA systems 

The higBA locus was first identified as toxin-antitoxin system on the Rts1 plasmid found in 

Proteus vulgaris143.  This locus encodes a ribosome-dependent ribonuclease denoted as HigB. 

The mechanism of HigB toxicity is different from the ribonuclease activity of RelB or YoeB 

toxins as HigB binds the ribosome 50S subunit and cleaves AAA sequences of the processing 

mRNAs144.  

The most recently described structure of a HigBA complex from E. coli reveals an 

organization to RelBE as a heterotetramer in which the antitoxin adopts a “C” shape and 

clamps the toxin on one domain and promotes dimerization on the other (Figure 7)145. M. 

tuberculosis H37Rv possesses three HigBA TA systems for which structural information is 

lacking so far. 
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3.2.3 DarTG and other novel TA systems 

DarTG is a novel TA system that seems to be encoded in various bacterial genomes, 

including M. tuberculosis H37Rv. The toxicity of the DarT toxin results from a specific 

nucleotide modification of single-stranded DNA, called ADP-ribosylation. This modification 

can be removed by the cognate antitoxin DarG119. The enzymatic activity of DarG suggests 

that it is neither a classical type II TA systems nor a type IV system and may therefore belong 

to a novel TA class altogether. 

Figure 8. Crystal structures of selected members from type II families of TA systems from 
M. tuberculosis (Mtb). In absence of structural data from Mtb, TA systems from E. coli or C. 
crescentus are shown. Toxins are shown in magenta and antitoxins in turquoise. Only TA heterodimers 
are shown. For each structure all the oligomeric states reported for each family are indicated. Protein 
structure IDs (PDB IDs) are as follows: Mtb VapBC26 (5X3T), Mtb MazEF4 (5XE3), Mtb RelBE2 
(3G5O), Mtb YefM/YoeB (3OEI), C. crescentus ParDE (3KXE) and E. coli HigBA (5IFG).  
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The DarG crystal structure is composed of a six-stranded β-sheets surrounded by four α-

helices. The overall fold of DarG is reminiscent of proteins with de-ADP-ribosylation activity 

containing an ADP-ribose binding pocket119 

Recent studies on the M. smegmatis homolog of the Rv2035-2034 operon 

(Msmeg_6760-Msmeg_6762) suggest that this TA system does not belong to any of the 

described above type II TA families. The structure of the Msmeg_6762 toxin reveals unique 

structural features that suggests it binds a hydrophobic ligand in a buried hydrophobic 

cavity146. The function of this protein is still unknown. 

.3.2.4 Role of TA systems in pathogenicity and persistence 

M. tuberculosis is able to persist in its host for years or even decades, even after antibiotic 

treatment. In the last decade it has become clear that the formation of granulomas seems to 

play an important role in persistence and M. tuberculosis has an active role in this process147. 

Another important factor in this process has been attributed to the formation of persister cells. 

Such cells are slow-growing or growth-arrested cells that are transiently tolerant to 

antibiotics. As a consequence, phenotypic heterogeneity within the bacterial population can 

be achieved148. 

The link between persistence and toxin-antitoxin systems was first described for the E. coli 

hipAB (high persister protein A and B) locus149. This locus encodes a HipA toxin, a 

serine-threonine kinase that is able to phosphorylate and inhibit glutamyl-tRNA synthetase 

when it is more abundant than HipB150,151. In the toxin mutant hipA7, two mutations (G22S 

and D291A) resulted in a ~1000 fold increase in persistence149. Recent studies showed that 

this persistence-induced mechanism is dependent on both of these mutations and originates 

from destabilisation of the oligomers formed upon binding of HipBA complex to the 

promoter of the hipAB operon. As a result, the toxin is activated due to exposure of the active 

site145. Another study revealed a direct connection between HipA and (p)ppGpp-mediated 

activation of type II RNAse toxins, resulting in persistence152. Studies in E. coli indicated that 

there is a strong link between TA systems encoding mRNases and persistence as expression 

of RelE toxins induced antibiotic tolerance. Moreover, the number of persister cells was only 

reduces upon knocking out multiple TA pairs and not by deleting individual ones, which 

shows redundancy performed by these TA systems153. 
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A general mechanism of persistence mediated by TA systems is regulation of protein levels 

of toxin and antitoxin molecules in the cell. The producer cell achieves a persister state when 

the toxin concentration exceeds the concentration of the antitoxin in a process that is 

regulated by stress-induced proteases33. In M. tuberculosis, there are two ClpP proteases 

(ClpP1 and ClpP2) and three ClpP-associated regulatory subunits (ClpX, ClpC1 and ClpC2) 

that play a role in substrate recognition, unfolding and transport to the proteolytic 

machinery154. Unfortunately, the mechanism behind the proteolytic activity of these proteases 

and regulatory subunits is far from understood 117. 

As previously mentioned, M. tuberculosis possesses an unusually high number of TA systems 

compared to other bacteria97,117. Therefore, TA systems are thought to play a role in 

M. tuberculosis pathogenicity via activation of persistence by active toxins155,156. In support 

of this hypothesis, transcriptomic analysis of M. tuberculosis cultures treated with D-

cycloserine, an anti-TB antibiotic, revealed down-regulation of metabolic and biosynthetic 

pathways as expected and, simultaneously, up-regulation of at least ten TA systems 

(VapBC3, VapBC31, Rv0919-0918, TAC, Rv1990c-Rv1989c, HigBA2, Rv2035-2034, 

RelBE2, VapBC49 and Rv3189-3188) supporting the contribution of TA pairs in persistence 

of the pathogen157.  

TA systems are proposed as promising anti-TB targets and new antibacterial approaches are 

being studied90,158,159. Considering that type II TA systems are the most common, one 

strategy could be to disrupt the interaction between the toxin and the antitoxin in the TA 

complex, releasing free and active toxin from the cognate antitoxin that would be further 

degraded by cellular proteases. However, the limiting step is the design a small molecule or 

peptide that disrupts the complex while not by blocking the active site of toxin160,161. Other 

strategies being investigated involve activation of stress-induced proteases, inhibition of the 

transcription of the TA operon or inhibition of antitoxin translation (type II class)131. In all 

these approaches, the major concern is that the artificial activation of the toxin could lead to 

the formation of persister cells. Therefore it is important to assure resuscitation of the latent 

cells and recovery of the antibiotic susceptibility of the bacteria to ensure effectiveness of the 

anti-TB drug131. Unwanted persistence generated upon release of bacteriostatic toxins could 

be overcome by exploiting the potential of bactericidal TA systems leading to mycobacterial 

cell death. Further experiments are needed in order to explore this process as an anti-

tuberculosis strategy. 
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Scope of the thesis 

The aim of the research described in this thesis was to investigate protein-protein interactions 

in two major processes involved in M. tuberculosis pathogenicity: the type VII secretion 

system and toxin-antitoxin systems. Structure-function studies are presented of a new family 

of dedicated T7SS chaperones (EspG family) that specifically interact with PPE proteins and 

are essential for secretion (chapter 2 and 3) and two different atypical class II TA systems 

(chapter 4 and 5). 

In Chapter 2, the structural and functional characterisation of the EspG5 chaperone is 

described. This knowledge brings new insights into the mechanism of substrate-recognition 

performed by the EspG chaperone in preventing aggregation of PE–PPE dimers.  

Chapter 3 presents an in depth structural investigation of EspG chaperones in which further 

crystal structures and models of the protein structures in solution are presented and discussed. 

This study allowed the identification of the structural features of EspG that could play a key 

role in determining system specificity of ESX systems. 

Chapter 4 introduces a novel toxin-antitoxin system from M. tuberculosis that we named 

MbsTA (MycoBacterial Suicide Toxin-Antitoxin). Structural and functional studies reveal a 

bactericidal phosphorylase toxin that uses inorganic phosphate to hydrolase NAD+ and 

produce nicotinamide and ADP-ribose. Cell death is achieved by depletion of inorganic 

phosphate and NAD+, which are essential molecules for M. tuberculosis metabolism. 

Moreover, functional studies were performed in vitro and in vivo which reveal the potential 

of this TA system as an antibacterial target. 

In Chapter 5, the structure of the atypical VapB45 antitoxin is presented. VapB45 does not 

show any level of structural homology to other reported VapB structures. Structural analysis 

reveals novelty of this protein within the VapBC family supporting the hypothesis that 

VapBC45 is regulated by a different mechanism compared to other members of type II TA 

family. 
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Abstract 

The growth or virulence of Mycobacterium tuberculosis bacilli depends on homologous type 

VII secretion systems, ESX-1, ESX-3 and ESX-5, which export a number of protein effectors 

across membranes to the bacterial surface and environment. PE and PPE proteins represent two 

large families of highly polymorphic proteins that are secreted by these ESX systems. Recently, 

it was shown that these proteins require system-specific cytoplasmic chaperones for secretion. 

Here, we report the crystal structure of M. tuberculosis ESX-5-secreted PE25–PPE41 

heterodimer in complex with the cytoplasmic chaperone EspG5. EspG5 represents a novel fold 

that is unrelated to previously characterized secretion chaperones. Functional analysis of the 

EspG5-binding region uncovered a hydrophobic patch on PPE41 that promotes dimer 

aggregation, and the chaperone effectively abolishes this process. We show that PPE41 

contains a characteristic chaperone binding sequence, the hh motif, which is highly conserved 

among ESX-1-, ESX-3- and ESX-5- specific PPE proteins. Disrupting the interaction between 

EspG5 and three different PPE target proteins by introducing different point mutations 

generally affected protein secretion. We further demonstrate that the EspG5 chaperone plays 

an important role in the ESX secretion mechanism by keeping aggregation-prone PE–PPE 

proteins in their soluble state. 
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Introduction 

Mycobacteria, such as the etiological agent of human tuberculosis, Mycobacterium 

tuberculosis, are a group of unusual Gram-positive bacteria that have remarkably complex cell 

envelopes. Similar to protein secretion of Gram-negative bacteria, protein transport across 

mycobacterial membranes requires a specialized export machinery known as the type VII 

secretion or ESX system1. The genome of M. tuberculosis encodes 5 paralogous ESX systems, 

named ESX-1 to ESX-5. The ESX-1 secretion system is critical for virulence of M. 

tuberculosis2,3 and Mycobacterium marinum4,5 and is required for bacterial replication in 

macrophages and phagosomal escape into the cytosol 6–8. The ESX-3 locus is involved in iron 

acquisition and is essential in a number of mycobacterial species 9–11. Additionally, the ESX-3 

system is implicated in disruption of the Endosomal Sorting Complex Required for Transport 

(ESCRT) machinery and arrest of phagosome maturation12. In M. tuberculosis and M. marinum 

the ESX-5 system is associated with virulence mechanisms by modulating host immune 

responses to the mycobacteria13,14. The functions of the ESX-2 and the ESX-4 systems in 

mycobacteria are not yet understood. Each ESX system consists of ATPases, membrane 

proteins, a protease, accessory proteins, and transports secreted substrates that lack classical 

signal sequences1. 

The most numerous ESX substrates, common to all mycobacterial ESX systems except 

ancestral ESX-4, are the PE and PPE proteins. These secreted proteins are named after several 

highly conserved residues in their characteristic N-terminal motifs: proline-glutamic acid (PE) 

and proline-proline-glutamic acid (PPE)15. The C-terminal domains of both PE and PPE 

proteins can be extremely long and some carry functional domains such as lipase16–18, aspartic 

protease19 and serine hydrolase20,21 domains. Although the precise function of these proteins is 

largely unknown, it has been demonstrated that various PE/PPE proteins are associated with 

virulence and persistence in the host22. They are highly abundant in pathogenic mycobacteria, 

with 100 pe and 69 ppe genes in M. tuberculosis H37Rv23. Based on the phylogenetic analysis 

of PE and PPE families and experimental data, it has been suggested that the majority of these 

proteins are secreted through the ESX-5 system24. 

Pe/ppe genes are usually organized in bicistronic operons, although this is not universal for all 

PE/PPE homologs. It has been shown that M. tuberculosis PE25 and PPE41 form a 

heterodimer25. In the structure these two proteins interact via a hydrophobic interface forming 

a four-helix bundle with two α-helices contributed by both PE25 and PPE4125. PE25–PPE41 
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heterodimer is secreted by the ESX-5 system of M. tuberculosis13. While M. tuberculosis 

PE25–PPE41 proteins do not have close homologs in M. marinum26, when this protein pair has 

been expressed in M. marinum, it is also secreted through the ESX-5 system. Based on the fact 

that ESX-1 and ESX-5 systems secrete a specific subset of PE/PPE proteins, it has been 

suggested that PE/PPE proteins encode a secretion signal, which is recognized by their cognate 

ESX machinery for export27,28. A highly conserved YxxxD/E motif has been identified in ESX-

secreted proteins, including PE proteins27. This motif is required for ESX-specific secretion, 

however it does not by itself determine through which ESX system the PE–PPE pair is 

transported27. 

Recently, the ESX-5 encoded EspG protein (EspG5) was found to form a 1:1:1 complex with 

PE25 and PPE4128. In contrast, EspG5 does not interact with the non-cognate PE–PPE pair 

secreted via the ESX-1 translocon28. Reciprocally, ESX-1-encoded EspG1 recognizes only its 

cognate PE35–PPE68_1 heterodimer (encoded by mmar_0185-mmar_0186 locus). It has been 

proposed that EspG functions as a secretion chaperone by binding of the PE–PPE pair and 

directing it to its cognate ESX translocation machinery28. 

To gain insight into the functional role of EspG5 in the ESX-5 secretory mechanism, we have 

solved the structure of the heterotrimeric complex of EspG5–PE25–PPE41. This novel structure 

provides the first snapshot of interactions between one of the key components of the ESX 

machinery and ESX secreted proteins. Furthermore, a structure-guided mutational analysis 

allowed us to identify a sequence motif in the PPE protein family that is targeted by EspG5. 

Finally, we show that the chaperone plays an important role in preventing aggregation of PE–

PPE dimers. 

Results 

Overall structure of PE25–PPE41–EspG5 complex 

To understand how PE and PPE proteins are recognized by their cognate EspG chaperones in 

molecular details we determined the crystal structures of a PE25–PPE41 dimer in complex with 

EspG5. The constructs of full-length M. tuberculosis EspG5 and PE25–PPE41 were expressed 

in Escherichia coli and purified. The ternary complex yielded crystals that diffracted to 2.6 Å 

resolution (Table 1). The structure of the complex was solved by molecular replacement using 

the structure of PE25–PPE41 heterodimer25 as a search model. We found that EspG5 interacts 

exclusively with the PPE41 protein at one end of the elongated PE25–PPE41 heterodimer 
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(Fig. 1). The comparison of the PE25–PPE41 dimer bound to EspG5 with the previously 

reported PE25–PPE41 structure (PDB 2G38) showed that the structures are very similar, with 

an r.m.s.d. of 0.7 Å (PE25) and 1.2 Å (PPE41) between the dimer and the ternary complex 

structures. Thus, the binding of EspG5 chaperone does not cause conformational changes in the 

PE25–PPE41 dimer. EspG5 binds the PE25–PPE41 dimer at a location that is distal from the 

C-terminal regions of both PE25 and PPE41, which leaves the signature ESX secretory motif 

YxxxD/E of PE25 protein27 completely accessible for putative interactions with the secretory 

machinery. This structural information is in line with the observation that these regions are not 

required for binding of EspG28. In contrast with PE25–PPE41 heterodimer structure where the 

YxxxD/E motif (residues 87–91) is disordered, in our structure the YxxxD/E motif adopts a 

helical conformation at the C-terminal end of α2 helix of PE25. This helical conformation of 

YxxxD/E motif is reminiscent of recently reported crystal structures of ESX-secreted proteins: 

M. tuberculosis EsxO–EsxP (PDB 4GZR) and EsxA–EsxB (PDB 3FAV), and M. smegmatis 

EsxG–EsxH (PDB 3Q4H) where YxxxD/E motifs also form helical structures29,30. Therefore, 

Figure 1. Crystal structure of the M. tuberculosis PE25–PPE41–EspG5 complex. Ribbon 
representation of the complex in two views related by ~180° rotation. EspG5 interacts with PPE protein on 
the opposite side from the conserved YxxxD/E and WxG motifs of PE25–PPE41 dimer. 
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the helical conformation of the YxxxD/E motif may be a general feature of proteins secreted 

by ESX systems. 

Table 1. Data collection and refinement statistics 

 PE25–PPE41–EspG5 (PDB 4KXR) 
Data collection  
Wavelength (Å) 0.9790 
Space group P6122 
Cell dimensions:  
a, b, c (Å) 139.10, 139.10, 171.01 
α, β, γ (°) 90, 90, 120 
Resolution (Å) 49.24–2.60 (2.67–2.60)a 
Rsym 0.120 (1.535) 
CC½ 

b 99.8 (66.4) 
I / σI 15.8 (1.8) 
Completeness (%) 99.9 (99.2) 
Multiplicity 10.9 (10.9) 
Refinement  
Resolution (Å) 49.24–2.60 
No. reflections (total / free) 30602 / 1553 
Rwork / Rfree 0.194 / 0.244 
Number of atoms:  
Protein 4135 
Ligand/ion 0 
Water 109 
B-factors:  
PE25 65.6 
PPE41 50.1 
EspG5 74.9 
Water 47.8 
All atoms 64.6 
Wilson B 60.3 
R.m.s. deviations:  
Bond lengths (Å) 0.009 
Bond angles (°) 1.266 
Ramachandran distribution c (%):  
Favored 96.57 
Outliers 0.19 

aValues in parentheses are for the highest-resolution shell. 
bCC1/2 correlation coefficient as defined in Karplus & Diederichs31 and calculated by XSCALE32. 
cCalculated using the MolProbity server (http://molprobity.biochem.duke.edu)33. 
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Structure of EspG5 reveals a novel fold 

The structure of EspG5 consists of two halves, or sub-domains, that are related by a pseudo 

2-fold symmetry (Fig. 2 and Fig. S1) and can be superimposed with an r.m.s.d of 3.8 Å and 

13% sequence identity between 88 aligned residues (Fig. 2B), indicating that the EspG family 

of proteins probably evolved by intergenic duplication event. The central continuous anti-

parallel β-sheet is composed of β-strands β1 and β4–β7 from the N-terminal half and β8–β13 

from the C-terminal half. Two helical bundles are located on the opposite sides of the front 

surface of the central β-sheet. The N-terminal helical bundle contains α-helices α1–α3, a 310-

helix η1 and a β-hairpin β2–β3. The C-terminal helical bundle is composed of α-helices α5–α7 

and a 310-helix η2. The α-helices α4 and α8 are packed against the back surface of the central 

β-sheet. A search using the Dali34 and PDBeFold35 servers did not reveal any close structural 

homologs of EspG5. 

Figure 2. Structure of EspG5 represents a novel fold with quasi 2-fold symmetry. A. Ribbon 
representation is colored in rainbow colors from N-terminus (blue) to C-terminus (red). Secondary 
structure elements are labeled α1–α8 and β1–β13. The disordered loops are indicated as dashed lines. 
The two views are related by ~90° rotation. B. Stereo view of the structural superposition of the N-
terminal (blue) and the C-terminal (orange) sub-domains of EspG5. 
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Analysis of EspG5–PPE41 interface 

The interface between EspG5 and PPE41 buries 2,880 Å2 of solvent-accessible surface area as 

calculated by the PISA server36. Overall, 45 residues from EspG5 and 34 residues from PPE41 

are engaged in multiple hydrophobic interactions, a number of hydrogen bonds and 3 salt 

bridges (Fig. 3). The ‘tip’ of PPE41 composed of 

helices α4 and α5 is inserted in a deep 

hydrophobic groove formed by the central β-

sheet and the C-terminal α-helical bundle of 

EspG5. Additional interactions form between 

helix α5 of PPE41 and the N-terminal α-helical 

bundle of EspG5, and between the N-terminal 

‘hook’ of PPE41 and the long β4–β5 loop strands 

of EspG5. Notably, the β4–β5 loop of EspG5 

projects away from PPE41 forming a cleft 

between the two proteins. Additional interactions 

between the β4–β5 loop of EspG5 and PPE41 

may occur in solution, because the observed 

‘outward’ orientation of β4–β5 loop is stabilized 

by crystal contacts.  

In the ‘lower’ part of the interface, the loop 

between helices α4 and α5 of PPE41 is almost 

completely shielded by interactions with EspG5. 

Interestingly, the conformation of the α4–α5 loop 

of PPE41 is preserved both in the apo– and 

EspG5–bound structures. This conformation is 

stabilized by a hydrogen-bond network between 

Figure 3. The interface between EspG5 and PPE41. A. An ‘open book’ view of the PPE41–EspG5

complex. Contact residues in the interface are colored in light blue (PPE41) and purple (EspG5). Atoms 
participating in intermolecular salt bridges are colored in red and blue. B. EspG5 and PPE41 are shown 
in the same orientation as in panel (A). The surface is colored according to electrostatic surface potential 
contoured at ±5 kT e−1, with red corresponding to a negative and blue to a positive potential. The contact 
areas are indicated by black lines. C. EspG5 is shown in surface representation as in panel (B), PPE41 
is shown in ribbon representation (blue). Residues in α4-α5 loop are shown in stick representation. 
Hydrogen bonds are shown as black dashed lines. D. SDS-PAGE analysis of co-purification of EspG5

and PE25–PPE41 mutant variant dimers. Proteins were purified by affinity chromatography from the 
lysate of E. coli strain expressing N-terminally His-tagged PE25, PPE41 and EspG5. Note that 
PPE41L125E has an altered mobility on SDS-PAGE. 
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the side-chains of N123 and T129, carbonyl of G126, and the main chain N of F128 of PPE41 

(Fig. 3C). In addition, another hydrogen-bond network is formed in the PPE41–EspG5 

complex, which involves the main chain carbonyl of L125PPE41 and the side chain of 

Q127PPE41, and the main chain N and carbonyl of V241EspG5 and the side chain of 

Q256EspG5 (Fig. 3C). While the interactions in the ‘lower’ part of PPE41–EspG5 interface 

are hydrophobic, the ‘upper’ part of the interface displays complementary charged areas, with 

3 salt bridges formed by D134PPE41–K235EspG5, D140PPE41–R109EspG5, and 

D144PPE41–R27EspG5 (Fig. 3A). Therefore, hydrophobic interactions, as well as hydrogen 

bonds, shape, and electrostatic complementarity, all contribute to stabilization of the PPE41–

EspG5 complex. 

Substitutions in EspG5–PPE41 interface disrupt complex formation 

To confirm that the interface between EspG5 and PPE41 is physiologically relevant, we 

introduced L125E, L125R and T129D/A130R amino acid substitutions in PPE41. L125, T129 

and A130 are located in the loop between helices α4 and α5 of PPE41 and are involved in 

interactions with EspG (Fig. 3C). The mutant variants of PE25–PPE41 and EspG5 were 

expressed in E. coli and employed for pull-down experiments (Fig. 3D). Using CD 

spectroscopy we confirmed that the introduced mutations did not alter the secondary and 

tertiary structural features of PE–PPE heterodimers (Fig. S3). However, our pull-down 

experiments confirmed that, although the structure and dimer formation was similar, these 

mutations abolished EspG5 binding to PE25-PPE41. In addition, we analyzed EspG5 binding 

to PE25–PPE41 using isothermal titration calorimetry (ITC). We found that the chaperone 

binds to PE25–PPE41 with high affinity with a dissociation constant of 48 nM (Fig. 4 and 

Table S1). However we did not detect any EspG5 binding to the PE25–PPE41 variants with 

the mutations in the interface. Therefore, the interface we identified in our crystal structure is 

relevant for complex formation in vitro. 

Analysis of the EspG-binding region on PPE proteins 

It has been shown that EspG5 does not interact with the M. marinum PE35–PPE68_1 dimer 

secreted via the ESX-1 system (Daleke et al., 2012b). We found that when PE35–PPE68_1 is 

co-expressed with EspG5, the heterodimer is insoluble and does not bind the chaperone. 
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However when it is co-expressed with EspG1, the heterodimer is soluble and binds the 

chaperone (Fig. S4). We further extended this observation and analyzed co-expression of the 

ESX-3-specific PE–PPE pair, PE5–PPE4, either with EspG3 or with EspG5 chaperones. Similar 

to the ESX-1 specific heterodimer, PE5–PPE4 does not recognize EspG5, but binds the cognate 

chaperone (Fig. S5). These data suggest that EspG5 interacts exclusively with the ESX-5 

secreted PE–PPE proteins. 

We hypothesized that each ESX-specific family of PPE proteins could contain a specific 

sequence, possibly the chaperone binding region, recognized by their cognate chaperone. 

Based on phylogenetic analysis of the PPE proteins encoded by the M. tuberculosis genome it 

has been predicted that ESX-3 and ESX-5 clusters may secrete 9 and more than 46 PPE 

proteins, respectively, whereas the ESX-1 cluster is predicted to be involved in the secretion of 

a single PPE68 protein in M. tuberculosis23. Using our EspG5–PPE41 structure as a guide and 

considering the sequences of the ESX-5 specific PPE proteins, we analyzed the EspG5 binding 

Figure 4. Isothermal calorimetry of PE25–PPE41 with EspG5. EspG5 (100 µM) was injected into a 
solution of PE25–PPE41 (10 µM) containing the same buffer. The resulting isotherm data were fit to a 
single-site model, which gave an average dissociation constant of 48.1 nM. One representative data set 
is shown here. 
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region in the PPE proteins. This region comprises 25 amino acid residues of PPE41 (Fig. 5 and 

Fig. S2). 

Next, the identified region was searched in the aligned sequences of the PPE proteins that 

belong to the ESX-3- and ESX-1-specific PPE subfamilies. Because PPE68 is the only ESX-

1-specific PPE protein in M. tuberculosis, we extended our analysis by including the ESX-1-

specific PPE homologues from other mycobacteria (Fig. S6). To understand the mechanism of 

PPE proteins recognition by EspG5, we looked for PPE residues in the identified region that 

distinguish ESX-5 secreted proteins from all other PPE proteins in mycobacteria. Surprisingly, 

we found that this region is highly conserved among PPE proteins of ESX-3 and ESX-1 

families, except three residues, 127, 130 and 131 (numbering corresponds to PPE41 sequence), 

that are located in the α4-α5 loop of PPE41 (Fig. 5, S6 and S7). Q127 is present in 41 PPE 

proteins out of 46 analyzed ESX-5 specific family members. The majority of analyzed ESX-3 

and ESX-1 specific PPE proteins have isoleucine in this position. The position 130 is occupied 

by small non-polar amino acids such as alanine or proline, and rarely by serine or glycine in 

Figure 5. EspG5-binding region of PPE41. The sequence conservation of the EspG5-binding site is 
displayed as a sequence logo (http://weblogo.berkeley.edu)56 based on the sequence alignments of 
ESX-5- and ESX-3-specific PPE proteins of M. tuberculosis H37Rv and ESX-1-specific PPE68 
homologs from mycobacteria (Fig. S2, S6 and S7). Secondary structure elements of PPE41 are shown 
at the top. Black diamonds indicate residues that were subjected to mutational analysis (Table 2 and 
Fig. 3C, S8, S9 and S10). 
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the ESX-5 specific PPE proteins. In contrast, the majority of the ESX-3- and ESX-1-specific 

PPE proteins have isoleucine in this position. Finally, alanine most frequently occupies position 

131 in the ESX-5 specific PPE proteins, whereas PPE41 has glutamine in this position. 

However, all ESX-3 specific PPE proteins and the majority of ESX-1 specific PPE proteins 

(17 out of 22 PPE proteins) have proline in this position. 

To examine whether Q127I, A130I and Q131P amino acid substitutions disrupt EspG5 

recognition of PPE41, we introduced single, double or triple amino acid substitutions in PPE41 

(Table 2 and Fig. S8). These PE25–PPE41 mutant variants were co-expressed with EspG5 in 

E. coli, and analyzed by pull-down experiments. Remarkably, we found that all PPE41 mutant 

variants bind to EspG5. Moreover, even multiple substitutions in PPE41 that matched the ESX-

1/ESX-3 PPE sequence region did not disrupt the interaction with EspG5 (Table 2 and Fig. S8). 

 

Table 2. Analysis of PE25–PPE41–EspG5 interactions in vitro. 

PPE41 variant Interaction 
WTa + 
L125E - 
L125R - 
T129D/A130R - 
Q127I + 
Q127I/F128N + 
A130I + 
Q127I/A130I + 
Q127I/F128N/Q131P  + 
Q127I/F128N/A130I/Q131P  + 
A124F/L125F/Q127I/F128N  + 
A124F/L125F/Q127I/F128N/A130I/Q131P  + 
A124L + 
A124L/L125F  + 
A124F/L125F  + 
A124W/L125F  + 

Interactions of PE25–PPE41 with EspG5 were analyzed using pull-down experiments presented in Fig. 

3C, S8, S9 and S10. 
aWT — wild type. 

Therefore, our data indicate that EspG5 - PPE interactions are characterized by a striking 

structural plasticity that allows contact points of PPE to adapt multiple amino acid 

substitutions. This propensity of the EspG5 – PPE interactions is likely to facilitate EspG5 

specific recognition of multiple PPE members of ESX-5 family. Furthermore we found that the 

sequence variability in the EspG5-binding region of PPE proteins does not determine the 
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specificity of recognition by the chaperone. This observation suggests that EspG5-binding 

domain is not a linear sequence, but rather a conformational motif recognized by the chaperone. 

The α4–α5 region of PPE proteins of ESX-1 and ESX-3 families is likely to have the distinct 

conformational topology that is determined by PE–PPE sequence differences located outside 

of this region. The differences in the 3D shape of the binding domain might preclude the 

accessibility of this region for non-cognate chaperone recognition. 

 

EspG5 protects PE–PPE from self-aggregation 

PE25–PPE41 heterodimer can be expressed independently of EspG5 in E. coli and purified in 

soluble form25. However, we observed that other PE–PPE family proteins required co-

expression of their cognate EspG chaperones for soluble expression. For example, co-

expression of the ESX-1-specific M. marinum PE35–PPE68_1 heterodimer in the absence of 

its cognate chaperone in E. coli resulted mainly in the production of insoluble proteins. When 

PE35–PPE68_1 pair was co-expressed with EspG1, we obtained a highly soluble and stable 

heterotrimer (Fig. S4). These observations suggest that EspG promotes PE–PPE heterodimer 

folding/stability. Interestingly, analysis of the EspG5-binding region in 46 ESX-5-specific PPE 

family members revealed that PPE41 is unique among PPE proteins. All members of the PPE 

family, except PPE41, are characterized by large non-polar residues in positions 124 and 125 

located in the loop between helices α4 and α5 of PPE41 (Fig. 5 and Fig. S2). In addition, the 

hydrophobic residues are also present in equivalent positions in the ESX-1- and ESX-3-specific 

members of PPE family (Fig. 5, S6 and S7). This observation led us to hypothesize that PPE 

proteins are unstable without the chaperone because of this hydrophobic motif, which we 

designated as the hh motif, where h is an aliphatic or aromatic amino acid. It is possible that 

EspG binding to PPE shields this hydrophobic patch thus preventing self-association and non-

productive inter-molecular interactions in the mycobacterial cytoplasm. To test this hypothesis, 

we replaced PPE41 A124 and L125 with large non-polar amino acid residues that are more 

frequently present in other members of the ESX-5-specific PPE family. His-tagged mutant 

variants of PE25–PPE41 complexes with A124L, A124L/L125F, A124F/L125F or 

A124W/L125F substitutions were expressed in E. coli in the presence or absence of EspG5 and 

purified by affinity chromatography. We found that co-expression of the PE25–PPE41 mutant 

variants with increased hydrophobicity in the α4-α5 loop of PPE41 with EspG5 yielded soluble 

PE41–PPE25–EspG5 heterotrimers (Fig. S9). In contrast, expression of PE25–PPE41 mutant 

variants in the absence of EspG5 resulted in accumulation of significant amounts of insoluble 
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PE25–PPE41 proteins and progressively decreasing yield of soluble heterodimer (Table 3 and 

Fig. S9). Moreover, examination of the soluble PE25–PPE41A124L mutant complex by size-

exclusion chromatography revealed the presence of large molecular weight protein aggregates 

that eluted near the column’s void volume (Fig. 6). In contrast, PE25–PPE41 WT complex did 

not aggregate at the same protein concentration (Fig. 6). These experiments indicate that the 

hh motif promotes aggregation and, by increasing hydrophobicity of the hh motif, the 

heterodimer becomes more dependent on the EspG chaperone for folding/stability. 

As a further test, we examined whether purified EspG5 is capable of rescuing the PE25–

PPE41A124L aggregates. EspG5 was incubated with PE25–PPE41A124L aggregates and the 

sample was analyzed by size-exclusion chromatography (Fig. 6). We found that incubation 

with EspG5 resulted in PE25–PPE41 disaggregation and formation of a PE25–PPE41–EspG5 

complex (Fig. 6). This experiment provides further evidence that EspG5 acts as a molecular 

chaperone for PE–PPE dimers by binding and protecting the aggregation-prone hh motif on 

PPE proteins, thereby keeping the dimers in a secretion-competent state. 

 

Table 3. Hydrophobic substitutions in the hh motif reduce solubility of PE25–PPE41. 

PPE41 variant Protein yield (mg x g-1) 
WTa 3.6 
A124L 2.9 
A124L/L125F 1.0 
A124F/L125F 0.9 
A124W/L125F 1.1 

The PE25–PPE41 variants were purified under identical conditions and the total protein yield was 
calculated (Fig. S9). 
aWT — wild type. 



Chapter 2 

 

55 

Effect of mutations in the PPE41 interface on PE25–PPE41 secretion 

It has been reported that EspG5 is dispensable for 

PE25–PPE41 secretion via ESX-5 in 

M. tuberculosis13. However, we have previously 

demonstrated that expression of PE25 and 

PPE41 proteins in non-native host M. marinum 

resulted in their secretion via the ESX-5 system26 

and EspG5mm is required for this process24. To 

determine the role of EspG5 in PE25-PPE41 

secretion and the function of the hh motif we 

analyzed the secretion of PPE41 interface 

mutants in M. marinum. First, we confirmed that 

M. marinum EspG5 functions similarly in the in 

vitro binding assays with M. tuberculosis PE25–

PPE41. EspG5 of M. tuberculosis is 97% 

identical at the amino acid level to the M. 

marinum EspG5 (EspG5mma). The analysis of 

the EspG5–PPE41 interface indicates that 

EspG5mma has a single amino acid substitution 

in the interface — M176, which is unlikely to 

have an effect on EspG5 binding. To confirm that 

L125E, L125R and T129D/A130R amino acid 

substitutions in PPE41 also disrupt the binding of 

EspG5mma, pull-down experiments were 

conducted with the mutant variants (Fig. S10). 

This analysis showed that EspG5mma very likely 

uses the same interface as M. tuberculosis EspG5 

to bind PE25–PPE41. 

Second, we expressed PE25–PPE41 interface mutants on a plasmid in a WT strain of 

M. marinum. The immunoblot analysis of the culture filtrates and bacterial pellets 

Figure 5. EspG5 binding to PE25–PPE41A124L mutant complex induces dis-aggregation of the 
heterodimer. A. Size-exclusion chromatography of PE25–PPE41, PE25–PPE41A124L mutant, EspG5 
incubated with PE25–PPE41A124L mutant and EspG5. B. SDS-PAGE analysis of the peak fractions 
indicated (1–4) from the size-exclusion chromatography 
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demonstrated that PE25–PPE41 variant with L125R substitution was not secreted, but 

accumulated in the bacterial pellet (Fig. 7A). However, the PE25–PPE41 proteins with L125E 

or T129D/A130R mutations were detected in normal amounts in the supernatant, indicating 

that these mutations do not impair PE25–PPE41 secretion. 

 

Because this finding was surprising we 

also examined whether the L125E and 

T129D/A130R PPE41 mutants still 

require EspG5 for export. We analyzed 

the secretion of these PE25–PPE41 

interface mutants in the M. marinum 

EspG5 mutant strain26. We found that 

none of the PE25–PPE41 mutant variants 

are secreted in the espG5 mutant strain 

(Fig. 7A), indicating that L125E and 

T129D/A130R mutations do not seem to 

uncouple the dependence of the 

heterodimer on EspG5 presence in 

mycobacteria for its export. Taking 

together our results show that the loss of 

EspG5 binding to PE25–PPE41 does not 

necessarily impair the heterodimer 

secretion, indicating that these 

interactions are not essential for PE25–

PPE41 secretion. Nevertheless, our 

observation that PPE L125R mutation completely disrupts the heterodimer export indicates 

that the hh motif is critical for processes of secretion. 

 

 

Figure 7. Effect of the substitutions in the PPE41 interface on PE25–PPE41 secretion in M. 
marinum. A. Immunoblot analysis of PPE41 in culture supernatant and cell pellet fractions of M. 
marinum WT (left panel) and its EspG5 transposon mutant (right panel). Equivalent amounts of 
protein were loaded. GroEL and EsxA were used as a cytoplasmic and secreted fraction controls, 
respectively. Analysis of LipY (panel B) and PPE18 (panel C) in culture supernatant and cell pellet 
fractions of M. marinum WT. 
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EspG5-binding domain is critical for secretion of other ESX-5 specific substrates 

The observation that the interaction between EspG5 and PE25–PPE41 is not strictly required 

for ESX-5 dependent secretion is rather unexpected. However, PE25–PPE41 is an unusual 

substrate, first of all it is heterologous substrate that is not normally present in M. marinum and 

in addition these proteins form a soluble complex in E. coli in the absence of the EspG5 

chaperone25, this study. We therefore examined whether EspG5-binding domain is important for 

secretion of other PPE proteins that are native substrates of the ESX-5 system in M. marinum. 

For our analysis we selected LipYmm (mmar_1547) that has an N-terminal PPE domain and 

PE31–PPE18 protein pair (mmar_4241-mmar_4240). LipYmm has previously been shown to 

be transported to the surface of M. marinum in an ESX-5 dependent manner. This protein is 

processed upon secretion to release the active C-terminal lipase domain18. PPE18 is a probable 

ESX-5 substrate based on proteomic analysis37. 

Firstly, using co-purification analysis of the wild-type PE31–PPE18 and EspG5mm we 

confirmed that the chaperone binds this heterodimer and is required for production of soluble 

complex in vitro (Fig. S11). In addition, we confirmed that the PPE18 EspG5-binding domain 

is essential for the interactions in vitro. We found that PPE18 variants with L125E, L125R or 

T129D/A130R amino acid substitutions were produced in the insoluble forms when they were 

co-expressed with the chaperone (Fig. S11). These data are consistent with our observation that 

the chaperone is required for folding/stability of PE/PPE heterodimers. We did not analyze the 

binding of EspG5 to LipYmm in vitro, because the putative PE partner of LipYmm is currently 

unknown. Then, we analyzed the effect of the substitutions in the hh motif (LipYmmF126E, 

LipYmmF126R, PPE18L125E, PPE18L125R) and EspG5-binding site 

(LipYmmP130D/A131R, PPE18T129D/A130R) on secretion of both LipYmm and PE31–

PPE18 (Fig. 7B and 7C). Importantly, all substitutions in both substrates completely abolished 

secretion (Fig. 7B and 7C). Therefore, these data show that homologous ESX-5 substrates LipY 

and PE31–PPE18 are strongly dependent on EspG5 binding for secretion. 

 

Discussion 

During infection pathogenic mycobacteria depend upon several related secretion pathways, 

ESX-1, ESX-3, and ESX-5 that are involved in translocation of multiple protein substrates 

across their complex cell envelope. A majority of ESX secreted effectors identified so far are 

members of either the WXG100 or PE/PPE protein superfamilies that share a similar structural 
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fold and possess a signature YxxxD/E motif required for secretion27. These protein families 

have similar folding characteristics and both belong to the so-called EsxAB clan 

(http://pfam.xfam.org/clan/EsxAB). PE and PPE proteins represent two highly polymorphic 

protein families that are widely distributed in pathogenic mycobacteria, comprising nearly 10% 

of the coding capacity of M. tuberculosis and M. marinum genomes15,38. The ESX-5 pathway 

has been implicated in the export of a majority of PE and PPE proteins13,24. Furthermore, the 

genes encoding PE/PPE are often located next to the gene encoding the cytoplasmic protein 

EspG. Recent work in the field has identified EspG as a binding partner of PE–PPE dimers28. 

In contrast, EspG does not interact with the secreted substrates that belong to WXG100 

family28. 

In this study we report the crystal structure of the ESX-5 specific PE25–PPE41 heterodimer in 

complex with EspG5. A notable feature of the chaperone is a novel EspG fold with the 

unexpected internal quasi 2-fold symmetry. Importantly, the EspG fold is unrelated to the 

structures of chaperones from other bacterial secretion systems. The structure of the 

heterotrimer reveals that EspG5 binds PE25–PPE41 at the tip of the complex, interacting solely 

with PPE41. The conserved ESX secretory signal YxxxD/E is located on the opposite part of 

the PE25–PPE41 complex and is not obstructed by EspG5. 

Structural data together with PPE41 mutant and sequence analyses of PPE proteins from 

different ESX clusters allowed us to identify a specific region within the ESX-5-specific PPE 

proteins recognized by EspG5 chaperone. Surprisingly, we found that this region is well 

conserved among the ESX-1, ESX-3 and ESX-5-specific PPE proteins. No amino acid residue 

in the region was found to define the specificity of EspG5 recognition of ESX-5-encoded PPE 

proteins. Nevertheless, no cross-interactions were observed between non-cognate EspG5 and 

PPE proteins encoded by ESX-1 and ESX-3 clusters. These data indicate that structural 

elements outside the binding region differentiate ESX-5-specific PPE proteins from ESX-1 and 

ESX-3 encoded homologs for EspG5 binding. Thus, the mechanism of substrate recognition by 

EspG5 may incorporate two unique features: the conservative binding region within PE–PPE 

dimer that is in the direct contact with the chaperone and the PE–PPE scaffold that does not 

contact the chaperone, but presents this region for chaperone binding and determines the 

specificity of recognition. The conserved nature of EspG5-binding region suggests that it may 

be an important determinant of ESX secretion mechanism. 
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What is the function of the chaperone during ESX mediated secretion? Of significance for 

EspG5 functioning is the fact that it binds PE25–PPE41 tightly in the nanomolar range of the 

affinities as determined by our ITC analysis, strongly indication that these interactions occur 

in vivo, an observation which is also confirmed by previous pull-down experiments28. Based 

on the fact that EspG is strictly located in the cytosol and interacts only with cognate PE–PPE 

complexes, it seems likely that EspG acts as a chaperone to escort PE–PPE dimers to their 

cognate ESX secretion machinery where the membrane complex recognizes YxxxD/E 

secretory signal and releases EspG from the heterotrimer, possibly with the help of the ESX-

associated ATPases. Subsequently, the PE–PPE dimer would be exported through the 

membrane and EspG recycled for the next round of binding. It has been suggested that EspG 

might provide PE–PPE with an additional secretion signal, which specifies the proper ESX 

pathway for export. If this hypothesis is correct, the chaperone interactions with PE–PPE 

should be indispensable for the dimer secretion via cognate ESX system. Our in vivo analysis 

indicates that EspG5 binding is required for secretion of ESX-5 specific substrates, LipY and 

PE31–PPE18, but is in fact not essential for PE25–PPE41 secretion in M. marinum. These data 

suggest that either the chaperone does not direct PE25–PPE41 dimer to the ESX-5 secretion 

machinery or this putative chaperone function is redundant. This finding is in line with a 

previous study showing that EspG5 is not essential for PE25–PPE41 secretion in M. 

tuberculosis13. Surprisingly, we found that secretion of PE25-PPE41 uncoupled from EspG5 

remains dependent on EspG5 presence in M. marinum. This observation indicates that lack of 

PE25–PPE41 export in the EspG5 deletion mutant is likely due to a general defect in ESX-5 

secretion mechanism. This notion is supported by the previous finding that not only the 

secretion of many PE and PPE proteins was affected in this mutant, but also the secretion of 

EsxN24, which is not recognized by EspG5. 

In M. tuberculosis deletion of the ESX-1-specific chaperone EspG1 resulted in substantially 

lower amounts of the ESX-1 encoded PPE, PPE68, in their cell lysates39, indicating that EspG1 

is necessary for PPE68 folding or stability. Consistent with this notion, our in vitro data show 

that EspG1 is essential for folding/stability of the ESX-1-specific PE–PPE dimer. Moreover, 

we observed that EspG5 is necessary for production of soluble ESX-5 specific dimer, PE31–

PPE18, in vitro. By contrast, the complex of PE25–PPE41 is highly soluble and does not 

require EspG5 for stability. Mapping of PE25–PPE41 surface hydrophobicity revealed a 

hydrophobic patch, the hh motif, representing a part of the EspG5 binding region. Intriguingly, 

sequence analysis of ESX-1-, ESX-3- and ESX-5-specific PPE proteins indicated that the 
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majority of PPE proteins contain more hydrophobic residues in the hh motif than PPE41 does. 

Substitution of PPE41 hh motif residues to these more hydrophobic amino acids resulted in 

PE25–PPE41 self-association which could be rescued by EspG5. Apparently, the primary 

function of EspG is to shield this aggregation-prone hh motif on PPE proteins. Thus, PPE41 is 

probably an exception within the PPE family that has lost dependence on EspG5 binding for 

folding/stability and secretion. This observation is in agreement with a previous study showing 

that most PE/PPE proteins cannot be expressed as soluble proteins in E. coli25. 

Based on phylogenetic analysis it is predicted that pe/ppe genes encoded within ESX-1 and 

ESX-3 clusters are the most ancestral representatives of the families23. The ESX-5 pathway 

denotes the most recently evolved ESX system from which a large number of pe/ppe genes 

have expanded to the rest of the mycobacterial genome23. It is plausible that during 

duplication/recombination events some PPE proteins lost a requirement for the chaperone 

binding. Given the high abundance of ESX-5-dependent PPE proteins in pathogenic 

mycobacteria, inadequate concentrations of EspG5 chaperone might result in the build-up of 

large quantities of protein aggregates in the mycobacterial cytoplasm. Perhaps, uncoupling 

EspG5 from this essential function drove the extensive expansion of pe/ppe genes from the 

ESX-5 cluster to the rest of the genome. 

In other bacterial protein secretion systems, different classes of energy-independent chaperones 

participate in secretory processes including Sec40 and chaperone/usher41 pathways, type III 

secretion system42 and related flagellar export system43, and type IV secretion system44. These 

chaperones play multiple functions in secretion processes such as stabilizing the hydrophobic 

translocon-forming proteins, preventing premature self-polymerization of flagellar and 

fimbrial proteins, directing substrates through the correct secretion system, and regulating a 

hierarchy in secretion. All of these functions ultimately serve to keep secreted substrates in a 

secretion-competent state before their export. Intriguingly, although structurally different, 

EspG chaperones have a function in the secretory mechanism that is similar to SycE and SycO, 

the chaperones of type III secretion system in Yersinia45,46. SycE and SycO chaperones mask 

the aggregation-prone regions of secreted effectors, YopE and YopO, respectively. The 

aggregation-prone regions of YopE and YopO represent the hydrophobic membrane domains 

that are essential for proper localization of the effectors in the host cell45,46. It is possible that 

the hydrophobic hh motif in PPE proteins also has a functional role in the ESX secretory 

mechanism. In line with this hypothesis we identified one mutation in the hh motif of PPE41 
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that completely blocks the heterodimer secretion. Further experiments are required to decipher 

conclusively the function of the motif. 

In conclusion, the current study presents the first picture of the ESX secretion system’s 

chaperone in complex with secreted substrates. This structure reveals the molecular 

determinants of chaperone binding specificity and provides evidence for the importance of 

chaperone function in the ESX secretory mechanism. The structure of the PE25–PPE41–EspG5 

complex provides an important tool for future investigations into the architecture, assembly, 

and secretory mechanism of this sophisticated mycobacterial secretion system. It could also 

serve as a basis for the development of therapeutic compounds designed to disrupt the 

chaperone binding to PE–PPE, which in turn could prevent PE–PPE secretion and diminish 

mycobacterial pathogenicity. 

Experimental Procedures 

Bacterial strains and growth conditions 

M. marinum strain E1147 and the EspG5 deletion mutant24 were grown at 30 °C with shaking 

at 90 rpm, in Middlebrook 7H9 medium (Difco-BD Biosciences), supplemented with 

Middlebrook ADC and 0.05% Tween-80 (Sigma-Aldrich). Electroporation of M. marinum was 

performed as described18 and transformants were selected on Middlebrook 7H10 agar 

supplemented with Middlebrook OADC and appropriate antibiotics. 

E. coli strains including TOP10, DH5α, BL21(DE3) and Rosetta (DE3) were grown in Luria-

Bertani (LB) medium or on LB agar at 37 °C. When required, antibiotics were included at the 

following concentrations: ampicillin at 100 µg ml−1 for E. coli; chloramphenicol at 10 µg ml−1 

for E. coli; streptomycin at 50 µg ml−1 for E. coli; kanamycin at 50 µg ml−1 for E. coli; 

hygromycin at 100 µg ml−1 for E. coli and 50 µg ml−1 for M. marinum. 

Expression of EspG5, EspG1 and EspG3 

The EspG5 expression plasmid for crystallization experiments was constructed as follows. The 

espG5 gene was PCR-amplified from M. tuberculosis H37Rv genomic DNA and cloned into a 

modified pRSF-Duet1 vector (EMD Millipore). EspG5, EspG1 and EspG3 expression plasmids 

for pull-down experiments were constructed based on a modified pCDF-Duet1 vector (EMD 
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Millipore), creating pCDF-Duet1-EspG5, pCDF-Duet1-EspG1 and pCDF-Duet1-EspG3, 

respectively. 

EspG5 was expressed with N-terminal His6 and SUMO3 tags for ITC experiments. EspG5 gene 

was amplified from M. tuberculosis genomic DNA using primers AP-324 (5′-

ATATATACCGGTGGAATGGATCAACAGAGTACCCG-3′) and AP-325 

(5′-ATATATATGCGGCCGCTCATACTCTGCTGTGTGTTTTCC-3′). The PCR product 

was digested and ligated in pETM11-SUMO3GFP (obtained from Dr. Hüseyin Besir). The 

resultant pETHIS6SUMO3-EspG5 plasmid was transferred into competent E. coli BL21(DE3) 

cells (Novagen). 

Expression of PE25–PPE41, PE35–PPE68_1 and PE5–PPE4 heterodimers 

To construct a plasmid for co-expression of PE25 and PPE41 proteins in E. coli, the DNA 

fragments corresponding to pe25 and ppe41 were PCR-amplified from M. tuberculosis 

genomic DNA and cloned separately into a modified pET-28b vector (EMD Millipore) creating 

a bi-cistronic operon under control of the T7 promoter with an N-terminal His6-tag followed 

by a tobacco etch virus (TEV) protease cleavage site. The resulting pET-PE25-PPE41 plasmid 

was used as a template for generating mutated variants of PPE41. 

The PE35 and PPE68_1 proteins were expressed using a previously described 

pET29b(+)::PE35-PPE68_1-His vector28, which contains the M. marinum PE35/PPE68 

homologs, mmar_0185 and mmar_0186. The construct was modified to remove the C-terminal 

HA-tag from PE35. 

In order to co-express M. smegmatis PE5 and PPE41–180, an optimized DNA sequence 

corresponding to the protein sequences of PE5 and PPE4 were obtained from Invitrogen. The 

resulting plasmid was designated pET-PE5-PPE4. 

For co-expression of EspG5, PE25, and PPE41 proteins, E.coli Rosetta(DE3) cells were co-

transformed with pCDF-Duet1-EspG5 and pET-PE25-PPE41 plasmids. Similarly, for co-

expression of EspG1, PE35, and PPE68_1 proteins, E.coli Rosetta(DE3) was co-transformed 

with pCDF-Duet1-EspG1 and pET-PE35-PPE68_1 plasmids. For co-expression of EspG3, PE5 

and PPE4 proteins, E.coli Rosetta (DE3) was co-transformed with pCDF-Duet1-EspG3 and 

pET-PE5-PPE4 plasmids. 
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Plasmids for M. marinum expression of PE25-PPE41 were derived from the pSMT3::PE25-

HA-PPE41 vector27 which encodes PE25 modified with a C-terminal HA epitope as well as 

PPE41. This vector was used as a template for generating mutated versions of PE25–PPE41. 

Expression and purification of EspG, PE–PPE and EspG–PE–PPE 

The proteins were expressed in E.coli Rosetta(DE3) or (EspG5, PE25–PPE41, PE35–PPE68_1, 

PE5–PPE4, EspG1–PE35–PPE68_1 and EspG3–PE5–PPE41–180) or in E. coli BL21(DE3) 

(His6-SUMO3-EspG5) cells by induction with 0.5 mM IPTG for 4 h at 18 °C (EspG5, PE25–

PPE41, PE35–PPE68_1, PE5–PPE41–180, EspG1–PE35–PPE68_1 and EspG3–PE5–PPE41–

180) or for 4 h at 24 °C (PE25–PPE41 and EspG5–PPE25–PPE41) or 20 h at 28 °C (His6-

SUMO3-EspG5). Cells were harvested by centrifugation. 

His6-SUMO3-EspG5 protein for ITC experiments was purified as follows: Cells were 

resuspended in lysis buffer A [20 mM HEPES, 300 mM NaCl, 10mM imidazole, 0.25mM 

tris(2-carboxyethyl)phosphine (TCEP), 10% (w/v) glycerol (pH 7.5)] containing 1/100 

protease inihibitor mix HP (Serva) and disrupted by lysozyme treatment followed by 

sonication. The protein was purified via Ni-NTA (Qiagen) affinity chromotography. Following 

the cleavage of His6-SUMO3 tag by SenP2 protease, the protein was further purified on a 

Phenyl Sepharose HP column (GE Biosciences), then concentrated and injected into a 

Superdex200 16/60 size-exclusion chromatography column (GE Biosciences) pre-equilibrated 

20 mM HEPES, 300 mM NaCl, 0.25mM TCEP, 10% (w/v) glycerol (pH 7.5) for removal of 

aggregated protein. 

The complex of EspG5, PE25 and PPE41 for crystallization was purified as follows: cells 

expressing EspG5 were mixed with cells expressing PE25–PPE41 and resuspended in lysis 

buffer B (20 mM Tris-HCl pH 8.4, 300 mM NaCl, and 20 mM imidazole). The resuspended 

cells were lysed using an EmulsiFlex-C5 homogenizer (Avestin) and proteins were purified via 

Ni-NTA. Following the cleavage of His6-tag by TEV protease, proteins were purified via size-

exclusion on a Superdex200 column (GE Biosciences) in buffer containing 20 mM Hepes pH 

7.5 and 100 mM NaCl. 

To isolate EspG–PE–PPE complexes for pull-down experiments, cells that have co-expressed 

EspG, PE, PPE proteins were lysed with lysozyme (0.25 mg/ml) in BugBuster buffer (EMD 

Millipore) supplemented with Benzonase Nuclease (EMD Millipore). The proteins were 

purified via a Ni-NTA column (Qiagen). 
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Crystallization, data collection and structure solution 

The initial crystallization conditions were identified using JCSG Suites I–IV screens (Qiagen). 

The optimized hexagonal rod-shaped crystals were obtained by the vapor diffusion method 

using 0.1 M Tris-HCl pH 8.6, 0.2 M NaCl, 8 % PEG8000 as precipitant. Crystals were 

transferred to crystallization solution supplemented with 20 % ethylene glycol and flash-cooled 

in liquid N2 prior to data collection. Data were collected at Southeast Regional Collaborative 

Access Team (SER-CAT) 22-ID beamline at the Advanced Photon Source, Argonne National 

Laboratory. Data were processed and scaled using XDS and XSCALE32. The structure was 

solved by molecular replacement using Phaser48 and the structure of PE25–PPE41 (PDB 

2G3825) as a search model. The electron density modification was performed using Parrot49 

and the initial model was built using Buccaneer50. The initial model was improved by iterative 

cycles of refinement and rebuilding using REFMAC5 and Coot51,52. The final structure was 

refined with REFMAC5 using translation, libration and screw-rotation (TLS) groups identified 

by the TLSMD server53. Data collection and refinement statistics are listed in Table 1. The 

quality of the final model was assessed using Coot and the MolProbity server33. The structural 

figures were generated using PyMol (www.pymol.org). 

 

 

Expression and secretion of PE25–PPE41 proteins in M. marinum 

Secretion of PPE41 proteins was carried out as previously described27. Briefly, M. marinum 

strains were grown to mid-logarithmic phase in Middlebrook 7H9 supplemented with 0.2% 

glycerol, 0.2% dextrose and 0.05% Tween, at which bacteria were pelleted by centrifugation. 

Secreted proteins were precipitated with 10% trichloroacetic acid (wt/vol) added to the 

supernatant. Cells were lysed by sonication. Proteins were separated on 10–16% SDS-PAGE 

gel, transferred to nitrocellulose membrane, and immunostained with rabbit polyclonal sera 

recognizing PPE41. 

 

Sequence analysis of PPE proteins 

The sequence alignments were done using ClustalW54 and rendered using the ESPript server55. 
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Isothermal titration calorimetry (ITC) analysis 

All measurements were conducted at 30 °C on a MicroCal VP-ITC calorimeter with a reference 

cell filled with MilliQ water. 100 µM EspG5 was injected into the sample cell containing 10 

µM PE25–PPE41. Experiments were performed in triplicate and corrected for dilution 

enthalpy. Raw data were analyzed with MicroCal Origin 7.0. Data were fit with a single-site 

binding model. The experiments were performed in triplicate. 

 

CD spectroscopy 

Circular dichroism spectra were recorded using 7–9.5 µM protein in ITC buffer on a Chirascan 

spectrometer (Applied Photophysics) with a 0.5 mm cuvette. The CD signal was converted to 

the mean residue ellipticity using the protein concentration determined by absorbance 

measurements and the calculated molar extinction coefficient at 280 nm. All CD data presented 

are the averages of at least three measurements. 
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Supplementary data 

 

Figure S1. Sequence alignment of the EspG5 family members. Sequences with >98 % 
identity were excluded from the alignment. Identical residues are highlighted in red. Blue 
triangles at the top of the alignments indicate residues that are in contact with PPE41 in the M. 
tuberculosis PE25–PPE41–EspG5 complex. The secondary structure elements of M. 
tuberculosis EspG5 are shown at the top of the alignment. Black dashed lines indicate 
disordered residues. 
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Fig. S2. Sequence alignment of the ESX-5-specific PPE proteins from M. tuberculosis H37Rv. Only 
the core PPE domain sequences (~180 residues) are aligned. Identical residues are highlighted in red. 
The PPE and WxG motifs are highlighted in blue. Residues that are in contact with EspG5 and PE25 in 
the M. tuberculosis PE25–PPE41–EspG5 complex are labeled by purple and cyan triangles, 
respectively. Purple stars indicate two hydrophobic residues in the α4–α5 loop of PPE proteins that 
comprise the hh motif. The secondary structure elements of PPE41 are shown at the top of the 
alignment. 
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Fig. S3. Circular dichroism analysis of the wild-type and mutant PE25–PPE41 complexes. Spectra 
between wavelengths 200 nm and 260 nm are plotted against mean residue ellipticity. The mutant 
complexes exhibit a similar secondary structure content as the wild-type PE25–PPE41. 
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Fig. S4. The ESX-1-specific PE35–PPE68_1 dimer interacts with EspG1 but not with EspG5. A. 
M. marinum PE35, PPE_68-His and EspG1 were co-expressed in E. coli and purified using immobilized 
Ni2+ affinity and size-exclusion chromatography. Total cell lysate (T), soluble fraction (S), insoluble 
fraction (I), flow-through fraction (FT), wash fraction (W), eluted proteins (E) and peak fraction from 
size-exclusion chromatography (SEC) were analyzed by SDS-PAGE. B. M. marinum PE35, PPE_68-
His and EspG5 were co-expressed in E. coli and purified using immobilized Ni2+ affinity 
chromatography. Fractions were analyzed by SDS-PAGE and immunoblotting with anti-His tag 
antibodies. PPE_68-His was found in the insoluble fraction. 
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Fig. S5. The ESX-3-specific PE5–PPE4 dimer interacts with EspG3 but not with EspG5. A. 
M. smegmatis PE5-His, the core domain of PPE4 (residues 1–180) and EspG3 were co-expressed in 
E. coli and purified using immobilized Ni2+ affinity chromatography. Total cell lysate (T), soluble 
fraction (S), insoluble fraction (I), flow-through fraction (FT), wash fraction (W) and eluted proteins 
(E) were analyzed by SDS-PAGE. B. M. smegmatis PE5-His, PPE41–180 and M. marinum EspG5 were 
co-expressed in E. coli and purified using immobilized Ni2+ affinity chromatography. While PE5–
PPE41–180 dimer could be purified, it is unstable and precipitates in the absence of cognate EspG3 
chaperone. 
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Fig. S6. Sequence alignment of PPE68 homologs from Mycobacteria. Only the core PPE domain 
sequences (~180 residues) are aligned. The PPE and WxG motifs are highlighted in blue. The predicted 
secondary structure elements are shown at the top of the alignments. Purple stars indicate the hh motif. 
The majority of mycobacterial genomes contain a single PPE68 homolog, whereas M. marinum and 
M. kansasii have several PPE68 homologs. 
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Fig. S7. Sequence alignment of the ESX-3-specific PPE proteins from M. tuberculosis H37Rv. Only 
the core PPE domain sequences (~180 residues) are aligned. The PPE and WxG motifs are highlighted 
in blue. The predicted secondary structure elements are shown at the top. The hh motif is indicated by 
purple stars. 
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Fig. S8. Co-purification of EspG5 and PE25–PPE41 mutant variant dimers. PE25–PPE41 dimers 
were co-expressed in E. coli with either M. tuberculosis EspG5 (EspG5mtu) or M. marinum EspG5 
(EspG5mma). Proteins were purified using immobilized Ni2+ affinity chromatography. Notably, the 
excess of EspG5mma chaperone leads to complete solubility of PE25–PPE41 with no dimer present in 
the insoluble fraction. 
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Fig. S9. Effect of increased hydrophobicity in the hh motif of PPE41 on protein solubility. PE25–
PPE41 dimers were expressed in E. coli in the absence of chaperone or co-expressed with M. marinum 
EspG5 (EspG5mma). Proteins were purified using immobilized Ni2+ affinity chromatography. Total cell 
lysate (T), soluble fraction (S), insoluble fraction (I), flow-through fraction (FT), wash fraction (W) and 
eluted proteins (E) were analyzed by SDS-PAGE. Notably, the excess of EspG5mma chaperone leads 
to complete solubility of PE25–PPE41 with no dimer present in the insoluble fraction. 
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Fig. S10. Effect of disruptive mutations in the PPE41 interface on the binding of PE25–PPE41 
heterodimer to M. marinum EspG5. PE25–PPE41 variants were co-expressed with EspG5mma and 
purified via immobilized Ni2+ affinity chromatography. The results are comparable with M. tuberculosis 
EspG5 binding (Fig. 3D). 
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Figure S11. Effect of disruptive mutations in the PPE18 on the binding of PE31–PPE18 
heterodimer to M. marinum EspG5. PE31–PPE18 variants were co-expressed with EspG5mma and 
purified via immobilized Ni2+ affinity chromatography. 

  



Structural insights in Mycobacterium tuberculosis proteins: from secretion chaperones to toxin-antitoxin systems 

78 

 

Table S1. Summary of isothermal calorimetry data on interaction of EspG5 with PE25–
PPE41. 
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Abstract  

Type VII secretion systems (ESX) are responsible for transport of multiple proteins in 

mycobacteria. How different ESX systems achieve specific secretion of cognate substrates 

remains elusive. In the ESX systems, the cytoplasmic chaperone EspG forms complexes with 

heterodimeric PE-PPE substrates that are secreted from the cells or remain associated with 

the cell surface. Here we report the crystal structure of the EspG1 chaperone from the ESX-1 

system determined using a fusion strategy with T4 lysozyme. EspG1 adopts a quasi 2-fold 

symmetric structure that consists of a central β-sheet and two α-helical bundles. Additionally, 

we describe the structures of EspG3 chaperones from four different crystal forms. 

Comparison of available EspG3 structures reveals several conformations of the putative PE-

PPE binding site. Analysis of EspG1, EspG3 and EspG5 chaperones using small-angle X-ray 

scattering (SAXS) reveals that EspG1 and EspG3 chaperones form dimers in solution, which 

we observed in several of our crystal forms. Finally, we propose a model of the ESX-3 

specific PE5-PPE4-EspG3 complex based on the SAXS analysis.  

Highlights 

• The crystal structure of EspG1 reveals the common architecture of the type VII secretion 

system chaperones 

• Structures of EspG3 chaperones display a number of conformations that could reflect 

alternative substrate binding modes 

• EspG3 chaperones dimerize in solution 

• A model of EspG3 in complex with its substrate PE-PPE dimer is proposed based on 

SAXS data 

Abbreviations used: 

EOM, ensemble optimization method; MD, molecular dynamics; rmsd, root-mean-square 

deviation; NSD, normalized spatial discrepancy; RMSF, Root-Mean-Square-Fluctuations; 

SAXS, small angle X-ray scattering; SEC, size-exclusion chromatography; SeMet, 

selenomethionine; TEV, tobacco etch virus; TCEP, tris(2-carboxyethyl)phosphine 

Keywords: Mycobacterium tuberculosis / protein export / small-angle X-ray scattering / PE-

PPE proteins 
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Introduction  

The most deadly bacterial pathogen worldwide is Mycobacterium tuberculosis (Mtb), which 

causes tuberculosis (TB). While many infectious diseases can be controlled by vaccination, 

TB lacks an effective vaccine and even prior infection with Mtb does not provide lasting 

immunity. Moreover, standard anti-TB therapy requires the use of a combination of drugs for 

six months, which leads to poor compliance and to emergence of drug resistance [1]. Even 

more threatening is the global increase in extensively drug-resistant Mtb and the emergence 

of extremely drug-resistant Mtb. Anti-virulence drugs targeting mycobacterial secretion have 

the potential to become a valuable alternative to classical antibiotics [2]. During infection, 

pathogenic mycobacteria use several related protein secretion pathways designated ESX 

systems [3-5]. The Mtb genome encodes five such secretion systems, ESX-1 through ESX-5. 

Each consists of ATPases, membrane proteins, a protease, accessory proteins, and secreted 

substrates [6, 7]. Four conserved components of the ESX-5 system — EccB5, EccC5, EccD5 

and EccE5 - form a platform complex with six-fold symmetry that is embedded in the 

mycobacterial inner membrane [8, 9]. The ESX-1 core complex is composed of paralogous 

components [10], which suggests that all ESX systems assemble into similar complexes. 

Many ESX-secreted substrates are interdependent on each other for secretion, suggesting that 

they might be a part of the ESX secretion machinery [11, 12]. The most abundant class of 

ESX substrates is represented by the so-called PE and PPE proteins [13]. These proteins 

generally form alpha-helical heterodimers that are probably secreted in a folded conformation 

[14]. Several PE/PPE proteins are major antigens for TB diagnostic and vaccine development 

[15-19]. Importantly, PE/PPE proteins are secreted specifically by only one of the five ESX 

secretion systems [20-24] raising the question of how various ESX systems discriminate 

among PE/PPE substrates.  

Previously it was demonstrated that PE/PPE protein secretion in Mycobacterium marinum is 

impaired upon disruption of the espG gene encoded within its respective ESX gene locus 

leading to accumulation of substrates in the bacterial cytosol [25]. The crystal structure of the 

heterotrimeric PE25–PPE41–EspG5 protein complex revealed that EspG5 interacts with a 

PE25–PPE41 heterodimer by binding to a hydrophobic patch at the tip of PPE41 [26, 27]. 

The general YxxD/E secretion motif [28, 29] at the distal end of PE25 is free to interact with 

the ESX-5 secretion machinery in the inner membrane, probably by interaction with the 

Ftsk/SpoIIIE-like ATPase EccC5 [30, 31]. In addition, EspG5 was reported to improve 
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solubility of aggregation-prone PE–PPE pairs upon co-expression [26, 32]. Thus, EspG acts 

as a disaggregase of ESX substrates in the cytosol prior to secretion. Moreover, substrate 

specificity is determined by the EspG-binding domain of PPE proteins as demonstrated by 

substrate re-routing experiments [33]. While structures of the EspG5 chaperone in complexes 

with PE–PPE substrates and a monomeric EspG3 chaperone have been reported [26, 27, 34], 

structural information on EspG1 is lacking.  

In this study, we report the first crystal structure of an EspG1 chaperone from 

Mycobacterium kansasii and four crystal structures of EspG3 from M. smegmatis and 

M. marinum. We analyze here the available atomic structures of EspG chaperones and 

present a thorough study of the conformational variability of EspG proteins in apo and 

substrate-bound forms (PE–PPE–EspG) using small-angle X-ray scattering (SAXS). In 

addition, we characterize the SAXS-based rigid-body structure of the PE5–PPE4–EspG3 

protein complex in solution and compare it to the atomic structure of PE25–PPE41–EspG5 in 

order to obtain further insights into protein flexibility and substrate recognition. Our study 

suggests that the EspG chaperones are capable of adopting multiple conformational states, 

likely a key determinant of their ability to recognize multiple PE–PPE substrates.  

Results  

The crystal structure of M. kansasii EspG1 

Initial attempts to crystallize M. tuberculosis EspG1 (EspG1mtu) were not successful; therefore 

we screened several homologs of EspG1 from other mycobacterial species. We obtained 

microcrystals using an optimized construct of M. kansassi EspG1 (EspG1mka) that has 80% 

sequence identity with EspG1mtu (see Methods) (Supplementary Fig. S1). However, extensive 

optimization of these crystals did not lead to diffraction quality crystals. To overcome these 

difficulties, we utilized a fusion approach using T4 lysozyme (T4L) as an N-terminal fusion. 

Crystals of the T4L-EspG1mka fusion could be readily optimized and diffracted to 2.27 Å 

resolution. The structure of T4L-EspG1mka was solved by molecular replacement and refined 

to Rwork 0.214 and Rfree 0.251 with good geometry (Table 1). The structure contains two 

molecules in the asymmetric unit (Fig. 1a) with an extensive interface between the T4L 

moieties (2250 Å2 buried surface area). Surprisingly, part of the TEV cleavage sequence at 

the N-terminus of T4L is ordered in the structure and contributes both to the T4L dimer 

interface (849 Å2 buried surface area corresponding to 38% of the T4L–T4L interface) and 
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the intra-subunit contacts between T4L and EspG1mka. The conformations of the two copies of 

EspG1mka in the asymmetric unit are very similar and superimpose with a root-mean-square 

deviation (rmsd) of 1.0 Å over 231 Cα atoms (Supplementary Fig. S2a). 

Table 1. Data collection and refinement statistics.  

 T4L-EspG1 
M. kansasii 

EspG3  
M. marinum 

EspG3  
M. smegmatis 

EspG3  
M. smegmatis 

EspG3  
M. smegmatis 

 PDB 5VBA PDB 5DLB PDB 4L4W PDB 4RCL PDB 5SXL 
Data collection      
Wavelength (Å) 1.0000 1.0702 0.9793 1.0000 1.0000 
Space group P212121 C2 C2221 P43212 P3221 
Cell dimensions:      
a, b, c (Å) 64.14, 81.69, 

160.02 
112.21, 46.02, 
58.01 

47.08, 123.69, 
180.85 

92.68, 92.68, 
158.85 

59.15, 59.15, 
183.1 

α, β, γ (°)  90, 90, 90 90, 92.24, 90 90, 90, 90 90, 90, 90 90, 90, 120 
Resolution (Å) 59.54–2.27 

(2.33–2.27)a 
57.96–1.77 
(1.87–1.77) 

45.21–2.04 
(2.09–2.04) 

46.34–2.70 
(2.77–2.70) 

39.24–2.46 
(2.52–2.46) 

Rsym 0.097 (1.110) 0.066 (0.827) 0.087 (0.809) 0.087 (1.600) 0.075 (0.882) 
CC1/2

b 99.7 (58.3) 99.5 (65.9) 99.7 (64.6) 99.9 (76.2) 99.8 (79.3) 
I / σI 11.1 (1.74) 12.6 (1.40) 12.2 (1.55) 19.8 (1.92) 12.2 (1.62) 
Completeness (%) 99.8 (100.0) 89.0 (90.0) 97.6 (79.5) 99.8 (98.5) 98.6 (99.8) 
Multiplicity 6.3 (6.5) 3.2 (3.4) 5.5 (3.1) 11.1 (11.2) 5.4 (5.5) 
Refinement      
Resolution (Å) 59.54–2.27 57.96–1.77 45.21–2.04 46.34–2.70 39.24–2.46 
No. reflections (total / 
free) 

39576 / 1882 24426 / 1310 33548 / 1682 19765 / 1008 13963 / 707 

Rwork / Rfree 0.214 / 0.251 0.209 / 0.245 0.186 / 0.231 0.230 / 0.278 0.206 / 0.247 
Number of atoms:      
Protein 6288 1944 4003 3709 2078 
Ligand/ion 10 140    
Water 56 65 225 14 17 
B-factors:      
Protein 61.6 37.8 37.9 92.1 81.7 
Ligand/ion 68.1 72.7    
Water 48.5 47.1 39.3 40.6 63.4 
All atoms 61.5 40.4 38.0 91.9 81.6 
Wilson B 47.8 38.0 37.2 74.7 67.6 
R.m.s. deviations:      
Bond lengths (Å) 0.004 0.019 0.008 0.003 0.002 
Bond angles (°) 0.657 2.130 1.166 0.722 0.494 
Ramachandran 
distributionc (%): 

     

Favored 97.73 94.16 97.32 96.07 95.97 
Outliers 0.13 0.39 0 0.21 0.37 

a Values in parentheses are for the highest-resolution shell.  
b CC1/2 correlation coefficient as defined in Karplus & Diederichs [74] and calculated by XSCALE [40].  
c Calculated using the MolProbity server (http://molprobity.biochem.duke.edu) [75].  
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EspG1mka has a typical EspG fold characterized by a central anti-parallel β -sheet and two α-

helical bundles (Fig. 1b). The N-terminal and C-terminal subdomains of EspG1mka are related 

by a quasi two-fold symmetry, have 10% sequence identity, and can be superimposed with a 

rmsd of 2.7 Å over 71 C atoms (Supplementary Fig. S3). Several parts of the EspG1mka 

structure did not have interpretable electron density and were not modeled, including the loop 

preceding the α2 helix (chains A and B), the β2– β3 loop (chain A), part of the β6 strand 

(chain B), and the α6 helix (chains A and B). The residues corresponding to the C-terminal 

helical bundle displayed higher B factors compared to other parts of the structure 

(Supplementary Fig. S2b). The C-terminal helical bundle likely forms part of the substrate 

recognition site and could become more ordered upon binding of a cognate PE–PPE dimer.  

Figure 1. Structure of M. kansasii EspG1 (EspG1mka) (a) View of the two subunits of the T4L-
EspG1mka fusion protein in the asymmetric unit. Chain A is shown in light grey (T4L) and light blue 
(EspG1mka), and chain B is shown in dark grey (T4L) and blue (EspG1mka). Residues corresponding to 
the TEV cleavage sequence are shown in red with side chains in stick representation. (b) A monomer 
of EspG1mka is shown in ribbon representation colored in rainbow colors from N-terminus (blue) to C-
terminus (red).  The N-terminal T4L fusion moiety is not shown for clarity.  
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The EspG fold is conserved in ESX-1, ESX-3 and ESX-5 systems 

In order to extend structural knowledge on this interaction and the differences between EspG-

substrate interactions from ESX-1, ESX-3 and ESX-5 secretion systems, we determined 

additional crystal structures of the EspG chaperones from the ESX-1 and ESX-3 systems 

(Table 1). Despite the fact that EspG chaperones display the lowest level of protein sequence 

similarity (13–23% sequence identity) of all the core components of the ESX systems, the 

EspG1, EspG3 and EspG5 structures have a highly similar fold (Fig. 2, Fig. 3, Supplementary 

Figs. S4 and S5 and Supplementary Table S1). Rmsd of the aligned atoms for EspG 

superposition is 2.4 Å over 224 Cα atoms for EspG1mka vs. EspG5mtu, 2.4 Å for EspG3mma vs. 

EspG5mtu over 238 Cα atoms and 2.4 Å for EspG1mka vs. EspG3mma over 234 Cα atoms.  

Figure 2. Structural comparison between EspG1mka and EspG5mtu. (a) A stereo view of the 
structural superposition of the EspG1mka and EspG5mtu crystal structures. The structure of the 
EspG5mtu monomer is derived from the trimeric PE25–PPE41–EspG5mtu complex (PDB ID 4KXR, 
[26]). (b) Structure-based sequence alignment of EspG1mka and EspG5mtu. Secondary structure 
elements corresponding to the EspG1mka structure (PDB ID 5VBA) and EspG5mtu structure (PDB 
ID 4KXR) are displayed above and below the alignment.  
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Despite the high overall structural similarity, the C-terminal helical bundles of EspG1mka and 

EspG3 structures have a distinct conformation, when compared to EspG5mtu bound to the 

PE25–PPE41 dimer, which appears to be incompatible with substrate binding (Fig. 3). 

Another significant difference is the length and the conformation of the β2–β3 loop. In the 

PE25–PPE41–EspG5mtu structure (PDB ID 4KXR [26]), it extends 24 amino acid residues 

(Arg91-Glu115) and interacts strongly with the PE25–PPE41 dimer, whereas, for example, in 

the EspG3msm (PDB ID 4L4W) structure the loop consists of only 12 amino acid residues 

(Ser87-Leu98). These structural differences could be explained by conformational changes in 

EspG5mtu induced by PE–PPE binding, suggesting that binding of EspG1 and EspG3 to their 

cognate PPE protein partners is different from the PPE41–EspG5 interaction observed in the 

PE25–PPE41–EspG5 structure. 

 

Variation of quaternary structure within EspG protein family 

Analysis of crystal packing in the available EspG3 structures revealed a number of possible 

quaternary arrangements in addition to the monomeric state. Firstly, a “wing-shaped dimer” 

was found in the asymmetric unit of the EspG3msm (PDB ID 4L4W) structure with 1892 Å2 

buried surface area (Fig. 4). The dimeric interface is mediated by residues from the 

C-terminal helical bundles and strands β6, β10, β11 and helix α8. In contrast, the asymmetric 

unit in EspG3msm (PDB ID 4RCL) structure contains a dimer in front-to-front orientation with 

Figure 3. Structures of EspG3 chaperones display variations in the putative PE-PPE binding region. 
(a) Structural superposition of EspG3mma (aquamarine) and EspG3msm (PDB ID 4L4W, green). Black 
lines indicate differences in the orientation of the α5 helix. A stereo version is available as Fig. S4a. 
(b) Structural superposition of EspG3mma and EspG3msm (PDB ID 5SXL, dark green). A stereo version 
is available as Figure S4b. (c,d,e) Structural superposition of EspG3mma, EspG3msm (PDB ID 4L4W), 
and EspG3msm (PDB ID 5SXL) with EspG5mtu (PDB ID 4W4I [27],violet) from the PE25-PPE41-
EspG5mtu heterotrimer crystal structure (PDB ID 4KXR [26]). PPE41 (purple) is shown in semi-
transparent ribbon representation. PE25 is omitted for clarity as it is not in contact with EspG5mtu. 
Stereo versions of (c,d,e) are available as Figure S5. 
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1761 Å2 buried surface area. The β8 strands from the two subunits are located at the core of 

the interface and form an inter-subunit β-sheet. This dimeric conformation is further referred 

to as a “β8-mediated dimer”. However, in addition a “wing-shaped dimer” similar to the 

EspG3msm (PDB ID 4L4W) structure is present in the crystal lattice, with 2054 Å2 buried 

surface area. Furthermore, the asymmetric unit of EspG3msm (PDB ID 4W4J [27]) structure 

also contains a similar wing-shaped dimer with substantial buried surface area as well as the 

β8-mediated dimer (Fig. 4).  

Fig. 4. Cartoon representation of the common dimer structures observed in several crystal forms of 
EspG3. The superimposed subunits are in green. The buried surface area of the dimer interface is 
indicated above the structure. The wing-shaped dimers are present in the asymmetric unit in EspG3msm

(PDB ID 4L4W) and EspG3msm (PDB ID 4W4J) or generated by crystallographic symmetry in 
EspG3msm (PDB ID 4RCL). The β8-mediated dimer is present in the asymmetric unit in EspG3msm

(PDB ID 4RCL) and generated by crystallographic symmetry in EspG3msm (PDB ID 4W4J [27]).  
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Altogether, EspG3 wing-shaped dimers are observed in three independent crystal structures, 

and β8-mediated dimers are seen in two crystal structures. The dimer interfaces are highly 

similar, with the subunits rotated relative to each other by 12 degrees in the wing-shaped 

dimers and 5 degrees in the β8-mediated dimers (Supplementary Fig. S6). The different 

quaternary structures of EspG chaperones reflect the variability that exists within this protein 

family (Table 2).  

Table 2. Overview of EspG crystal structures. 

Chaperone PDB ID Structure Oligomerization Species Reference 

EspG1 5VBA 

 
Monomer 
(dimerisation of 
T4L) 

M. kansasii This work 

EspG3 

4L4W 
 

Wing-shaped 
dimer M. smegmatis This work 

4RCL  8-mediated M. smegmatis This work 

5SXL 
 

Monomer M. smegmatis This work 

4W4J 
 Wing-shaped 

dimer M. smegmatis [27] 

4W4I 
 

Monomer M. tuberculosis [27] 

5DLB 
 

Monomer M. marinum This work 

EspG5 4KXR 
 Complex with 

PE25-PPE41 
M. tuberculosis [26] 

EspG5 4W4L 
 Complex with 

PE25-PPE41 M. tuberculosis [27] 

EspG5 5XFS 
 

Complex with 
PE8-PPE15 M. tuberculosis [34] 
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As previously proposed [26], EspG likely acts as a chaperone that maintains PE/PPE 

secretion targets in the cytosol in a soluble state. To allow this, the PE–PPE interaction 

interface of EspG proteins must be available for effector binding. Superposition of the crystal 

structure of the PE25–PPE41–EspG5 complex with the three different EspG3 conformations 

observed in this study shows an accessible PE–PPE interaction interface in case of the EspG 

monomer and the wing-shaped dimer. In contrast, the β8-mediated EspG3 conformation 

would be unable to bind secreted effectors given that the PE–PPE interaction interface of 

EspG is occluded (Supplementary Fig. S7). To assess whether EspG proteins of ESX-1 and 

ESX-5 display similar oligomerization behavior in solution, we performed a structural 

analysis of several EspG proteins in solution. 

Concentration-dependent oligomerization of EspG chaperones 

We studied solution structures of EspG proteins from ESX-1 (EspG1mma), ESX-3 (EspG3mma, 

EspG3mtu, EspG3msm) and ESX-5 (EspG5mtu) secretion systems using SAXS (Table 3). The 

EspG proteins from different secretion systems have diverged significantly although the 

EspG3 homologs from different species have a high degree of sequence identity. The Guinier 

analysis of the obtained SAXS profiles confirmed that the proteins were not aggregated 

allowing further analysis of their structures and oligomeric states (Table 3). The 

dependencies of the molecular weight estimates and the excluded volume of the hydrated 

particles on concentration were studied for all proteins. Prior structural information of the 

monomeric form existed for all of the studied proteins, but experimental models of the 

dimeric state were only available for EspG3msm.  

SAXS measurements of EspG1mma at four different protein concentrations resulted in distinct 

scattering profiles. The molecular weight (based on the Porod volume) increased with 

increasing concentration from 43 to 72 kDa at 1.0 mg/mL and 6.0 mg/mL, respectively 

(Table 3). A similar trend was observed for the Rg and Dmax values.  The oligomer analysis of 

the concentration-dependent SAXS data was carried out using theoretical scattering profiles 

based on the monomeric EspG1mka (PDB ID 5VBA) structure and two different dimeric 

structural models. The β8-mediated dimer observed in the EspG3msm (PDB ID 4RCL) 

structure and the wing-shaped dimer structure EspG3msm (PDB ID 4L4W) were used as 

templates to generate EspG1mma dimer models and the corresponding theoretical scattering 

profiles to decompose the experimental data. (Table 4a and b). 
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Table 3. Collected SAXS data 

Data collection parameters    
Instrument P12 at EMBL/DESY, storage ring PETRA III, Germany 
Beam geometry (mm2) 0.2 × 0.12 
Wavelength (Å) 1.24 
q-range (Å−1) 0.0023 – 0.47 
Exposure time (ms) 20 × 50 
Temperature (K) 283 
Instrument B21 at Diamond Light Source, United Kingdom  
Beam geometry (mm2) 1.0 x 5.0 
Wavelength (Å) 1.0  
q-range (Å−1)  0.0038 – 0.42 
Exposure time (ms) 60 x 100 
Temperature (K) 
 

283 

Structural parameters       
 

Sample 
Conc. Rg, 

Guinier 
Rg, Pr Dmax MMtheor MMSAXS MMPOROD MMDAM Ab initio 

Resolution
(Å) (mg ml-1) (nm) (nm) (nm) (kDa) (kDa) (kDa) (kDa) 

EspG1mma 

1.0 2.7 2.9 9.7 29.8 25.0 43 45 

42 ± 3 2.0 3.2 3.1 11.0 29.8 32.0 55 - 
4.2 3.4 3.5 11.0 29.8 37.0 65 - 
6.0 3.5 3.6 12.0 29.8 40.0 72 - 

EspG3mtb 

1.1 2.5 2.6 9.0 31.6 23.0 41 41 

34 ± 3 2.0 2.8 3.0 10.0 31.6 30.0 47 - 
4.0 3.2 3.1 10.0 31.6 32.0 56 - 
6.1 3.5 3.5 12.0 31.6 39.0 68 - 

EspG3mma 

1.1 2.3 2.5 8.0 32.0 20.0 39 34 

23 ± 2 2.1 2.3 2.4 8.0 32.0 22.0 35 35 
4.0 2.3 2.4 8.0 32.0 21.0 40 38 
6.0 2.3 2.3 8.0 32.0 22.0 44 36 

EspG3msm 

0.8 2.5 2.6 8.6 31.6 20.5 39 48 

36 ± 3 1.8 2.5 2.5 8.8 31.6 21.4 32 41 
3.9 2.6 2.6 9.3 31.6 22.1 39 44 
6.2 2.8 2.7 9.7 31.6 24.0 39 47 

EspG3msm 

Se-Met 

0.9 2.5 2.5 9.2 31.6 22.5 38 - 
39 ± 3 2.1 2.5 2.6 9.2 31.6 22.5 38 - 

3.8 2.6 2.6 9.2 31.6 24.3 40 43 

EspG5mtu 

0.9 2.3 2.5 8.0 32.4 23.0 41 47 

25± 2 1.7 2.4 2.4 8.0 32.4 22.0 42 - 
4.1 2.4 2.5 8.0 32.4 21.0 43 - 
6.7 2.4 2.4 8.0 32.4 22.0 41 - 

PE25–
PPE41–
EspG5mtu 
complex 

0.5 3.95 3.99 13.0 65.0 76.0 46 76 37 ± 3 

PE5–
PPE4–

EspG3mtu 
complex 

1.22 3.98 4.197 14.2 95.0 83.0 52 83 38 ± 3 



Chapter 3 

97 

The OLIGOMER analysis showed that EspG1mma is predominantly a monomer at low protein 

concentrations, while the fraction of dimeric protein increases up to 50% at the highest 

concentration measured. However, the goodness-of-fit (χ2) of the theoretical scattering based 

on linear combinations of theoretical monomer/dimer scattering profiles to the experimental 

SAXS data varied significantly between the two dimer models (Tables 4a and 4b). The SAXS 

data could not be interpreted successfully using the β8-mediated dimeric arrangement 

(Table 4a). Additional evidence that the β8-mediated dimer is a non-physiological 

crystallographic dimer is the substantial structural clashes observed when the β8-mediated 

EspG1 dimer is superimposed onto the EspG5mtu structure derived from the heterotrimeric 

PE25–PPE41–EspG5mtu crystal structure (Fig. 3). The wing-shaped dimer conformation based 

on the EspG3msm (PDB ID 4L4W) crystal structure yields much better fits (Table 4b) to the 

measured scattering data, which strongly indicates that EspG1 dimers adopt the wing-shaped 

conformation in solution.  

Table 4a. Oligomer analysis using the crystallographic monomer and dimer structures of 
EspG1mma.  

Sample Concentration 
(mg ml-1) Monomeric fraction Dimeric 

fraction 
Goodness-of-the-

Fit, chi2 

EspG1mma 

1.0 0.94 0.06 0.80 
2.0 0.74 0.26 0.93 
4.2 0.58 0.42 1.44 
6.0 0.50 0.50 1.90 

 
Table 4b. Oligomer analysis using EspG1mma dimer structure based on template 4W4L 
EspG3msm 

The program OLIGOMER was also used to fit a set of theoretical scattering profiles of 

monomeric and dimeric EspG3 models to the experimental EspG3mtu SAXS data. A dimer 

model was constructed based on the wing-shaped dimer structure of EspG3msm (PDB ID 

4L4W). All fits at different concentrations provided good χ2 values indicating that our 

wing-shaped dimer EspG3mtu model based on the EspG3msm structure is appropriate. Analysis 

of the volume distributions of the oligomeric states showed that even at the lowest 

Sample 
Concentration 

(mg ml-1) Monomeric fraction 
Dimeric 
fraction 

Goodness-of-the-
Fit, chi2 

EspG1mma 

1.0 0.93 0.07 0.79 
2.0 0.72 0.28 0.86 
4.2 0.54 0.46 1.01 
6.0 0.43 0.57 1.27 
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concentration (1.1 mg/mL), 46% of the protein was in dimeric form. The dimeric protein 

fraction increased to 100% at the highest measured concentration (6.1 mg/mL) (Table 4c).  

Table 4c. Oligomer analysis of EspG3mtu. 

Sample Concentration 
(mg ml-1) Monomer fraction Dimer fraction Goodness-of-the-

Fit, chi2 

EspG3mtu 

1.1 0.537 0.462  0.89 
2.0 0.364 0.636 0.90 
4.0 0.113 0.887 0.95 
6.1 0.0  0.999 0.89 

Likewise, the volume fractions of the oligomeric states were calculated for EspG3mma. Again 

the dimeric experimental structure of EspG3msm (PDB ID 4L4W) was used as the template to 

model the dimeric form of EspG3mma. EspG3mma showed a similar oligomerization pattern as 

EspG3mtu. The volume fraction of the dimeric form of the protein is above 46% even at the 

lowest protein concentration (Table 4d).  

Table 4d. Oligomer analysis of EspG3mma.  

Sample Concentration 
(mg ml-1) 

Monomer 
fraction Dimer fraction Goodness-of-the-Fit, 

chi2 

EspG3mma 

1.1 0.531 0.468 0.82 
2.1 0.195 0.805 0.88 
4.0 0.000 1.000 1.05 
6.0 0.00 1.000  1.69 

We measured the SAXS profiles of two different EspG3msm protein preparations, native and 

selenomethionine (SeMet) incorporated forms. Interestingly, the two proteins showed distinct 

oligomerization behaviors. The native EspG3msm sample had a significant fraction of the 

dimeric form present already at the lowest measured concentration and the fraction stayed 

stable as the protein concentration increased. (Table 4e) On the contrary, the SeMet-labeled 

form remained monomeric over the whole concentration range.  

Table 4e. Oligomer analysis of EspG3msm_native 

The CRYSOL fit of the monomeric structure (PDB ID 4L4W) to the scattering data from the 

SeMet-labeled construct provided a χ2 value of 0.93. This enabled us to use the SAXS data 

from the SeMet-labeled protein for ab initio modeling, which requires a monodisperse 

Sample Concentration 
(mg ml-1) Monomer fraction Dimer fraction Goodness-of-

the-Fit, chi2 

EspG3msm 

0.78 0.589 0.410 0.90 
1.75 0.654 0.346 1.32 
3.94 0.575 0.425 1.35 
6.24 0.449 0.550 2.03 
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sample (Fig. 5). The SAXS-based ab initio model calculated with DAMMIF and the 

monomeric structure of SeMet-labeled EspG3msm (PDB ID 4L4W) are in a good agreement 

(normalized spatial discrepancy (NSD) = 1.1). 

The SAXS profiles of the native form of EspG5mtu, the only member of the EspG5 family that 

was analyzed, do not show any concentration dependence over the measured range (0.9 to 6.7 

mg/mL) (Supplementary Fig. S9 & Table 3). The constant molecular mass estimates suggest 

that EspG5mtu is monomeric in solution. We used the program CRYSOL to fit the theoretical 

scattering profile based on the crystal structure of the EspG5mtu monomer from the 

PE25-PPE41-EspG5mtu structure (PDB ID 4KXR) to the experimental SAXS data. The fit of 

the crystallographic structure yielded a χ2 value of 1.2 showing a severe misfit in the range of 

momentum transfer of about 2.0 nm-1 (F ig. 6a). 

Figure 5. Structural alignment of the DAMMIF ab initio model (turquoise surface) and the monomeric 
crystallographic structure of SeMet-EspG3msm (PDB ID 4L4W) (green cartoon) (NSD = 1.1). 
 

Figure 6. Solution structure of EspG5mtu. (a) CRYSOL fit of the EspG5mtu crystal structure (PDB ID 
4KXR, chain C) to the SAXS data (goodness-of-fit χ2 = 1.2) with an apparent misfit around s = 1.8 –
2.0 nm-1 (above). The EOM fit with added 24 N-terminal amino acid residues that are missing from 
the crystallographic structure and by allowing loop flexibility shows an improved fit (χ2 = 1.0). (b) 
The β2–β3 loop of EspG5mtu (Gly92–Asn114) folds closely on the protein core of EspG5mtu in the SAXS-
refined solution structures (based on PDB ID 4KXR, chain C, cyan cartoon presentation). The flexible 
loop regions and the amino acid residues missing from the crystallographic structure are modeled as 
dummy residues (pink spheres).  
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In order to evaluate whether flexibility of the EspG5mtu β2–β3 loop (Gly92-Asn114) might 

cause this discrepancy, we employed molecular dynamics (MD) simulations to assign flexible 

amino acid residues and ensemble optimization method (EOM) to fit the measured SAXS 

data (Fig. 7). The amino acid residue Root-Mean-Square-Fluctuations (RMSF) monitored 

during a 2 ns production indicated high flexibility of the β2–β3 loop region (Fig. 7). Thus, we 

introduced flexibility in the all the identified loop regions of EspG5 with the program EOM 

and also modeled the 24 amino acid residues that were missing from the crystallographic 

structure. The resulting model with a flexible β2–β3 loop provides an excellent fit with the 

experimental SAXS data (χ2 = 0.99) (Fig. 6b). In contrast to the original crystallographic 

structure in which the β2–β3 loop interacts with the PE–PPE heterodimer in an extended 

conformation, the EOM structures of EspG5mtu in solution have more compact forms. More 

specifically, the β2–β3 loop of monomeric EspG5mtu folds closely onto the protein core in the 

SAXS-refined solution structures (Fig. 6b). In addition, the monodisperse EspG5mtu SAXS 

data were employed for ab initio modeling using DAMMIF (Supplementary Fig. S8). The 

structural alignment yielded a NSD value of 0.93 indicating excellent agreement.  

Taken together, these data show clear differences in the oligomerization trends of each EspG 

ortholog from different ESX systems, indicating that this could be another level of system 

specificity involved in the secretion of PE–PPE proteins via ESX systems. 

Figure 7. The amino acid residue root-mean-square-fluctuation (RMSF) of EspG5mtu (starting 
structure PDB ID 4KXR, chain C) during a MD simulation run. The secondary structure assignment 
of the crystallographic structure is shown above the RMSF plot for reference.  
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PE5–PPE4–EspG3 trimer structure in an extended conformation  

To further analyze substrate recognition by different EspG proteins, we measured solution 

scattering of PE5–PPE4–EspG3 and PE25–PPE41–EspG5 complexes from M. tuberculosis. 

Model-free parameters derived from the SAXS data indicate that PE5–PPE4–EspG3mtu has a 

more extended open overall conformation (Dmax =14.5 nm / Rg = 4.25 nm) than the 

crystallographic structure of the PE25–PPE41–EspG5mtu complex (Dmax = 13.0 nm / Rg = 3.93 

nm) (Fig. 8). 

Figure 8. Comparison of PE–PPE–EspG trimer structures. (a) The crystallographic structure of 
EspG5mtu (PDB ID 4KXR, green) in complex with PE25–PPE41 (light blue) (b) The SAXS-derived 
rigid body model of EspG3mtu (pink) in complex with a homology model of PE5–PPE4 (light blue). (c) 
Superposition of EspG5mtu and EspG3msm in complex with a model of PE5/PPE41-178 (d) the interface 
between EspG3mtu and PPE41-178. Contact residues in the interface are colored in red (EspG3mtu) and in 
blue (PPE4). The residues in PPE4 predicted to interact with the central β-sheet of EspG3mtu are part 
of the loop between helices α4 and α5 (Ala125–lIe134) (shown in blue). 
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Ab initio modeling in P1 symmetry using SAXS data provided independent information 

about the overall shapes. The EspG3mtu complex reveals a more open structure than EspG5mtu 

complex, which is consistent with the model-free parameters. In addition, the overall shape of 

the EspG5mtu complex ab initio structure is in agreement with the crystallographic structure 

showing a compact structure (PDB ID 4KXR; NSD = 1.7). Also, the theoretical scattering of 

the crystallographic structure of the PE25–PPE41–EspG5mtu complex fits the measured SAXS 

data very well (χ2 = 0.95) (Fig. 9). This indicates that, in solution, the EspG5mtu β2–β3 loop is 

in the extended conformation seen in the crystal structure of the PE25–PPE41–EspG5mtu 

heterotrimer. Thus, the SAXS data for EspG5mtu alone and in complex with PE25–PPE41 

indicates that the β2–β3 loop undergoes a significant conformational change upon binding.  

In order to produce an atomic rigid body model of the PE5–PPE4–EspG3mtu complex, 300 

decoy structures were generated using a molecular docking approach [35] and the 

crystallographic EspG3mtu (PDB ID 4W4I, [27]) structure together with homology models of 

a complex of full length PE5 and the N-terminal domain of PPE4 (residues 1-178) from 

M. tuberculosis generated with SWISS-MODEL [36]. The decoy structures were then ranked 

by the goodness-of-the-fit values of their theoretical scattering compared to the experimental 

scattering data. Fourteen complex structures were selected for further analysis on the basis of 

their chi2–values (χ2 < 1.7). In addition, all structures had acceptable fits according to 

p-values provided by the correlation map approach [37]. A representative model with the 

lowest χ2–value was selected for the comparison with the PE25–PPE41–EspG5mtu complex 

(Figs. 8 and 10). 

Figure 9. Fit of the SAXS ab initio model (green surface) and the rigid-body model of EspG3mtu in 
complex with a homology model of PE5–PPE41-178 (turquoise cartoon).  
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Comparison of the crystallographic structure of PE25–PPE41–EspG5mtu (PDB ID 4KXR, 

[26]) and the SAXS-based rigid-body model of PE5–PPE4–EspG3mtu shows similarities in the 

binding interfaces of the two complexes, but also significant differences related to the overall 

binding orientation (Fig. 8). The interface between EspG3mtu and the PE5–PPE4 heterodimer 

was found to be mostly hydrophobic comprised of 28 amino acid residues from EspG3 and 19 

from PE4. Analogous to the PE25–PPE41–EspG5mtu complex, the loop between helices α4 

and α5 of PPE4 (Ala125-lIe134) interacts with the central β-sheet of EspG3. The structure 

suggests a hydrogen bonding network between EspG3 and PPE4 formed by several 

hydrophobic, polar and charged amino acid residues (residues Trp27, Glu196, Glu211, Ser215 of 

EspG3mtu and residues Thr126, Phe128, Gly130, Asn132, Thr133, Ile134 of PE4 from 

M. tuberculosis). Based on the SAXS data and models, we suggest that the more open and 

flexible structure of PE5–PPE4–EspG3 is due to differences in the EspG β2–β3 loop region. 

The EspG5mtu β2–β3 loop is comprised of 25 amino acid residues (Gly92-Asn114) and its 

interaction with PE25–PPE41 forms an extended interface extending from the central β-sheet 

of EspG5mtu. However, the homologous loop region in EspG3mtu structure is significantly 

shorter (12 amino acid residues; Val87 to Leu98) thus an analogous interaction is missing in 

the PE5–PPE4–EspG3mtu rigid-body model. Given that ESX-5 is the major secretion system 

Figure 10. Fit of the PE25–PPE41–EspG5mtu complex structure (PDB ID 4KXR) to the experimental 
SAXS data (upper curve) and the fit of the EspG3mtu rigid-body model in complex with a homology 
model of PE5/PPE41-178 to the experimental SAXS data (lower curve). The goodness-of-fit values are 
Χ2 = 0.939 and 1.40, respectively.  
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for export of PE/PPE proteins, the length and flexibility of the EspG5mtu β2–β3 loop could be 

an important structural feature allowing EspG5mtu to interact specifically with many different 

PE–PPE heterodimers.  

Conclusions 

Transport of multiple proteins across the mycobacterial cell envelope is facilitated by the 

ESX system and cytoplasmic EspG chaperones. However, the precise recognition mechanism 

of the cognate substrates by ESX system-specific chaperones is not yet fully understood. In 

this work we present structural analyses of EspG1, EspG3 and EspG5 and their complexes 

with PE–PPE secretion substrates using a combination of experimental and in silico methods. 

The solution scattering data together with novel X-ray crystallographic structures allows us to 

hypothesize about the substrate specificity of EspG chaperones and provides insight into 

chaperone-substrate binding mechanisms. This study demonstrates that the β2–β3 loop of 

EspG plays an important role in PE–PPE binding and is a major differentiation factor 

between the EspG chaperones of orthologous ESX secretion systems.  Our results also 

suggest that EspG dimerization may play a role in substrate recognition. 

Materials and methods 

Cloning, expression and purification of M. kansasii EspG1 

The DNA sequence corresponding to the full-length EspG1mka was PCR amplified using 

primers G1mka_F1Nde, 5’-GATACATATGACCGGTCCGCTCGCTAC and 

G1mka_R283Hind, 5’-CTCAAGCTTAGCCTCGGGCGGAGGCTTG, and genomic DNA of 

M. kansasii ATCC 12478. The PCR product was digested with NdeI/HindIII and ligated into 

the corresponding sites of a modified pET-28b vector to create an N-terminal His6-tag with a 

tobacco etch virus (TEV) cleavage site. In efforts to optimize initial crystals, the Cys114Ala 

and Cys170Ala mutations were introduced using the QuikChange protocol (Stratagene). A 

truncated DNA fragment corresponding to residues 17-271 was PCR amplified using primers 

G1mka_F17Nco, 5’-GATTCCATGGTCGGCGTCGAGGTCACC and G1mka_R271Hind, 

5’-CTCAAGCTTCAATCTAACCAGGAGCCCGC and cloned into a pET-based vector 

containing an N-terminal His6-tag followed by a TEV cleavage site and T4L sequence 

(residues 2-162). The T4L sequence corresponds to a cysteine-less variant with Cys54Thr 

and Cys97Ala mutations [38, 39]. T4L-EspG1mka was expressed in E. coli Rosetta2(DE3) 

cells in LB supplemented with 50 µg mL-1 kanamycin and 34 µg mL-1 chloramphenicol. 
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Cells were grown at 37ºC and expression was induced with 0.5 mM IPTG at A600 of 0.6. Cells 

were harvested by centrifugation after 3 h, resuspended in lysis buffer (20 mM Tris-HCl pH 

8.5, 300 mM NaCl, 10 mM imidazole) and lysed using an EmulsiFlex C5 homogenizer 

(Avestin). EspG3msm was purified via Ni-NTA metal affinity chromatography. The His6-tag 

was cleaved using TEV protease followed by a second Ni-NTA purification step to remove 

uncleaved T4L-EspG1mka and His6-tagged TEV protease. Size-exclusion chromatography was 

performed using a Superdex 200 column (GE Biosciences) equilibrated in buffer containing 

20 mM HEPES pH 7.5, 300 mM NaCl.  

Crystallization and structure solution of T4L-EspG1mka 

Crystals of T4L-EspG1mka were obtained by the hanging drop vapor diffusion method using 

crystallization solution containing 0.1 M Bicine pH 9.0, 1.0 M LiCl, 10% PEG6000. The 

crystals were cryoprotected in crystallization solution supplemented with 20% glycerol and 

flash cooled in liquid nitrogen before data collection. Data were collected at the SER-CAT 

beamline 22-ID at the Advanced Photon Source, Argonne National Laboratory. Data were 

processed and scaled using XDS and XSCALE [40]. The T4L-EspG1mka structure was solved 

by molecular replacement using Phaser [41], with the T4L structure (PDB 4GBR) [42] and 

poly-Ala EspG3msm (PDB ID 4L4W) structure as search models. Two copies of T4L-

EspG1mka were located in the asymmetric unit. Density modification was performed using 

Parrot [43], and the molecular replacement model was re-built using Buccaneer [44, 45], 

ARP/wARP [46] and manual building in Coot [47]. The iterative rounds of refinement and re-

building were performed using phenix.refine [48] and Coot. Non-crystallographic symmetry 

(NCS) restraints were applied throughout the refinement. Statistics for data collection, 

refinement, and model quality are listed in Table 1. 

Cloning, expression, and purification of M. marinum EspG3  

The gene (MMAR_0548) encoding EspG3mma was PCR-amplified from M. marinum M 

genomic DNA with Phusion DNA polymerase (New England Biolabs) using gene specific 

primers (MMAR_0548.For, 5’-

AACCTGTATTTCCAGAGTATGGAGTCAATGCCCAACG and  MMAR_0548.Rev, 5’-

ttcgggctttgttagcagttaGGAGGGTTGACTCGAGAAATCT) and was cloned into a modified 

pET28 vector, pMAPLe4 [49], using the Gibson ISO assembly procedure [50]. The DNA 

sequence of the construct was verified by DNA sequencing (Genewiz). EspG3mma was 
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expressed from pMAPLe4 as a maltose binding protein (MBP) fusion which was cleaved in 

vivo from MBP via a tobacco vein mottling virus (TVMV) protease cleavage site situated 

between the two moieties; a His6 affinity tag and a tobacco etch virus (TEV) protease 

cleavage site is encoded in the linker between the TVMV protease cleavage site and the N-

terminus of the target protein. EspG3mma was expressed in E. coli BL21-Gold (DE3) (Agilent 

Technologies) using Terrific broth media and protein expression was induced with 1 mM 

IPTG at 18°C overnight. Harvested cells were resuspended in lysis buffer (20 mM Tris, pH 

8.0, 300 mM NaCl, 10% glycerol, 10 mM imidazole) supplemented with β-mercaptoethanol 

(2 mM), DNase I, lysozyme, and Complete protease inhibitor cocktail (Roche) and lysed by 

sonication. The lysate was centrifuged (39,000 g, 30 minutes, 4°C) and EspG3mma was 

purified from the clarified supernatant using Ni-NTA resin (Thermo Fisher Scientific) 

equilibrated in lysis buffer. The bound protein was eluted with lysis buffer containing 300 

mM imidazole and further purified by size exclusion chromatography (SEC) using a HiLoad 

16/60 Superdex 75 column (GE Healthcare) equilibrated with 20 mM Tris, pH 8.0, 300 mM 

NaCl, 10% glycerol. EspG3mma eluted from the column in a single symmetrical peak which 

was concentrated to 21.5 mg mL-1 for crystallization screening. 

Crystallization and structure determination of EspG3mma 

Small crystals of EspG3mma were grown using the hanging drop vapor-diffusion method by 

mixing 1 µL of protein with 0.5 µL of reservoir solution (1.4 M ammonium sulfate, 200 mM 

lithium sulfate, 60 mM CAPS, pH 10.5). These small crystals were used to streak seed other 

drops that had been equilibrated for a week but showed no signs of crystal growth. Large 

crystals were found in seeded drops with a reservoir solution containing 1.45 M ammonium 

sulfate, 200 mM lithium sulfate, 70 mM CAPS, pH 10.5 after 5 weeks. For phase 

determination and cryoprotection crystals were soaked for 30 minutes at room temperature in 

a solution containing approximately 4 mM platinum potassium thiocyanate, 1.17 M 

ammonium sulfate, 160 mM lithium sulfate, 56 mM CAPS pH 10.5, and 15.5% glycerol. 

Diffraction data were collected at the Advanced Photon Source at Argonne National 

Laboratory on beamline 24-ID-C. The data were processed with XDS [40], and the structure 

was solved by single wavelength anomalous dispersion using HKL2MAP [51], in the SHELX 

suite of programs [52], which determined the position of seven platinum atoms in the 

K2Pt(SCN)6–soaked crystal. An initial model was built using SHELXE [53] which was 
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improved through iterative rounds of manual model building using Coot [47] interspersed 

with refinement using REFMAC5 [54].  

Cloning, expression and purification of M. smegmatis EspG3 

The gene msmeg_0622 encoding EspG3msm was PCR amplified from genomic DNA of M. 

smegmatis mc2155 using primers MsmG3_F1Nde, 5’-

GAGACATATGGGGCCTAACGCTGTTG, and MsmG3_R293Hind, 5’-

CTCAAGCTTACTAGTCATGCTTTCTGGGTTCTTCTCTG. The PCR product was 

digested with NdeI/HindIII and ligated into the corresponding sites of a modified pET-28b 

vector to create TEV protease-cleavable N-terminal His6-tag fusion. The construct was 

verified by DNA sequencing (Eurofins Genomics). EspG3msm was expressed and purified 

using procedures similar to the T4L-EspG1mka fusion, except the final SEC step was 

performed in buffer containing 20 mM HEPES pH 7.5, 100 mM NaCl.  

Crystallization and structure solution of EspG3msm 

Crystals of EspG3msm in space group P3221 were obtained by hanging drop vapor diffusion 

method with crystallization solutions containing 0.1 M Tris-HCl pH 7.0, 0.2 M Mg acetate, 

1.8 M NaCl (SeMet substituted EspG3msm) and 0.1 M HEPES pH 7.4, 1.0 M LiCl, 10% 

PEG6000 (native EspG3msm). Crystals were transferred to crystallization solutions 

supplemented with 20-25% glycerol and flash-cooled in liquid nitrogen prior to data 

collection. Data for native and SeMet substituted EspG3msm crystals were collected at the 

SER-CAT beamline 22-ID at the Advanced Photon Source, Argonne National Laboratory. 

Data were processed and scaled using XDS and XSCALE [40]. The EspG3msm structure was 

solved by SeMet-SAD. The initial selenium positions were found with SHELXD [52] using 

HKL2MAP interface [51]. Phasing, density modification and initial model building was 

performed using autoSHARP [55]. A partial model was refined against a native dataset and 

rebuilt using REFMAC5 [54], ARP/wARP [46] and AutoBuild within PHENIX [56]. The 

model was completed by iterative rounds of refinement and rebuilding using phenix.refine 

[48] and Coot [47].  

Crystals of SeMet substituted EspG3msm in space group C2221 were grown using 

crystallization solution containing 0.1 M Tris-HCl pH 8.5, 1.0 M LiCl, 20% PEG6000. 

Crystals were transferred into crystallization solution supplemented with 20% glycerol and 

flash cooled in liquid nitrogen. The structure was solved by molecular replacement using 
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Phaser [41] with EspG3msm (PDB ID 5SXL) structure as a search model. Two EspG3msm 

molecules were located in the asymmetric unit. Following density modification using Parrot 

[43], the molecular replacement model was rebuilt using Buccaneer [44, 45]. The model was 

further improved using Coot, ARP/wARP and AutoBuild within PHENIX. The final model 

was refined using phenix.refine.  

Crystals of EspG3msm in space group P43212 were grown using crystallization solution 

containing 0.1 M Na cacodylate pH 6.0, 15% PEG200, 5% PEG3350. The crystals were 

cryoprotected in solution containing 0.1 M Na cacodylate pH 6.0, 35% PEG200, 5% 

PEG3350 and flash cooled in liquid nitrogen. Molecular replacement using Phaser and 

EspG3msm (PDB ID 4L4W) structure as a search model located 2 molecules in the asymmetric 

unit. The model was refined using REFMAC5 and rebuilt using AutoBuild within PHENIX. 

The iterative rounds of refinement and rebuilding were performed using phenix.refine and 

Coot. NCS restraints were applied in early rounds of refinement and were later omitted as the 

model quality improved. The last several rounds of refinement were performed using 4 

translation/libration/screw (TLS) groups, identified by the TLSMD server [57, 58], per 

protein chain.  

Sample preparation for SAXS measurements 

The gene MMAR_5441 encoding EspG1mma was PCR amplified from genomic DNA of 

M. marinum E11 using primers DF018, 

5’ATATATAGATCTACCGGTCCGCTCGCTACCGG’, and DF019, 5’-

ATATATATGCGGCCGCTTAACCTCGGGCGGTGGCGTCG’. The PCR product was 

digested with BglII/NotI. The gene MMAR_0548 encoding EspG3mma was PCR amplified 

from genomic DNA of M. marinum E11 using primers DF020, 5’ 

ATATATACCGGTGGAATGGAGTCAATGCCCAACGC’, and DF021, 5’- 

ATATATATGCGGCCGCTTAGGAGGGTTGACTCGAGAA’. The PCR product was 

digested with AgeI/NotI. Clones containing genes Rv0289 and Rv1794 encoding EspG3mtu 

and EspG5mtu were further digested with BglII/NotI and AgeI/NotI. Digested fragments were 

ligated into the corresponding sites of pETM11-SUMO3 to create SENP-2 protease-cleavable 

N-terminal His6-SUMO3-tag fusions. 

His6-SUMO3-EspG1mma, His6-SUMO3-EspG3mma, His6-SUMO3-EspG3mtu and His6-SUMO3-

EspG5mtu proteins for SAXS measurements were purified as follows: cells were resuspended 
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in lysis buffer 20 mM HEPES pH 7.5, 150 mM NaCl, 10 mM imidazole, 0.25 mM tris(2-

carboxyethyl)phosphine (TCEP), 10% (w/v) glycerol (pH 7.5) containing 1/100 protease 

inhibitor mix HP (Serva), DNAse I (10 µg/ml) and disrupted by lysozyme treatment followed 

by sonication. The protein was purified via Ni-NTA (Qiagen) affinity chromatography. His6-

SUMO3-tag was cleaved by SenP2 protease and further purified using a Phenyl Sepharose HP 

column (GE Biosciences), followed by SEC using a Superdex 200 16/60 column (GE 

Biosciences) pre-equilibrated with 20 mM HEPES pH 7.5, 150 mM NaCl, 0.25 mM TCEP, 

10% (w/v) glycerol. 

The purification procedure for the PE25-PPE41-His6-EspG5mtu complex was the same as for 

the His6-SUMO3-EspG proteins described above with the exception that the cleavage of the 

His6 tag was performed by addition of TEV protease. For final aggregated protein removal, 

the complex was concentrated and injected into a Superdex 200 16/60 size-exclusion 

chromatography column (GE Biosciences) pre-equilibrated with 20 mM HEPES pH 7.5, 150 

mM NaCl, 0.25 mM TCEP, 10% (w/v) glycerol. All samples used for SAXS experiments 

were concentrated to the appropriate protein concentrations ranging from ~1–7 mg/mL.  

SAXS measurements 

SAXS measurements were carried out at beamline P12 (EMBL/DESY, Hamburg) [59] at the 

PETRA-III storage ring using a Pilatus 2M detector (Dectris). Measurements for the purified 

proteins were made at several concentrations (Table 4). For each measurement twenty 50 ms 

exposure frames were collected and averaged using a sample volume of 30 µl at a 

temperature of 10°C. The SAXS camera was set to a sample-detector distance of 3.1 m, 

covering the momentum transfer range 0.008 Å-1 < s < 0.47 Å-1 (s = 4π sin(θ)/λ where 2θ is 

the scattering angle and λ=1.24 Å is the X-ray wavelength). Prior to and following each 

sample exposure, a buffer control was measured to allow for background subtraction.  

SAXS data analysis using model-free parameters 

Radius of gyration Rg and forward scattering intensity I(0), were independently determined 

using Guinier analysis [60] and the indirect Fourier transformation approach of the program 

GNOM [61]. Additionally, the maximum particle dimension Dmax was obtained from the 

latter approach. Molecular masses of protein constructs (MMSAXS) were calculated by 

comparing the extrapolated forward scattering intensities with that of a reference BSA sample 

(MMref = 66 kDa) together with concentration information. The excluded volume of the 
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hydrated protein Vp was obtained with DATPOROD [62] and used to extract an independent 

estimate of molecular mass (MMPOROD). For globular proteins, hydrated protein volumes in 

Å3 are approximately 1.7 times the molecular masses in Dalton.  

SAXS-based structural modeling 

Ab initio models were reconstructed from the scattering data using the simulated annealing 

based bead-modeling program DAMMIF [63]. Ten independent reconstructions were 

averaged to generate a representative model with the program DAMAVER [64]. In addition, 

the average DAMMIF ab initio model was used to calculate an excluded volume of the 

particle, VDAM, from which an additional independent MM estimate can be derived 

(empirically, MMDAM ~ VDAM/2). The resolutions of the model ensembles were estimated by a 

Fourier Shell correlation approach [65].  

Theoretical scattering profiles from available high-resolution crystallographic structural 

models were calculated using the program CRYSOL [66] and used to determine the fit of 

these models to the experimental scattering data. Given the atomic coordinates of a structural 

model, CRYSOL minimizes the discrepancy between the experimental and theoretical 

scattering intensities by adjusting the excluded volume of the particle and the contrast of the 

hydration layer. Rigid-body modeling was performed using the ZDOCK docking approach 

[35] to generate decoy structures and complexes were ranked based on their fit to the 

experimental scattering data.  

The scattering profile from a molecular mixture can be deconvoluted into a linear 

combination of individual contributions Ii(s) from the different species. If the structures of the 

components are known or their individual scattering profiles can be measured, the volume 

fractions of the species that fit the SAXS data can be determined by the program OLIGOMER 

utilizing nonnegative least-squares fitting [67]. Dimeric structures of EspG3 from 

M. tuberculosis and M. marinum were generated from their monomeric crystallographic 

structures (PDB IDs 4W4I and 5DBL, respectively) using the M. smegmatis EspG3 dimer 

structure (PDB ID 4L4W) as an interaction template. We also used the program OLIGOMER 

[67] for fitting of experimental scattering profiles of EspG3mtu and EspG3mma by weighted 

combinations of theoretical form factors from the monomeric crystallographic structures and 

dimeric models. In the case of EspG3msm, theoretical form factors based on the dimeric and 

monomeric crystallographic structures (PDB ID 4L4W) were used as inputs for OLIGOMER. 
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For EspG1mma, two different dimeric structures were tested: the first dimer structure is based 

on the structure of the EspG1mka dimer (PDB ID 5VBA) while the second model for a 

EspG1mma dimer was constructed using the EspG3msm dimer structure (PDB ID 4L4W) as a 

template. 

Flexibility analyses of protein structures in solution were conducted using their 

crystallographic structures as starting points for the ensemble optimization method (EOM). 

This approach seeks to best fit the experimental scattering profile with an ensemble of 

conformations [68, 69]. Possible conformations of loop regions were modeled with the 

program RANCH producing 10,000 random configurations, while the rest of the protein was 

kept fixed. A genetic algorithm was employed to find the set of conformations best fitting the 

SAXS data. The structures selected from the random pool of structures were analyzed with 

respect to the Rg distribution.  

Molecular dynamics simulations 

The program NAMD was employed with CHARMM27 force field for description of the 

protein and the TIP3P solvent model for water. Constant particle number, constant pressure 

and constant temperature (NpT) ensembles were assumed [70-72]. Langevin dynamics were 

used to maintain constant temperature. Pressure was controlled using a hybrid Nose-Hoover 

Langevin piston method. An in-house computational pipeline for high-throughput MD 

simulations and the visualization program VMD were used to prepare input files and to 

analyze the simulation trajectories [73]. 

Accession numbers 

The structure factors and atomic coordinates have been deposited in the Protein Data Bank 

under accession codes 5VBA (T4L-EspG1mka), 5DLB (EspG3mma), 4L4W, 4RCL and 5SXL 

(EspG3msm).  
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Figure S1. Sequence alignment of EspG1 from M. tuberculosis (EspG1mtu) and M. kansasii 
(EspG1mka). Secondary structure elements corresponding to the EspG1mka structure are shown above 
the alignment. Vertical blue arrows indicate the beginning and the end of the truncated construct used 
for crystallization. Blue stars indicate the positions of cysteine to alanine mutations in the 
crystallization construct. The residues corresponding to β6 strand (grey arrow) do not satisfy strict 
criteria for a β-strand [76]. Residues corresponding to the α6 helix display poor electron density and 
were not modeled (dashed line).  
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Figure S2. (a) Structural superposition of the two copies of EspG1mka in the asymmetric unit. The 
orientation is the same as in Fig. 1b. (b) Two copies of EspG1mka monomers are displayed in the same 
orientation as in (a) in tube representation. The tube thickness is proportional to B factors with thinner 
tubes corresponding to lower B factors and thicker tubes corresponding to higher B factors. The 
rainbow colors are from lower B factors (blue) to higher B factors (red).  
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Figure S3. The N- and C-terminal subdomains of EspG1 are related by quasi two-fold symmetry. (a) 
A stereoview of EspG1mka in ribbon representation with the N-terminal subdomain colored in blue and 
the C-terminal subdomain colored in orange. (b) Stereo view of the structural superposition of two 
subdomains of EspG1mka. The orientation of the C-terminal subdomain is similar to panel (a).  
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Figure S4. Comparison of EspG3 crystal structures. (a) Structural superposition of EspG3mma 
(aquamarine) and EspG3msm (PDB ID 4L4W) (green). (b) Structural superposition of EspG3mma with 
all EspG3 structures that display closed conformation of the C-terminal α-helical bundle. EspG3msm 
(PDB ID 4L4W), EspG3msm (PDB ID 4RCL) (this work), and EspG3mtu, EspG3msm (PDB ID 4W4J) 
[27] are shown as Cα atom traces. (c) Structural superposition of EspG3mma and EspG3msm (PDB ID 
5SXL) (dark green).  
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Figure S5. Comparison of EspG3 with EspG5. Structural superpositions of (a) EspG3mma (aquamarine), 
(b) EspG3msm (PDB ID 4L4W, green), and (c) EspG3msm (PDB ID 5SXL, dark green) with EspG5mtu 
(PDB ID 4W4I [27], violet) from the PE25-PPE41-EspG5mtu trimer crystal structure (PDB ID 4KXR 
[3]). PPE41 (purple) is shown in semi-transparent ribbon representation; PE25 is not in contact with 
EspG5mtu and is omitted for clarity.  
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Figure S6. Comparison of common EspG3 dimers. (a) Comparison of the wing-shaped dimers with 
superimposed subunits on the left. EspG3msm (PDB ID 4L4W) is in green, EspG3msm (PDB ID 4RCL) 
is in violet, EspG3msm (PDB ID 4W4J) is in cyan. (b) Comparison of β8-mediated dimers with 
superimposed subunits at the bottom.  
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Figure S7. Quaternary arrangements of EspG proteins and their compatibility with PE/PPE binding. 
(a) The crystal structure of PE25-PPE41-EspG5mtu heterotrimer (PDB ID 4KXR [26]). (b) The face-to-
face dimeric arrangement of the EspG3msm (PDB ID 4RCL) structure would block the PE-PPE binding 
site found in the PE25-PPE41-EspG5mtu structure. (c) The wing-shaped dimer observed in the 
EspG3msm (PDB ID 4L4W) structure has two substrate binding sites homologous to that in the 
EspG5mtu structure allowing simultaneous binding of two PE-PPE heterodimers.  
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Figure S8. The DAMMIF ab initio model of EspG5mtu aligned with the EspG5mtu crystal structure from 
the heterotrimeric PE25-PPE41-EspG5mtu crystal structure (PDB ID 4KXR, chain C [26]) (NSD 0.93). 
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Table S1. Comparison of available EspG structures.  

 EspG
1mka 
5VB
A A 

EspG
1mka 
5VB
A B 

EspG3

mma 
5DLB 

EspG3

msm 
4L4W 
A 

EspG3

msm 
4L4W 
B 

EspG3

msm 
4RCL 
A 

EspG3

msm 
4RCL 
B 

EspG3

msm 
5SXL 

EspG3

msm 
4W4J 
A 

EspG3

msm 
4W4J 
B 

EspG
3mtu 
4W4I 

EspG
5mtu 
4KX
R 

EspG
5mtu 
4W4
L 

EspG
5mtu 
5XFS 

EspG1

mka 
5VB
A A 

 1.0 / 
231 / 
95 

2.4 / 
234 / 
28 

2.3 / 
232 / 
29 

2.7 / 
237 / 
28 

2.5 / 
233 / 
28 

2.6 / 
211 / 
29 

2.5 / 
237 / 
28 

2.4 / 
237 / 
28 

2.3 / 
237 / 
28 

2.5 / 
233 / 
28 

2.4 / 
224 / 
24 

2.6 / 
233 / 
25 

2.5 / 
219 / 
25 

EspG1

mka 
5VB
A B 

1.0 / 
231 / 
95 

 2.3 / 
228 / 
29 

2.3 / 
226 / 
30 

2.5 / 
230 / 
29 

2.6 / 
230 / 
29 

2.6 / 
208 / 
30 

2.5 / 
230 / 
30 

2.3 / 
230 / 
29 

2.3 / 
230 / 
29 

2.5 / 
229 / 
28 

2.4 / 
222 / 
24 

2.5 / 
228 / 
25 

2.5 / 
217 / 
24 

EspG3

mma 
5DLB 

2.4 / 
234 / 
28 

2.3 / 
228 / 
29 

 2.3 / 
258 / 
61 

2.6 / 
260 / 
60 

3.0 / 
253 / 
60 

2.8 / 
230 / 
61 

2.2 / 
260 / 
61 

2.3 / 
260 / 
60 

2.4 / 
260 / 
60 

2.5 / 
256 / 
84 

2.4 / 
238 / 
18 

3.1 / 
251 / 
19 

2.4 / 
234 / 
18 

EspG3

msm 
4L4W 
A 

2.3 / 
232 / 
29 

2.3 / 
226 / 
30 

2.3 / 
258 / 
61 

 1.4 / 
262 / 
100 

1.3 / 
252 / 
98 

1.1 / 
230 / 
99 

1.7 / 
260 / 
93 

1.3 / 
259 / 
100 

1.2 / 
258 / 
100 

1.4 / 
253 / 
62 

2.6 / 
239 / 
18 

3.0 / 
255 / 
18 

2.8 / 
239 / 
18 

EspG3

msm 
4L4W 
B 

2.7 / 
237 / 
28 

2.5 / 
230 / 
29 

2.6 / 
260 / 
60 

1.4 / 
262 / 
100 

 1.1 / 
257 / 
98 

1.0 / 
235 / 
99 

2.3 / 
266 / 
94 

1.6 / 
264 / 
100 

1.5 / 
263 / 
100 

1.6 / 
258 / 
61 

2.8 / 
245 / 
19 

3.1 / 
257 / 
18 

2.5 / 
241 / 
17 

EspG3

msm 
4RCL 
A 

2.5 / 
233 / 
28 

2.6 / 
230 / 
29 

3.0 / 
253 / 
60 

1.3 / 
252 / 
98 

1.1 / 
257 / 
98 

 0.7 / 
235 / 
100 

2.4 / 
256 / 
100 

1.5 / 
257 / 
98 

1.3 / 
256 / 
98 

1.3 / 
251 / 
61 

2.6 / 
244 / 
18 

2.7 / 
254 / 
19 

2.6 / 
240 / 
18 

EspG3

msm 
4RCL 
B 

2.6 / 
211 / 
29 

2.6 / 
208 / 
30 

2.8 / 
230 / 
61 

1.1 / 
230 / 
99 

1.0 / 
235 / 
99 

0.7 / 
235 / 
100 

 1.8 / 
230 / 
97 

1.5 / 
235 / 
99 

1.3 / 
234 / 
99 

1.3 / 
229 / 
63 

2.7 / 
227 / 
19 

2.5 / 
232 / 
17 

2.5 / 
228 / 
18 

EspG3

msm 
5SXL 

2.5 / 
237 / 
28 

2.5 / 
230 / 
30 

2.2 / 
260 / 
61 

1.7 / 
260 / 
93 

2.3 / 
266 / 
94 

2.4 / 
256 / 
100 

1.8 / 
230 / 
97 

 2.1 / 
264 / 
98 

2.1 / 
263 / 
98 

2.0 / 
258 / 
62 

2.5 / 
243 / 
19 

3.0 / 
255 / 
18 

2.7 / 
241 / 
17 

EspG3

msm 
4W4J 
A 

2.4 / 
237 / 
28 

2.3 / 
230 / 
29 

2.3 / 
260 / 
60 

1.3 / 
259 / 
100 

1.6 / 
264 / 
100 

1.5 / 
257 / 
98 

1.5 / 
235 / 
99 

2.1 / 
264 / 
98 

 0.5 / 
263 / 
100 

1.4 / 
258 / 
61 

2.6 / 
242 / 
18 

3.1 / 
256 / 
18 

2.5 / 
238 / 
18 

EspG3

msm 
4W4J 
B 

2.3 / 
237 / 
28 

2.3 / 
230 / 
29 

2.4 / 
260 / 
60 

1.2 / 
258 / 
100 

1.5 / 
263 / 
100 

1.3 / 
256 / 
98 

1.3 / 
234 / 
99 

2.1 / 
263 / 
98 

0.5 / 
263 / 
100 

 1.4 / 
258 / 
61 

2.5 / 
242 / 
18 

3.2 / 
255 / 
18 

2.5 / 
238 / 
18 

EspG3

mtu 
4W4I 

2.5 / 
233 / 
28 

2.5 / 
229 / 
28 

2.5 / 
256 / 
84 

1.4 / 
253 / 
62 

1.6 / 
258 / 
61 

1.3 / 
251 / 
61 

1.3 / 
229 / 
63 

2.0 / 
258 / 
62 

1.4 / 
258 / 
61 

1.4 / 
258 / 
61 

 2.8 / 
245 / 
21 

3.2 / 
257 / 
21 

2.8 / 
240 / 
21 

EspG5

mtu 
4KX
R 

2.4 / 
224 / 
24 

2.4 / 
222 / 
24 

2.4 / 
238 / 
18 

2.6 / 
239 / 
18 

2.8 / 
245 / 
19 

2.6 / 
244 / 
18 

2.7 / 
227 / 
19 

2.5 / 
243 / 
19 

2.6 / 
242 / 
18 

2.5 / 
242 / 
18 

2.8 / 
245 / 
21 

 0.4 / 
276 / 
100 

0.5 / 
271 / 
100 

EspG5

mtu 
4W4L 

2.6 / 
233 / 
25 

2.5 / 
228 / 
25 

3.1 / 
251 / 
19 

3.0 / 
255 / 
18 

3.1 / 
257 / 
18 

2.7 / 
254 / 
19 

2.5 / 
232 / 
17 

3.0 / 
255 / 
18 

3.1 / 
256 / 
18 

3.2 / 
255 / 
18 

3.2 / 
257 / 
21 

0.4 / 
276 / 
100 

 0.5 / 
275 / 
100 

EspG5

mtu 
5XFS 

2.5 / 
219 / 
25 

2.5 / 
217 / 
24 

2.4 / 
234 / 
18 

2.8 / 
239 / 
18 

2.5 / 
241 / 
17 

2.6 / 
240 / 
18 

2.5 / 
228 / 
18 

2.7 / 
241 / 
17 

2.5 / 
238 / 
18 

2.5 / 
238 / 
18 

2.8 / 
240 / 
21 

0.5 / 
271 / 
100 

0.5 / 
275 / 
100 

 

 
Results of pairwise structural superpositions are shown in the format: rmsd (Å) / number of 

superimposed Cα atoms / sequence identity (%) as reported by the Dali server [77]. 
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Abstract: Toxin-antitoxin (TA) systems allow bacteria to endure a variety of stress conditions 

through toxin-mediated inhibition of bacterial cell growth. Here, we show that the 

Mycobacterium tuberculosis Rv1989c-Rv1990c operon encodes a non-canonical TA system, 

named MbsT-MbsA, in which the MbsT toxin is strongly bactericidal when not neutralized by 

its antitoxin MbsA. The crystal structure of MbsT in complex with MbsA reveals distant 

structural similarity to bacterial ADP-ribosyltransferases. We demonstrate that MbsT 

unexpectedly converts NAD+ and inorganic phosphate into nicotinamide and ADP-ribose-1''-

phosphate, resulting in rapid mycobacterial cell death through depletion of NAD+. Induction 

of mbsT expression in M. tuberculosis during infection significantly reduces mycobacterial 

survival in human macrophages and in vivo in mice. This effect is further amplified when 

combined with isoniazid treatment. This work establishes NAD+ phosphorolysis as an 

unprecedented enzymatic activity and as a novel bactericidal mechanism, which could be 

exploited for the development of new medicines for tuberculosis. 

One Sentence Summary: A unique M. tuberculosis toxin-antitoxin system promotes bacterial 

cell death through depletion of NAD+ via an unprecedented NAD+-phosphorylase activity. 

Main text: Toxin-antitoxin (TA) systems are widespread in prokaryotes and play a central role 

in the response and adaptation of bacteria to various stress conditions, including starvation, 

phage attack or antibiotic treatment (1–3). TA systems encode a toxic protein, which targets an 

essential physiological process in the bacterial cell, as well as a toxin-neutralizing “antidote” 

or antitoxin. Under normal growth conditions, toxin activity is blocked by the presence of the 

antitoxin. Under unfavorable conditions, the antitoxin is rapidly degraded, which allows the 

toxin to become activated, thereby leading to growth arrest and, in some cases, cell death (1, 

4). Strikingly, TA systems are highly abundant in the tuberculosis (TB) bacillus, 

Mycobacterium tuberculosis (Mtb), in which they are thought to contribute to pathogenicity 

and persistence (5–8). Among the ~80 TA system-encoding operons identified in the Mtb 

genome (5), three antitoxin-encoding genes are essential, i.e. they cannot be genetically 

disrupted, as evidenced by saturating transposon mutagenesis studies (9). This suggests that 

the cognate toxins of these essential antitoxins are strongly poisonous to Mtb, which prompted 

us to investigate whether such systems could be exploited for the development of novel anti-

TB drugs. 

Here, we focused on the Mtb putative TA pair Rv1989c-Rv1990c (Fig. 1A), in which the 

predicted antitoxin-encoding gene (Rv1990c) is essential, while the cognate toxin-encoding 
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gene (Rv1989c) is dispensable for bacterial growth (9). We found this TA pair to be of 

particular interest because it is highly upregulated in Mtb persister cells (7), during growth in 

hypoxic conditions (10), under starvation (11), and within host macrophages (12). In addition, 

the protein encoded by Rv1989c does not bear homology to characterized proteins, which hints 

to an unconventional toxin mechanism. To evaluate whether Rv1989c-Rv1990c is a functional 

TA system, we first expressed the Rv1989c and Rv1990c genes under the control of different 

inducible promoters in Escherichia coli. Induction of Rv1989c resulted in growth inhibition on 

agar plates, unless Rv1990c was co-expressed together with Rv1989c (fig. S1). Hence, 

Rv1989c-Rv1990c is a bona fide TA system. However, expression of Rv1989c under the 

control of a tetracycline-inducible promoter on an integrative plasmid (13) did not impair the 

growth of wild-type (WT) Mtb (Fig. 1B). It is likely that sufficient antitoxin was generated 

from the chromosomal copy of Rv1990c to neutralize the relatively low amount of plasmid-

encoded toxin. To confirm this hypothesis, we constructed a mutant strain deleted of the 

Rv1989c-Rv1990c operon (Mtb∆TA). In agreement with the essentiality of Rv1990c in Mtb, we 

could not generate this mutant, unless an ectopic copy of Rv1990c was first introduced into the 

genome (fig. S2). After removal of the ectopic copy of Rv1990c from Mtb∆TA, induction of 

Rv1989c in Mtb∆TA completely abolished mycobacterial growth, both on agar medium and in 

liquid culture (Fig. 1C). We then evaluated the effect of Rv1989c expression on viability of the 

Mtb∆TA mutant. A drastic decrease in colony-forming units (CFUs) was observed after 

induction of Rv1989c, with a loss of more than 3-Log10 in bacterial viability over only four 

days, consistent with a bactericidal activity of the toxin (Fig. 1D). Taken together, these results 

show that Rv1989c-Rv1990c is a strongly bactericidal TA system in Mtb, reminiscent of so-

called “suicide” TA systems in other bacteria (14). Hence, we named the Rv1989c-Rv1990c 

system mycobacterial suicide toxin (MbsT) and antitoxin (MbsA). 

In order to elucidate the molecular basis of MbsT activity, we solved the high-resolution crystal 

structure of the MbsTA complex (Fig. 2A and table S1). The complex adopts a donut-like 

structure composed of three heterotetrameric MbsTA complexes ([MbsTA]2). The 

oligomerization state and overall shape of the heterododecameric complex were validated by 

light scattering and by small-angle X-ray scattering (SAXS) (fig. S3 and table S2). MbsA folds 

into a single structured domain consisting of eight α helices, while MbsT exhibits a β-sandwich 

fold formed by six β-strands arranged in two opposing antiparallel β-sheets that are flanked 

and connected by nine α helices (Fig. 2B). The main interactions in the MbsTA complex are 

between residues of the MbsA C-terminus and residues lining a deep central cleft in MbsT 
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(Fig. 2B). To validate our structural findings we designed a truncated MbsA version lacking 

the last ten C-terminal amino acids (∆104-113). As expected, this variant was not able to 

neutralize the toxic effect of MbsT in a Mtb∆TA background (fig. S4). The closest structural 

MbsT relatives are ADP-ribosyltransferases (ARTs), in particular bacterial ART toxins and 

poly (ADP-ribose) polymerases (PARPs) (15–17) (fig. S5). ARTs catalyze the transfer of an 

ADP-ribose group from an NAD+ donor molecule to a substrate (proteins, DNA or RNA) and 

release of nicotinamide. Bacterial ART toxins are classified into two major groups based on 

the conserved active site motifs that are distributed across three separate sequence regions. The 

Fig. 1. Rv1989c-Rv1990c is a bactericidal TA system in Mtb. (A) Schematic representation of the 
Rv1989c-Rv1990c genomic region and size of the encoded Rv1989c toxin (blue) and Rv1990c antitoxin 
(yellow) (aa, amino acids). (B, C) Induction of Rv1990c, Rv1989c or Rv1989c-Rv1990c by 
anhydrotetracycline (ATc) in WT Mtb (B) or Mtb∆TA (C) on agar plates (left panel) and in liquid cultures 
(right panel). Dotted lines/open symbols indicate bacteria cultivated in the absence of ATc, plain 
lines/closed symbols indicate bacteria cultivated in the presence of ATc added at day 0. (D) ATc-
induction of Rv1989c in Mtb∆TA results in mycobacterial cell killing, as measured by CFU scoring over 
time. In (B-D), data show mean ± SD of three independent biological replicates (N = 3). 
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diphtheria toxin (ARTD) group has a H-Y-E motif, also found in PARPs, while the cholera 

toxin (ARTC) group contains a R-S-E motif (15, 17) (Fig. 2C). The structural hallmark of 

ARTs is a central cleft bearing a conserved NAD+-binding pocket (17, 18). An NAD+-binding 

pocket is also present in NAD+ glycohydrolases (NADases), such as the bacterial exotoxins 

TNT (19), SPN (20) and Tse6 (21), but the structural homology of MbsT with NADases is less 

Fig. 2. Crystal structure of the MbsTA complex and homology of MbsT to ARTs and NADases. 
(A) The overall structure of the MbsTA heterododecamer consisting of three heterotetramers 
(3x[MbsTA]2) arranged around a threefold symmetry axis (as indicated by a black triangle). The dashed 
line box in the front view (left) represents one [MbsTA]2 heterotetramer formed by two MbsT (blue) and 
two MbsA (yellow) molecules as indicated in the side view (right). (B) Cartoon representation of the 
MbsTA complex. N- and C-termini and secondary structure elements are labeled (left panel). Zoom 
(right panel): interactions based on a distance < 3.8Å as calculated by the PISA server (28) are indicated 
by dotted lines. The orientation of the MbsTA complex was modified to optimize visualization of 
MbsT/MbsA interactions.  (C) Structure-based sequence alignment highlighting the conserved active 
site motifs found in three sequence regions of mono- and poly-ADP-ribosyltransferases (ARTs) and 
NAD+ glycohydrolases (NADases). Numbering of the residues refers to the following UniProt entries: 
MbsT [Y1989], diphtheria toxin (Dtox) [P00588], cholera toxin (Ctoxin) [P01555], human poly [ADP-
ribose] polymerase 1 (PARP1) [P09874], the C-terminal toxin domain (tuberculosis necrotizing NAD+

glycohydrolase toxin TNT) of the Mtb outer membrane channel protein CpnT [O05442], P. aeruginosa
NAD+ glycohydrolase Tse6 [Q9I739], and Streptococcus pyogenes NAD+ glycohydrolase SPN 
[D7S065]. (D) Structural comparison of the active site in MbsT, Dtox in complex with NAD+ [PDB ID: 
1TOX], PARP1 [PDB ID: 4DQY] and CpnT [PDB ID: 4QLP]. Conserved residues are colored 
according to their localization in the three distinct regions (cf. panel C).  
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clear (fig. S5). Structural superimposition with selected ARTs and NADases suggests that 

MbsT could consume NAD+ as well, and pinpoints R27, Y28 and Y58 as potential NAD+-binding 

residues (Fig. 2C-D). Yet, the acidic region-3 residue position, which is conserved as a 

glutamate in both ARTDs and ARTCs and thought to be critically involved in ART substrate 

recognition and specificity, is replaced by a glycine in MbsT (Fig. 2C). Residue mutations 

within the putative ART motif of MbsT (R27-Y28-Y58-G152) reduced (Y28A) or abolished 

(R27A, Y58A) MbsT toxicity upon expression in Mtb∆TA (fig. S6). Accordingly, non-toxic 

MbsT variants could be readily expressed in E. coli (fig. S6). Taken together, these data show 

that R27 and Y58 are crucial for the killing activity of MbsT in bacterial cells, while Y28 is 

involved but not essential. 

To identify substrates of MbsT and explore its NAD+-binding activity in vitro, we purified 

MbsT WT protein by dissociation of the weakly associated MbsT/MbsA∆112-113 complex 

produced in E. coli (fig. S7). In addition, we purified the active site MbsTR27E mutant from E. 

coli as a control (fig. S7).  Recombinant protein was then incubated with different fractions of 

bacterial cells in the presence of 32P-labeled NAD+ to probe for ART activity. We detected no 

incorporation of 32P-ADP-ribose in proteins fractions (fig. S8). In addition, MbsT did not 

modify nucleic acid substrates, as does the mycobacterial DNA-modifying TA toxin DarT (22). 

However, in addition to NAD+ degradation and ADP-ribose (Appr) production, we observed 

the appearance of an unknown reaction product in an enzyme concentration-dependent manner 

(Fig. 3A). This reaction product was not observed when using the MbsTR27E mutant or the 

MbsTA complex (figs. S9). Surprisingly, when the reaction buffer was supplemented with 

orthophosphate, the NAD+-turnover rate dramatically increased and led to rapid accumulation 

of nicotinamide and the hitherto unknown reaction product (Fig. 3B). The additional reaction 

product resulting from incubation of MbsT with NAD+ was identified as ADP-ribose-1”-

phosphate (Appr1p; [M-H]- m/z = 638.0301) by high resolution mass spectrometry and by 

nuclear magnetic resonance (Fig. 3C, Figs. S10 and S11). Thus, MbsT represents the first 

enzyme with NAD+ phosphorylase activity reported to date (Fig. 3D). A kinetic analysis of 

MbsT activity, based on NAD+ consumption at saturating orthophosphate conditions, yielded 

a Km of 110 ± 8 µM (Fig. 3E). The turnover number of MbsT for NAD+ phosphorolysis (kcat) 

was 167 ± 3 s-1 (fig. S12). In contrast, the MbsTR27E active site mutant did not show any 

detectable NAD+ turnover (Fig. 3F and fig. S6C). With a catalytic efficiency (kcat/Km) of 

1.5x106 M-1s-1, MbsT is one of the fastest NAD+-dependent  toxins characterized to date, faster 

than diphtheria toxin (23) and the mycobacterial NADase TNT (19). The high catalytic 
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efficiency of MbsT suggests that it has specifically evolved to carry out the phosphorolysis of 

NAD+. 

Fig. 3. Enzymatic activity of MbsT. (A) Autoradiograph of TLC plate showing MbsT-mediated 
depletion of 32P-NAD+ over time and simultaneous accumulation of 32P-ADP-ribose (Appr) and a 
secondary reaction product (white arrow). The dotted line indicates the position where samples were 
applied to the plate. (B) HPLC chromatograms of the reaction products of NAD+ (0.5 mM) with MbsT 
(1 mM) in the presence (orange) or absence (black) of sodium phosphate (30mM). The white arrow 
indicates the reaction product formed in addition to nicotinamide (cf. panel A). NAD+ and nicotinamide 
were identified by retention time comparisons with standards. The observed Appr is an impurity found 
in the commercial substrate. (C) 1H-31P HSQC (29) spectra of the reaction products of NAD+ (5 mM) 
with MbsT (10 mM) and, for reference, of pure Appr (5 mM). Phosphate atoms from the ADP-ribose 
moiety are colored green, while the phosphate atom derived from orthophosphate is highlighted in 
orange. (D) Proposed reaction mechanism of MbsT-mediated NAD+ phosphorolysis yielding ADP-
ribose-1”-phosphate (Appr1p) and nicotinamide. (E) Kinetics of NAD+ phosphorolysis by MbsT (50 
nM). Km and Vmax values were determined by nonlinear regression analysis with the Michaelis-Menten 
equation. (F) Comparison of initial velocity (V0) of NAD+ phosphorolysis of MbsT (50 nM) and 
MbsTR27E (50 nM) in the presence or absence of sodium phosphate (50 mM). The initial velocities were 
determined at a substrate concentration of 100 µM. For data in panel E-F, error bars represent ± SD of 
independent replicates (4 ≥ N ≥ 7).  
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To test whether MbsT exerts its toxic effect within the mycobacterial cell through NAD+ 

turnover, we measured the levels of NAD+ in Mtb∆TA expressing mbsT. Here, rapid depletion 

of cellular NAD+ was observed upon induction of mbsT (Fig. 4A). We also exploited the mbsT-

inducible system described above to evaluate MbsT toxicity in vivo. First, we show that, unlike 

TNT (19), expression of mbsT in WT Mtb had no deleterious effect on infected human 

monocyte-derived macrophages (hMDM; fig. S13). We then infected hMDM with Mtb∆TA 

strains transformed with a control vector or a plasmid carrying ATc-inducible mbsT.  Induction 

of mbsT expression two days after infection resulted in more than one-Log10 decrease in the 

Fig. 4. MbsT is bactericidal in vivo. (A) The relative intracellular NAD+ content of Mtb∆TA cells 
expressing mbsT, normalized to an empty vector control. NAD+ was extracted from 500 µl cells 48 h 
after induction with (+ ATc) or without (- ATc) ATc (200 ng ml-1). Error bars represent ± SD (N = 9). 
(B) ATc-induction of mbsT in Mtb∆TA results in mycobacterial killing inside human monocyte-derived 
macrophages. Cells were infected at a multiplicity of infection of 0.1 bacteria/cell with Mtb∆TA harboring 
a control (Ctrl in grey; pGMC-TetR-P1) or mbsT-inducible plasmid (blue; pGMC-TetR-P1-mbsT). After 
two days of infection, cells were incubated with ATc (closed symbols) or left untreated (open symbols). 
(C) ATc-induction of mbsT in Mtb∆TA reduces mycobacterial virulence and improves host survival in 
immune-deficient SCID mice. Mice were infected with Mtb∆TA harboring a control (Ctrl; grey lines) or 
mbsT-inducible (blue lines) plasmid and were given the ATc analog doxycycline (Doxy, plain lines) or 
not (dotted lines) in the drinking water. Mouse survival was followed over time. Ten mice were used per 
condition. Statistical analysis was performed using the Log-rank (Mantel-Cox) test (****< 0.0001) (D) 
ATc-induction of mbsT in Mtb∆TA improves mycobacterial killing in immune-competent C57BL/6 mice. 
Mice were infected with Mtb∆TA harboring a control (Ctrl; grey bars) or mbsT-inducible (blue bars) 
plasmid for 21 days. At day 21, mice were given mock, isoniazid (INH), doxycycline (Doxy) or both by 
daily gavage for ten days, as indicated. The mycobacterial killing was monitored by CFU scoring of lung 
homogenates on agar plates. Data show mean ± SD of independent biological replicates (N = 4-8 
mice/group), and results are representative of two independent experiments. NS or stars indicate 
significance as determined by a Student’s t-test (*<0.05; **<0.01; ***<0.001). 
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intracellular bacterial load (Fig. 4B). Next, we infected immune-deficient SCID mice, which 

are highly sensitive to Mtb infection, with the same Mtb∆TA strains. Induction of mbsT by 

doxycyclin given to the animals in the drinking water prolonged the survival of the infected 

mice by about 12 days (Fig. 4C). These results were confirmed and strengthened in immune-

competent C57BL/6 mice. Here, animals were infected with the same bacterial strains and 

mbsT expression was induced using doxycycline 21 days after infection. At this stage, the Mtb 

load in the lungs reaches a plateau. mbsT induction resulted in the potent killing of Mtb (~0.5 

Log10 reduction in CFUs), which was further increased in the presence of the frontline anti-TB 

drug isoniazid (INH, ~1.5 Log10 reduction in CFUs, compared with ~1 Log10 reduction in 

animals treated with INH alone), indicative of an additive effect (Fig. 4D). These results 

indicate that MbsT is highly toxic in vivo when not neutralized by MbsA. 

Altogether, our study, which integrates in vitro, in vivo, mechanistic and structural approaches, 

identifies an unprecedented and highly efficient NAD+ phosphorylase activity for MbsT. 

Further, we show that MbsT activity is bactericidal to Mtb, in line with previous reports 

demonstrating that NAD+ depletion is lethal in mycobacteria (24–26). Our discovery paves the 

way for future studies aiming at the identification of small compounds able to disrupt the 

MbsTA complex or to inactivate the MbsA antitoxin (27) for combined therapy together with 

standard TB drug regimens. More generally, identifying and targeting bactericidal TA systems 

in bacterial pathogens might help develop novel medicines for a variety of infectious diseases. 
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Materials and Methods 

Bacterial culture conditions 

Mycobacteria were grown at 37°C in Middlebrook 7H9 medium (Difco) supplemented with 

10% albumin-dextrose-catalase (ADC, Difco) and 0.05% Tween 80 (Sigma) or on 

Middlebrook 7H11 agar medium (Difco) supplemented with 10% oleic acid-albumin-dextrose-

catalase (OADC, Difco). When required, kanamycin (50 µg ml-1), hygromycin (50 µg ml-1), 

streptomycin (25 µg ml-1) or zeocin (25 µg ml-1) were added to the culture media. E. coli were 

grown at 37°C in Terrific Broth medium (Melford) that was supplemented with kanamycin (30 

µg ml-1), chloramphenicol (34 µg ml-1) or ampicillin (100 µg ml-1) when required. 

Construction of M. tuberculosis mutants 

Mutant strains of M. tuberculosis H37Rv were constructed by allelic exchange using 

recombineering (30). Briefly, two ~0.5‐kb DNA fragments flanking the mbsA-mbsT operon 

were amplified by PCR from M. tuberculosis H37Rv genomic DNA, using the primers set 

1990cAm-Fw/1990cAm-Rv or 1990cAv-Fw/1990cAv-Rv, respectively. These two DNA 

fragments were inserted into pGem5Z (Promega) on each side of a kanamycin‐resistance 

cassette. The recombination substrate was recovered by enzymatic digestion and purification 

from agarose gels. The recipient strain for recombineering was a derivative of M. tuberculosis 

H37Rv carrying two plasmids: the integrative plasmid pGMCS-P1-Rv1990c, constitutively 

expressing an ectopic copy of mbsA, and pJV53H, a hygromycin-resistant pJV53-derived 

plasmid expressing recombineering enzymes (30). This strain was grown in 7H9-ADC-Tween 
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80 in the presence of hygromycin until mid-log phase and expression of recombineering 

enzymes was induced by 0.2% acetamide (Sigma) overnight at 37°C. After induction, 

electrocompetent bacteria were prepared and electroporation performed with 100 ng of the 

linear fragment for allelic exchange. After 48 hours incubation at 37°C in 7H9-ADC-Tween 

80 without antibiotics, bacteria were plated onto 7H11-OADC agar medium supplemented with 

kanamycin (50 µg ml-1). Kanamycin-resistant clones were harvested, grown in 7H9-ADC-

Tween 80 with kanamycin and verified to carry the expected allele replacement by PCR, using 

appropriate primers. The pJV53H plasmid was then spontaneously lost by serial rounds of 

culture without hygromycin. Plasmid pGMCS-P1-Rv1990c was then removed by 

transformation with pGMCZ, a similar vector but carrying resistance to zeocin, resulting in the 

deleted strain H37Rv∆ (Rv1990c-Rv1989c)::KanR /pGMCZ, further abbreviated as Mtb∆TA.  

mbsA, mbsT or both were amplified by PCR using Mtb H37Rv genomic DNA as template and 

the oligonucleotides pairs clo-rv1990-attB2/clo-Rv1990-attB3, clo-rv1989-attB2/clo-Rv1989-

attB3 or clo-rv1990-attB2/clo-Rv1989-attB3, respectively, and plasmids pGMCS-TetR-P1-

Rv1990c, pGMCS-TetR-P1-Rv1989c or pGMCS-TetR-P1-Rv1990c-Rv1989c were 

constructed by multisite gateway recombination (31), using plasmid pDE43-MCS as 

destination vector. These plasmids are based on integrative vectors (insertion at the attL5 

mycobacteriophage insertion site, in the glyV tRNA gene) and express mbsT, mbsA or mbsA-

mbsT under the control of P1, a tetracycline-inducible promoter(13). The empty vector pGMC-

TetR-P1 was also constructed by multisite gateway recombination, but with no gene inserted 

in front of the P1 promoter. 

Deletion of the last ten codons of the mbsA gene was achieved by PCR amplification of two 

overlapping DNA fragments using pGMCS-TetR-P1-Rv1990c-Rv1989c as template and the 

pairs of oligonucleotides clo-rv1990-attB2/1990c-del104_113-Rv or 1990c-del104_113-

Fw/clo-rv1989-attB3. The two purified fragments were mixed and used as template for a 

second round of PCR with the oligonucleotide pair clo-rv1990-attB2/clo-Rv1989-attB3. The 

resulting fragment was used for multiple gateway cloning to construct pGMCS-TetR-P1-

∆Rv1990c(104-113)-Rv1989c. 

Directed mutagenesis of mbsT was performed as follows. Two overlapping DNA fragments 

carrying the required mutation were amplified by PCR using pGMCS-TetR-P1-Rv1989c as 

template and the pairs of oligonucleotides clo-rv1989-attB2/Rv1989c_XnA_rev or 

Rv1989c_XnA_for/ clo-rv1989-attB3. These purified fragments were mixed and used as 
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templates for a second round of PCR with the oligonucleotide pair clo-rv1989-attB2/clo-

Rv1989-attB3. Finally, the resulting fragments were used for multiple gateway cloning to 

construct pGMCS-TetR-P1-Rv1989cXnA derivatives with the desired mutations. All primers 

and plasmids are listed in tables S3 and S4. 

Cloning, expression and in vivo toxicity rescue assay in E. coli 

The mbsT gene encoding the toxin was PCR amplified using primers for1989-2 and rev1989-

2, and cloned as an EcoRI/HindIII fragment under the control of an arabinose-inducible 

promoter into pMPMK6 vector (32) digested with the same enzymes. The mbsA gene encoding 

the antitoxin was PCR amplified using primers for1990-2:  and rev1990-2, and cloned as an 

EcoRI/HindIII fragment under the control of an IPTG-inducible promoter into p29SEN vector 

(33) digested with the same enzymes. For the in vivo toxicity rescue experiment, E. coli strain 

W3110 containing p29SEN or p29SEN-Rv1990c was co-transformed with either pMPMK6 

empty vector or pMPMK6-Rv1989c, grown to mid-log phase, serial diluted and spotted on LB 

agar plates supplemented with appropriate antibiotics and with or without IPTG and arabinose 

as inducing agents. Plates were incubated overnight at 37°C. All primers and plasmids are listed 

in tables S3 and S4. 

Cloning, expression and purification of MbsT and MbsTR27E 

mbsT and mbsA genes were amplified by PCR from M. tuberculosis H37Rv genomic DNA and 

ligated into pnEK and pnEA-His, respectively, using NdeI/BamHI restriction enzymes. 

Resulting constructs, pnEK-MbsT and pnEA-His-MbsA∆112-113, encoding untagged MbsT and 

N-terminally His6-tagged MbsA∆112-113 were cloned using primers DF101/DF102 and 

SpeI/XbaI ligation of a synthetic fragment consisting of MbsA∆112-113 (gBlock; Integrated DNA 

Technologies), respectively. pnEK-MbsT and pnEA-His-MbsA∆112-113 were co-transformed to 

E. coli BL21(DE3) CodonPlus-RIL (Stratagene). Protein expression was induced with 0.5 mM 

isopropyl-β-D-thiogalactopyranoside (IPTG) at an OD600 of 0.7. Cells were pelleted by 

centrifugation and resuspended in lysis buffer A [30 mM Tris-HCl pH 8.0, 50 mM NaCl, 10 

mM imidazole and 10% (w/v) glycerol] containing 1/100 protease inhibitor mix HP (Serva), 

0.01% Deoxyribonuclease I (Sigma). Cell disruption was achieved using Emulsiflex C3 high 

pressure homogenizer (Avestin) by performing 3 cycles of ~15,000 psi at 4°C. The cell 

suspension was centrifuged at 43,000 x g for 20 min at 4°C to pellet cell debris. MbsTA-

containing lysate was loaded onto a 5 mL Histrap HP (GE Healthcare) affinity 
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chromatography, followed by a salt wash with a linear gradient up to 2M NaCl. MbsT was 

collected during the salt wash, while MbsA∆112-113 eluted during the washing step with 300 mM 

imidazole buffer. Fractions containing MbsT were buffer exchanged to low salt buffer [30 mM 

Tris-HCl pH 8.0, 20 mM NaCl and 10% (w/v) glycerol], loaded onto a Mono Q 5/50 anion 

exchange chromatography column (Qiagen), further concentrated and injected into a Superdex 

75 16/60 size-exclusion chromatography (SEC) column (GE Healthcare) pre-equilibrated in 

MbsT SEC buffer [30 mM Tris-HCl pH 8.0, 200 mM NaCl, 10% (w/v) glycerol] for removal 

of aggregated protein. For MbsT mutant production, the mbsT gene was first cloned in pET-

28a(+) using restriction enzymes NcoI/HindIII. MbsT mutants (pET-28a(+)-MbsT constructs) 

were generated by site-directed mutagenesis using primers as listed in table S4. MbsTR27E was 

produced as described for MbsT-MbsA∆112-113 with following modifications. MbsTR27E–

containing lysate in lysis buffer B [30 mM Tris-HCl pH 8.0, 200 mM NaCl, 10 mM imidazole 

and 10% (w/v) glycerol] was injected onto a 1 mL Histrap HP column (GE Healthcare) and 

eluted using a linear gradient up to 300 mM imidazole. Following cleavage of the His6-tag with 

thrombin protease, the concentrated protein sample was injected onto a Superdex 75 16/60 SEC 

column pre-equilibrated in SEC buffer for removal of aggregated protein. All primers and 

plasmids are listed in tables S3 and S4. 

Cloning, expression and purification of MbsTA complex 

To construct a plasmid for coexpression of MbsT and MbsA in Mycobacterium smegmatis, the 

mbsA-mbsT operon was amplified by PCR using Q5 High Fidelity Polymerase (New England 

Biolabs) from M. tuberculosis H37Rv genomic DNA and primers Rv1990c_NcoI, 

Rv1989c_HindIII. DNA fragments were ligated into pMyNT using NcoI/HindIII restriction 

enzymes, generating pMyNT-MbsTA encoding N-terminally His6-tagged MbsA and untagged 

MbsT. E. coli DH5α was used for cloning purposes. 

pMyNT-MbsTA plasmid DNA was electroporated into M. smegmatis mc2155 groEL1∆C (34) 

and cultured in Middlebrook 7H9 medium, supplemented with 0.2% glucose, 0.2% glycerol 

and 0.05% Tween 80. Protein expression was induced with 2% (v/v) acetamide at an OD600 of 

1.5. Cells were pelleted by centrifugation and resuspended in lysis buffer C [30 mM Tris (pH 

8.0), 100 mM NaCl, 10 mM imidazole, 10% (w/v) glycerol] containing 1/100 protease 

inhibitor mix HP (Serva), 0.01% deoxyribonuclease I (Sigma) and disrupted using Emulsiflex 

C3 high-pressure homogenizer (Avestin) by performing 5 cycles of ~20,000 psi at 4°C. The 

cell suspension was centrifuged at 43,000 x g for 45 min at 4°C to pellet cell debris. MbsTA 
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was purified from clarified lysate using a 5 mL Histrap HP column. Following cleavage of the 

His6-tag with TEV protease, protein was concentrated and injected onto a Superdex 200 16/60 

SEC column (GE Healthcare) pre-equilibrated in SEC buffer for removal of aggregated protein. 

Fractions containing MbsTA were pooled and concentrated to 12 mg ml-1 using Spin-X® UF 

concentrators (Corning). Samples were immediately used for crystallization or aliquoted and 

stored at -80°C. All primers and plasmids are listed in tables S3 and S4.  

Crystallization, structure determination and refinement 

Initial crystallization conditions for MbsTA were identified using the Morpheus screen 

(Molecular Dimensions) and the PEGs suite (QIAGEN). Optimized rod-like crystals were 

obtained by the vapor diffusion method in 0.2 M ammonium sulfate, 0.1 M tri-sodium citrate 

pH 5.6 and 25% PEG 4000. Prior to data collection, crystals were transferred to a solution 

containing cryoprotectant that was optimized to a ratio of 2:2:1 of SEC buffer, precipitant and 

glycerol, respectively, and mounted in a fiber cryo-loop (Hampton). 

All diffraction data were collected at EMBL beamline P13 (35) at the PETRA III storage ring 

(DESY, Hamburg, Germany) using a low-energy set up with a Helium-cone covering the 

PILATUS 6M pixel-array detector (DECTRIS Ltd., Baden, Switzerland) running with custom 

low-energy calibration tables. Data for Sulphur Single-wavelength Anomalous Dispersion (S-

SAD) phasing were collected with an X-ray beam of 70 µm in diameter at an energy of 5.0 keV 

(λ = 2.48 Å) on three different positions of a rod-shaped crystal with approximate dimensions 

of 300 × 70 × 70 µm3. At each position, 3600 frames of 0.1º per 40 ms exposure time were 

collected.  

High-resolution native data were collected at an energy of 12.7 keV (λ = 0.976 Å) on a crystal 

with approximate dimensions of 500 × 100 × 100 µm3 with a beam of 100 µm in diameter 

employing a helical scan between two centering points ca. 400 µm apart. 1800 frames of 0.1º 

per 40 ms were recorded. Data were integrated with XDS (36) and further processed with 

XSCALE  (37) and POINTLESS and AIMLESS from the CCP4 suite of programs (38). Data 

statistics are presented in table S1.  

The crystal structure was solved using the SHELX-suite (39) of programs via the HKL2MAP 

user interface (40). Unmerged data collected at low and high energy were supplied to SHELXC 

as SAD and NATIVE datasets respectively. For substructure solution, the anomalous 

differences determined by SHELXC were truncated at 3.0 Å. In 100 trials, 16 anomalous sites 
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with occupancies higher than 0.6 were identified by SHELXD with a CFOM of 58.8. Phases 

calculated based on the substructure, after ten alternating cycles of density modification 

(assuming a solvent content of 44%) and main-chain auto-building as implemented in 

SHELXE resulted in 550 residues being placed into the experimentally phased electron density 

with correlation coefficient between the structure factors calculated for the partial structure and 

the experimental data of 46.7%. 

Using the phases obtained from SHELXE, ARP/wARP (41) was used to automatically build a 

first model consisting of 578 residues with Rwork- and Rfree-values of 0.30 and 0.25, 

respectively. The starting model was manually rebuilt with Coot (42) and refined by iterative 

cycles using REFMAC (43), PHENIX (44), and the PDB_REDO web server (45) using 

translation, liberation and screw-rotation (TLS) groups as identified by the TLSMD server (46). 

The quality of the final model was assessed using Coot (42), the wwPDB validation server (47) 

and the Molprobity server (48). Structural figures were generated using PyMol 

(https://pymol.org/2/). 

Size exclusion chromatography coupled with right-angle light scattering 

MbsTA was analyzed with a Viscotek 305 tri-detector (Malvern Instruments, Malvern, UK) 

monitoring light scattering, refractive index, and UV absorbance. An analytical size exclusion 

column (Superdex 200 10/300 GL; GE Healthcare) was connected to the setup and was 

equilibrated at 20 °C in SEC buffer. 100 µl of sample was injected using a flow rate of 0.3 ml 

min-1. Data were acquired and evaluated with the OmniSEC software. Bovine serum albumin 

was used as an internal control. Molecular mass was estimated using the refractive index data 

combined with light-scattering data using a refractive index increment (dn/dc) of 0.185 ml g-1. 

SAXS 

SAXS data were collected at EMBL beamline P12 at the PETRA III storage ring (DESY, 

Hamburg, Germany) (49) using a 2M Pilatus pixel detector (DECTRIS) detector, a distance of 

3.1 m and a wavelength of 1.24 Å (table S2). MbsTA was measured at several protein 

concentrations in a range between ~0.6 to ~7.1 mg ml-1.  Analysis of the scattering data was 

performed using the programs from the ATSAS 2.7 package (50). The data obtained at the 

lowest and highest concentration were used for further analysis of MbsTA. The forward 

scattering I(0) and the radius of gyration Rg were calculated from the Guinier approximation 

calculated using PRIMUS GNOM (51) was used to evaluate the pair distribution function, P(r), 
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and to calculate the maximum particle dimension (Dmax). Ab initio models for MbsTA were 

generated with DAMMIN (52) utilizing a relaxed disconnectivity criterion without symmetry 

restrictions. Validation, resolution estimation and averaging for the final model building were 

performed with SASRES (53) and DAMAVER (54). Theoretical scattering curves were 

calculated using CRYSOL (55). SUPCOMB (56) was used for superimposition of the 

calculated ab initio model with the atomic structure. 

Circular Dichroism 

Prior to CD measurements, samples were diluted to ~0.1 mg ml-1 in NaF (250 mM) and sodium 

phosphate (10mM; pH 7.5). Spectra were recorded between 190 and 320 nm at 10 °C in a 1 

mm cuvette on a Chirascan CD Spectrometer (Applied Photophysics). Instrument settings were 

as follows: 1 nm bandwidth, 1-sec response and 0.5 nm data pitch. Spectra were background 

and buffer baseline subtracted and converted to mean residue ellipticity.  

 

Substrate screening for ADP-ribosylation assay 

For production of cell lysates, E. coli DH5α cells (Life Technologies) were cultured in LB 

medium to an OD600 of 0.7, pelleted, washed with phosphate buffered saline (PBS) and 

resuspended in 1x BugBuster lysis reagent (Merck Millipore) supplemented with 1 

mM dithiothreitol, 1x complete EDTA-free protease inhibitor cocktail (Roche) and 0.01 

mg ml-1 deoxyribonuclease I (Sigma). After 15 min incubation at room temperature, cell lysate 

was clarified by centrifugation at 20000 g, 4 °C for 10 min. The supernatant was desalted using 

PD10 columns (GE Healthcare) in Tris buffer (20mM; pH 7.5) and protein concentration was 

measured using the BCA protein assay kit (Thermo Fischer Scientific) following the 

manufacturer's instructions. M. smegmatis mc2155 groEL1∆C (34) cells were cultured to an 

OD600 of 1.5 in Middlebrook 7H9 medium, supplemented with 0.2% glucose, 0.2% glycerol 

and 0.05% Tween-80. M. smegmatis cell lysate was prepared as described for E. coli DH5α 

cells except for complete cell lysis, where cells were disrupted by additional incubation in a 

sonication bath for 5 min.  

For isolation of genomic DNA, E. coli DH5α cells were cultured in LB medium to an OD600 

of 0.7, collected and washed with PBS buffer. Genomic DNA was obtained using the 

BloodEasy DNA extraction kit (Qiagen) according to the manufacturer’s instructions for 
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Gram-negative bacteria, including RNAseA digestion. For isolation of total RNA, DH5α cells 

were cultured in LB medium to an OD600 of 0.7, mixed with RNAprotect Bacteria Reagent 

(Qiagen) by vortexing followed by incubation for 5 min. at room temperature. Cells were 

pelleted by centrifugation and RNA was extracted according to the RNeasy Protect Bacteria 

Mini Kit protocol (Qiagen) with minor modifications. DNAse digestion was performed on-

column for 30 min at 37°C.  

Reactions for substrate screening were performed in 10 µl reaction buffer [50 mM Tris 

(pH 7.4), 200 mM NaCl] containing ~1 µg of protein lysate, ~50 ng denaturated dsDNA or 

~ 1µg RNA and/or spiked with 32P-NAD+ and 1 or 10 µM MbsT.  The reactions were incubated 

at 37 °C for 1 hour. Reactions with protein lysate were analyzed by SDS-PAGE, gels were 

dried and exposed to autoradiography films. Reactions with DNA and RNA or without 

substrate were analyzed by thin layer chromatography. 2 µl of each reaction was spotted on 

polyethyleneimine (PEI) cellulose plates (Merck Millipore), which were air dried prior to 

development with 0.25 M LiCl and 0.25 M formic acid. After drying, plates were exposed to 

an image plate (Fujifilm) and analyzed using a Phosphor-Imager (Fujifilm). 

LC-MS 

LC-MS analysis was carried out on an Agilent system consisting of a 1290 Infinity II HPLC 

coupled to a 6230 TOF mass spectrometer with a dual Agilent Jet Stream (AJS) electrospray 

ionization source in negative mode. Ionization conditions were as follows: Nebuliser pressure 

35 psi; N2 drying gas temperature and flow 200°C and 8 l min-1; N2 sheath gas temperature and 

flow 300 °C and 11 l min-1; and capillary, nozzle, fragmentor and octupole RF voltages 3000, 

2000, 400 and 750 V, respectively. Compounds were separated with a Waters XBridge Amide 

column (3.5 µm; 4.6 mm × 100 mm). Phase A was 5% acetonitrile, 20 mM ammonium 

hydroxide and 20 mM ammonium acetate. Phase B was 100% acetonitrile (57). Compounds 

were eluted at a flow rate of 0.4 ml min-1 and a temperature of 40 °C with a gradient of 85-60% 

B in 5 minutes, 60% B for 11 minutes, 60-2% B in 5 minutes and 2-80% B in 5 minutes. Data 

were collected and analyzed with MassHunter B 07.00. 

HPLC 

Reactions were analyzed on an Agilent 1260 Infinity HPLC system using an Agilent Poroshell 

120 EC-C18 column (2.7 um 4.6 x 50 mm) and monitoring absorbance at 260 nm. Elution was 
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achieved with an isocratic 2 ml/min flow of 10 mM ammonium phosphate pH 5.5 with 2.5% 

acetonitrile (58).  

NMR 

Spectra were acquired in a Bruker Avance III HD spectrometer operating at a 1H frequency of 

700 MHz and equipped with a 5 mm 1H/31P/13C/15N resonance PFG cryogenic probe. Data 

were processed and analyzed with Topspin 3.5.  

Enzyme kinetics 

All kinetic reactions were performed in 96-well plates. MbsT (50 nM) was incubated with 

different concentrations of NAD+ sodium salt (Sigma) at 37°C and the reaction time was 

adjusted in order to assure measurement of the initial rate of the reaction. Reactions were 

carried out in a final volume of 140 µl in reaction buffer [50 mM sodium-phosphate buffer (pH 

7.5), 50 mM NaCl]. For each time point, 10 µl of the reaction mixture was added to 300 µl of 

5M NaOH and incubated in the dark at room temperature for 50 min to allow for the production 

of the alkaline-generated fluorescent species of NAD+. Fluorescence was measured at 360/460 

nm (excitation/emission filter set) using a TECAN microplate reader and the amount of NAD+ 

determined by comparison to an NAD+ standard curve. Initial rates of the reaction were 

determined by the linear regression of the plot of NAD+ consumption versus time, assuming 

saturating conditions of inorganic phosphate. Each calculated initial rate was plotted versus the 

corresponding NAD+ concentration. Michaelis Menten kinetics were used to determine KM, 

Vmax for MbsT under each condition. Kcat was determined from the fit of the plot of Kobs (initial 

rate divided by enzyme concentration) versus NAD+ concentration. All calculations were 

performed using GraphPad Prism software. 

Western blotting 

pET28a(+)-MbsT constructs were transformed to E. coli BL21 (DE3) and cultured in LB at 

37°C. Protein expression was induced with IPTG (0.5mM) at an OD600 of 0.7 and cells were 

harvested 1 h after induction by centrifugation. Cells were resuspended in 1x BugBuster lysis 

reagent (Merck Millipore) supplemented with 0.13 mg ml-1 protease-inhibitor-mix HP 

(SERVA Electrophoresis) and 0.01 mg ml-1 deoxyribonuclease I (Sigma) and incubated at RT 

for 15 min. Protein lysates were separated by SDS-PAGE, transferred to Immuno-Blot PVDF 

membrane (Bio-Rad) using a Trans-Blot Turbo (Bio-Rad) and blocked overnight using 5% 



Chapter 4 

147 

solution of skimmed milk powder (Carl Roth). Membranes were probed with either Penta His 

HRP conjugate (QIAGEN) or anti-GroEL (E. coli) monoclonal antibody (9A1/2) (Enzo) as the 

primary antibody. When needed, HRP-linked whole Mouse IgG Antibody (GE Healthcare) 

was used. Blots were developed using SuperSignal™ West Pico Maximum Sensitivity 

Substrate (ThermoFisher Scientific) and visualized using a ChemiDoc MP (Bio-Rad). 

Determination of relative NAD+ levels in bacterial cells 

Mtb∆TA containing plasmid pGMCS-TetR-P1 (empty vector) or pGMCS-TetR-P1-Rv1989c 

were cultured in 7H9 medium (Difco) supplemented with 10% albumin-dextrose-catalase 

(ADC, Difco), 0.05% Tween-80 (Sigma) at 37°C to OD600 of 0.2 prior to induction of protein 

expression with 200 ng ml-1 of anhydrotetracycline (ATc). 500 µl cells were removed 48 hours 

post-induction, diluted to OD600 of 0.5 and harvested by centrifugation. Cells were resuspended 

in PBS buffer, lysed in NaOH (0.2M) with 1% (w/v) cetyltrimethylammonium bromide 

(CTAB) and treated with HCl (0.4M) at 60°C for 15 min. Samples were neutralized with 

Trizma base (0.5M; pH 10.4) and mixed with an equal volume of NAD/NADH-Glo™ 

Detection Reagent (Promega). Luciferin bioluminescence was measured continuously using an 

Infinite M1000 plate reader (TECAN). Relative NAD+ concentrations were calculated from 

the slope of the bioluminescent signal from the linear range of the assay and normalized to 

empty vector values. 

Infection of human monocyte-derived macrophages  

Human monocytes were obtained from healthy blood donors (Etablissement Français du Sang, 

EFS, Toulouse, France) with written informed consent (under EFS Contract 

n°121/PVNT/TOU/IPBS01/2009-0052, which was approved by the French Ministry of 

Science and Technology, agreement n°AC2009-921, following articles L1243-4 and R1243-

61 of the French Public Health Code). The monocytes were prepared following a previously 

published procedure (59). Briefly, monocytes were purified using CD14 microbead positive 

selection and MACS separation columns (Miltenyi Biotec), according to manufacturer’s 

instructions. For differentiation of monocyte-derived macrophages, monocytes were allowed 

to adhere to glass coverslips (VWR international) in 6-well plates (Thermo Scientific), at 

1.5x106 cells/well, for 1 hour at 37°C in warm RPMI-1640 medium (GIBCO). The medium 

was then supplemented to a final concentration of 10% Fetal Bovine Serum ([FBS], Sigma-

Aldrich), 1% sodium pyruvate (GIBCO) and 0.1% β-mercaptoethanol (GIBCO) and human 
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Macrophage Colony-Stimulating Factor ([M-CSF], Miltenyi Biotec) at 20 ng ml-1. Cells were 

allowed to differentiate for seven days. For infection experiments, bacteria were grown in 7H9 

medium (Difco) supplemented with 10% albumin-dextrose-catalase (ADC, Difco), 0.05% 

Tween-80 (Sigma). Clumps were disaggregated after at least 20 passages through a 25G needle. 

Macrophages were infected with Mtb at a multiplicity of infection of 0.3 bacteria/macrophage 

in complete RMPI medium for four hours at 37°C. Cells were then washed with RPMI and 

further incubated at 37°C for five days in RPMI supplemented with or without ATc (200 ng ml-

1). Measurements of macrophage viability were performed by flow cytometry analysis of cells 

treated with Zombie Aqua™ Fixable Viability Kit (BioLegend), as recommended by the 

manufacturer. Briefly, infected macrophages were recovered from the glass coverslips by 

treatment with cell dissociation solution non-enzymatic (Sigma). Macrophage pellets were 

resuspended in 100 µl Zombie Aqua™ solution in PBS and stained 20 min. at 4°C. 

Macrophages were then washed in PBS, fixed for 2 hours at room temperature in 200 µl of 

PBS containing 4% paraformaldehyde (Polyscience) and analyzed by flow cytometry (LSRII, 

BD Biosciences). 

 

Mouse infections 

Six- to eight-week-old female mice (SCID or C57BL/6J, Charles River) were anesthetized in 

gas chambers containing isoflurane. SCID mice were infected by injection of 105 CFUs of Mtb 

strains in the periorbital sinus. Groups of 10 mice were provided drinking water supplemented 

with 5% sucrose and either nothing (-Doxy) or 1 mg ml-1 of Doxycycline (+Doxy) and survival 

was followed during time. C57BL/6J mice were infected intranasally with ~1,000 CFUs of Mtb 

in 25 µl of DPBS (Gibco). At day 21 post-infection, groups of eight mice were fed by daily 

gavage with either water, isoniazid (25 mg kg-1), doxycycline (1 mg kg-1) or both during ten 

days. At day 31 post-infection, mice were sacrificed and lung homogenates were plated onto 

7H11 agar for CFU scoring. 

Ethics statement 

Animal experiments were performed in animal facilities that meet all legal requirements in 

France and by qualified personnel in such a way to minimize discomfort for the animals. All 

procedures including animal studies were conducted in strict accordance with French laws and 

regulations in compliance with the European community council directive 68/609/EEC 
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guidelines and its implementation in France. All protocols were reviewed and approved by the 

Comité d’Ethique Midi-Pyrénées (reference MP/03/07/04/09). 
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Fig. S1. Rv1989c-Rv1990 is a bona fide toxin/antitoxin system. Growth assay showing that 
arabinose-mediated induction of Rv1989c inhibits the growth of E. coli unless Rv1990c expression is 
induced by IPTG (5 µM), as measured by serial dilution spotting on LB agar plates after overnight 
incubation at 37°C. This figure supports findings shown in Figure 1. 
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Fig. S2. Construction of a deletion of the Rv1989c-Rv1990c operon in M. tuberculosis H37Rv or 
Mtb∆TA. (A) A merodiploid strain constitutively expressing an ectopic copy of Rv1990c was constructed 
by integration of plasmid pGMC-S-P1-Rv1990c (StrR). (B) Deletion of the operon was obtained in the 
merodiploid strain by recombineering with a DNA fragment harboring a kanamycin resistance cassette 
flanked by ~500 bp fragments of upstream and downstream regions. Primers indicated in red are 
specific for internal sequences of the deleted regions. (C) Replacement of pGMC-S-P1-Rv1990c by an 
empty plasmid conferring zeomycin-resistance yields strain Mtb H37Rv ∆(Rv1990c-Rv1989c)::KanR 
strain (Mtb∆TA). (D) Deletion strains were verified by PCR with appropriate oligonucleotides. DNA 
fragments allowing discrimination between WT and Mtb∆TA strains are numbered as in panel B. (E) 
Strains for ATc-inducible expression of Rv1990c, Rv1989c or both genes were constructed via 
integration of appropriate plasmids in WT or in Mtb∆TA. This figure explains the technical background 
of methods used in Figure 1. 
 

  



Structural insights in Mycobacterium tuberculosis proteins: from secretion chaperones to toxin-antitoxin systems  

152 

 

Fig. S3. Purification and biophysical characterization of MbsTA. (A) Coomassie-stained denatured 
polyacrylamide gel of the purified MbsTA complex. (B) Size exclusion chromatography analysis 
coupled with right angle light scattering (SEC-RALS). The molecular mass of the MbsTA complex was 
calculated across the monodisperse peak (216 kDa) corresponding to a heterododecameric assembly. 
(C) Superposition of the SAXS-derived ab initio shape with the heterododecameric MbsTA crystal 
structure. (D) Experimental SAXS data (black circles) with the computed fits (solid lines) and 
associated discrepancy values (χ2). The theoretical SAXS curve computed from the crystal structure of 
MbsTA using CRYSOL (green) fits the experimental SAXS profile with χ2=1.00; the scattering from 
the ab initio DAMMIN model (blue) yields χ2 of 0.97. This figure supports findings shown in Figure 2. 
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Fig. S4. The C-terminal extension of MbsA is essential to neutralize MbsT. Induction of mbsA, 
mbsT, mbsT-mbsA, mbsT-mbsA(∆104-113) by anhydrotetracycline (ATc) in Mtb∆TA in liquid cultures. 
Grey dashed lines indicate bacteria cultivated in the absence of ATc, black dashed lines indicate bacteria 
cultivated in the presence of ATc added at day 0. MbsA∆104-113 does not neutralize MbsT activity upon 
induction of the truncated mbsA gene by anhydrotetracycline (ATc, dotted black line) in a Mtb∆TA 
mutant background. This figure supports findings shown in Figure 2. 
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Fig. S5. Structural homology of MbsT to bacterial ARTs and NADases. (A) Crystal structures of 
diphtheria toxin (Dtoxin; PDB ID 1TOX), cholera toxin (Ctoxin; PDB ID 1XTC), human poly [ADP-
ribose] polymerase 1 (residues 799-1011) (PARP1; PDB ID 4DQY), Streptococcus pyogenes NAD+ 
glycohydrolase (SPN; PDB ID 3PNT), P. aeruginosa NAD+ glycohydrolase (Tse6; PDB ID 4ZV0) and 
Mtb tuberculosis necrotizing toxin (TNT; PDB ID 4QLP). All structures were superimposed with the 
MbsT structure using PDBeFOLD (60) and are depicted in the same orientation for better comparison. 
The residues that could be superimposed to the MbsT structure are colored in pink (cf. panel B) (B) 
Summary of the pairwise structural comparison of MbsT and selected structural homologues (cf. panel 
A). The root-mean-square deviation (RMSD), the fraction of pairs of identical residues among all 
aligned (Seq. ID), the length of the alignment (Nalgn) and the enzymatic activity of each protein are 
indicated. This figure supports findings shown in Figure 2C-D. 
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Fig. S6. Identification of residues involved in MbsT toxicity. (A) Mtb∆TA was transformed with 
plasmids producing the indicated variants of MbsT under control of a Tet-inducible promoter. After 
induction, transformation mixtures were plated on 7H9 ADC Tween medium supplemented with or 
without anhydrotetracycline (ATc). Toxin activity was scored after 20 days. Symbols represent no 
growth (+), reduced growth (+/-) or no altered growth (-) upon induction with ATc. (B) Western blot 
analysis showing expression yields of His6-tagged MbsT variants in E. coli lysates. MbsT proteins were 
detected with anti-PentaHis antibodies. Symbols represent strong (+), moderate (+/-) or no (-) 
expression. Anti-GroEL antibodies were used to detect GroEL as a loading control. This figure supports 
findings shown in Figure 2C-D. 
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Fig. S7. Purification and characterization of MbsT WT and MbsTR27E. (A) Coomassie-stained 
denaturing polyacrylamide gel of different fractions collected during the purification of MbsT WT 
starting from the MbsT / His6-MbsA∆112-113 complex. Total and soluble protein fractions of E. coli 
expression pellets; eluate of high salt wash of Ni-NTA resin after incubation with the soluble protein 
fraction; eluate of subsequent imidazole (300 mM) wash; peak fraction after ion exchange 
chromatography (MonoQ) containing MbsT; peak fraction after size-exclusion chromatography of 
MbsT. (B) Coomassie-stained denaturing polyacrylamide gel loaded with 10 µg of purified MbsT WT 
and  MbsTR27E protein. (C) Circular dichroism analysis indicating that the secondary structure content 
of MbsTR27E is identical to that of MbsT WT. This figure supports findings shown in Figure 3. 
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Fig. S8. MbsT ADP-ribosylation assay using bacterial lysates supplemented with 32P-NAD+. (A) 
Coomassie-stained denatured polyacrylamide gel separating the reaction products of MbsT and E. coli 
(Ec) and M. smegmatis (Msm) total (tot) and soluble (sol) cell lysates as substrates in the presence of 
32P-NAD+. ADP-ribosyltransferase CDTa which modifies α-actin (61) was included as a positive 
control. (B) Autoradiograph of the denatured polyacrylamide gel shown in panel A. (C) Overexposed 
autoradiograph (cf. panel B). This figure supports findings shown in Figure 3. 
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Fig. S9. Autoradiograph of TLC plate separating MbsT reaction products with 32P-NAD+ and 
nucleic acid as substrates. The positions of 32P-NAD+ (black arrow) and the reaction products of MbsT 
activity (32P-ADP-ribose (Appr) (black arrow); unknown reaction product (white arrow)) are indicated. 
The dashed line indicates the position where samples were applied to the plate. This figure supports 
findings shown in Figure 3. 
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Fig. S10. 1D NMR spectrum. (A) 1H NMR spectra of the reaction products of NAD+ (5 mM) after 
incubation with MbsT (10 mM) and, for reference, of pure ADP-ribose (5 mM). Reaction conditions 
were Tris (30 mM), NaCl (200 mM), sodium phosphate (30 mM) in D2O (pD 7.4). Signals were 
assigned via the 1H-1H COSY and 1H–13C HMBC experiments (cf. figure S11). Phosphate atoms from 
the ADP-ribose moiety are colored green, while the phosphate atom derived from orthophosphate is 
highlighted in orange. (B) Extracted ion chromatogram (left) and mass spectrum (right) of the ions with 
m/z 638.0307, 684.0362 and 698.0519 ascribed to Appr1p (C15 H24 N5 O17 P3). This figure supports 
findings shown in Figure 3C. 
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Fig. S11. COSY HMBC NMR spectrum. 1H–1H Correlation spectroscopy (DQF-COSY) and 1H–13C 
Heteronuclear Multiple Bond Correlation (HMBC) experiments of the reaction products of NAD+ (5 
mM) after incubation with MbsT (10 mM) in Tris (30 mM), NaCl (200 mM), sodium phosphate (30 
mM) in D2O (pD 7.4). The HMBC data were acquired with (blue) and without (red) decoupling, the 
latter optimized for long-range couplings with suppression of one-bond correlations. Phosphate atoms 
from the ADP-ribose moiety are colored green, while the phosphate atom derived from orthophosphate 
is highlighted in orange. This figure supports findings shown in Figure 3C. 
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Fig. S12. Calculation of MbsT kinetic parameters.(A) NAD+ consumption of MbsT (50 nM) 
measured at different time points and starting concentrations of NAD in NaCl (50 mM), sodium 
phosphate (50 mM) buffer (pH 7.5). The initial rates of NAD+-consumption used for the calculation of 
Michaelis-Menten kinetics are indicated in the right panel. The concentration of NAD+ in each sample 
was calculated from the relative fluorescence at 360/460 nm (excitation/emission filter set) correlated 
to a standard curve of NAD+. Error bars represent ± SD (N = 4). (B) Calculation of the turnover rate 
constant (kcat) using a non-linear fit of the observed rate constants (kobs) versus the corresponding NAD+ 
concentration. This figure supports findings shown in Figure 3E. 
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Fig. S13. Macrophage viability. Induction of mbsT by anhydrotetracycline (ATc, as indicated) in 
intracellular WT Mtb harboring a control empty plasmid pGMC-TetR-P1 (Ctrl; grey bars) or a plasmid 
encoding ATc-inducible mbsT (blue bars). mbsT expression does not affect viability of infected human 
macrophages after three days of infection, as measured by Zombie Aqua dye staining and flow 
cytometry analysis. This figure supports findings shown in Figure 4B. 
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Table S1. 
Data collection, phasing and refinement statistics 

a Values in parentheses correspond to the highest resolution shell 
b Values from PHENIX (44) 
c Values from MOLPROBITY (48)  
 
 
 
 
 
 
 

Data collection Native dataset S-SAD dataset 

Wavelength (Å) 0.976 2.479 
 

Space group P63 P63 
Unit cell dimensions (Å, °) 105.3 105.3 108.7, 

90.0 90.0 120 
105.3 105.3 108.7, 
90.0 90.0 120 

Resolution range (Å) 9.99-1.80 (1.86-1.80) 91.70-2.51 (2.61-2.51) 
Rmerge 0.0562 (1.364) 0.123 (0.667) 
Completeness (%) 98.8 (90.2) 89.3 (70.3) 
Mean I/σ(I) 21.6 (1.5) 42.5 (7.3) 
CC1/2 0.999 (0.497) 0.999 (0.920) 
Total number of reflections 620194 (42332) 1225773 (92688) 
Unique reflections 62157 (5639) 21269 (1882) 
Multiplicity 10.0 (7.5) 57.6 (49.2) 
   
Refinement   

Rwork (%) 16.23 (27.26)  
Rfree (%)  21.11 (31.28)  
No. of atoms   
     Total 4865  
     Macromolecules 4569  
     Ligands 18  
     Waters 278  
No. of protein residues 589  
Average B-factor b (Å2)   
     Macromolecules 42.4  
     Solvent 62.8  
R.m.s.d. b 
Bond lengths (Å) 
Bond angles (°) 

 
0.007 
0.990 

 

Ramachandran plot c 
Most favored (%) 
Allowed (%) 
Outliers (%) 

 
99.0 
1.0 
0.0 
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Table S2. 
SAXS Data collection and derived parameters  
 

 
*Reported for the 0.6 mg ml-1 samples for MbsTA 

 
 

Data collection parameters MbsTA 

Instrument P12 at EMBL/DESY, storage ring PETRA III, 
Germany 

Beam geometry 0.2 × 0.12 mm2 
Wavelength (Å) 1.24 
q-range (Å−1) 0.008 – 0.47 
Exposure time (ms) 20 × 50 
Concentration range (mg ml−1) 0.6 - 7.1 
Temperature (K) 283 

Structural parameters*  

I(0) (arbitrary units) (from P(r)) 31320 ± 10 
Rg (from P(r)) (Å) 41 ± 1 
I(0) (arbitrary units) (from Guinier) 31340 ± 30 
Rg (Å) (from Guinier) 41 ± 1 
Dmax (Å) 114 
Porod volume (103 Å3) 262 

Molecular mass determination*  

MMPOROD (from Porod volume) (kDa) 154 ± 15 
MMsaxs (from I(0), kDa) 110 ± 20 
MMDAM (from bead model, kDa) 170 ± 35 
Calculated monomeric MM from sequence 
(kDa) 197.2 

Software employed  
Primary data reduction Automated radial averaging  
Data processing PRIMUS 
Ab initio analysis DAMMIN 
Validation and averaging SASRES, DAMAVER 
Computation of model intensities CRYSOL 
SASBDB entry code SASDD33 
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Table S3. 
Plasmids used in this study 

* Restriction enzymes used for cloning 
  

Plasmid Parent vector Cloning technique Primer set/RE* Reference 
/supplier 

p29SEN - - - (33) 
p29SEN-Rv1990c p29SEN Restriction site cloning EcoRI/HindIII This work 
pDE43-MCS - - - This work 
pET-28a(+)-MbsT pET-28a(+) Restriction site cloning NcoI/HindIII This work 
pET-28a(+)-MbsTR27A pET-28a(+) Site-directed mutagenesis DF071/DF072 This work 
pET-28a(+)-MbsTR27E pET-28a(+) Site-directed mutagenesis DF126/DF127 This work 
pET-28a(+)-MbsTY28A pET-28a(+) Site-directed mutagenesis DF073/DF074 This work 
pET-28a(+)-MbsTY58A pET-28a(+) Site-directed mutagenesis DF087/DF088 This work 
pET-28a(+) pET15b - - Novagen 
pGMCS-P1-Rv1990c pDE43-MCS Multisite gateway clo-rv1990-attB2/ 

clo-rv1990-attB3 
This work 

pGMC-TetR-P1 pDE43-MCS Multisite gateway - This work 
pGMCS-TetR-P1 
Rv1990c 

pDE43-MCS Multisite gateway clo-rv1990-attB2/ 
clo-rv1990-attB3 

This work 

pGMCS-TetR-P1-
Rv1989c 

pDE43-MCS Multisite gateway clo-rv1989-attB2/ 
clo-rv1989-attB3 

This work 

pGMCS-TetR-P1-
Rv1989cR27A 

pGMCS-TetR-
P1-Rv1989c 

Site-directed mutagenesis Rv1989c_R27A_for/ 
Rv1989c_R27A_rev 

This work 

pGMCS-TetR-P1-
Rv1989cY28A 

pGMCS-TetR-
P1-Rv1989c 

Site-directed mutagenesis Rv1989c_Y28A_for/ 
Rv1989c_Y28A_rev 

This work 

pGMCS-TetR-P1-
Rv1989cY58A 

pGMCS-TetR-
P1-Rv1989c 

Site-directed mutagenesis Rv1989c_Y58A_for/ 
Rv1989c_Y58A_rev 

This work 

pGMCS-TetR-P1-
Rv1990c Rv1989c 

pDE43-MCS Multisite gateway clo-rv1990-attB2/ 
clo-rv1989-attB3 

This work 

pGMCS-TetR-P1-
Rv1990c∆(104-113)-
Rv1989c 

pGMCS-TetR-
P1-Rv1990c 
Rv1989c 

Site-directed mutagenesis 1990c-del104_113-
Fw/1990c-
del104_113-Rv 

This work 

pGMCZ - - - (62) 
pJV53H pJV53 - - (30) 
pMPMK6 - - - (32) 
pMPMK6-Rv1989c - Restriction site cloning EcoRI/HindIII This work 
pMyNT-MbsTA pMyNT Restriction site cloning Rv1990c_NcoI/ 

Rv1989c_HindIII 
This work 

pMyNT pSD24 - -  
pnEA-His-MbsA∆112-

113 
pnEA Restriction site cloning SpeI/XbaI This work 

pnEA pET15b - - (63) 
pnEK-MbsT pnEK Restriction site cloning DF101/DF102 This work 
pnEK pET28b - - (63) 
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Table S4. 
 Primers used in this study 

Primer name Sequence (5'-3') 

Construction of Mtb mutants 
Cloning of mbsT in pMPMK6 
for1989-2 GCGGAATTCATGAGCGATGCCCTCGATG 
rev1989-2 GCGAAGCTTCTACGTGGCTCGAAGTTC 
Cloning of mbsA in p29SEN 
for1990-2 GCGGAATTCATGGGAGTAAATGTGCTCG 
rev1990-2 GCGAAGCTTTCACACGAACACTCCCTCC 
PCR amplification of mbsA upstream fragment 
1990cAm-Fw TGAGGGCAAGGTTGCATTC 
1990cAm-Rv GTTCTTGGAATTCTCGAGGCGAGCACATTTAC 
PCR amplification of mbsT downstream fragment 
1990cAv-Fw CCTCGAGAATTCCAAGAACTTCGAGCCACGTAG 
1990cAv-Rv CCAGTAGGTGTACCACCTTTG 
PCR verification of the mbsA-mbsT deletion 
1990c-Am-Int ATGTCACCGACTTCCTCGTAG 
1989c-Av-Int CGTTGTCACCGCGTATGAACAG 
Gateway cloning 
clo-rv1990-attB2 GGGGACAGCTTTCTTGTACAAAGTGGAGGAAGACAGGCTGCC

CATGGGAC 
clo-rv1990-attB3 GGGGACAACTTTGTATAATAAAGTTGTCAGCTCACACGAACA

CTCCCTCCGCCATC 
clo-rv1989c-attB2 GGGGACAGCTTTCTTGTACAAAGTGGAGGAAGACAGGCTGCC

CGTGAGCGATGCCCTCGATGAAGGGCTC 
clo-rv1989c-attB3 GGGGACAACTTTGTATAATAAAGTTGCT

ACGTGGCTCGAACTTCTTGGTAAAG 
C-terminal truncation of MbsT 
1990c-del104_113-Fw GAGTACCAACGCGTGTTGGCGCTGTGAGCGATGCCCTCGATG

AAGG 
1990c-del104_113-Rv CCTTCATCGAGGGCATCGCTCAcAGCGCCAACACGCGTTGGTA

CTC 

Construction of MbsT mutants for expression in Mtb  
Rv1989c_R27A_for GAGTGGTCGGAAACGTGCTACGCGTATACCGGCGCGCACCGT

GACG 
Rv1989c_R27A_rev CGTCACGGTGCGCGCCGGTATACGCGTAGCACGTTTCCGACC

ACTC 
Rv1989c_Y28A_for GTGGTCGGAAACGTGCTACCGGGCTACCGGCGCGCACCGTGA

CGCC 
Rv1989c_Y28A_rev GGCGTCACGGTGCGCGCCGGTAGCCCGGTAGCACGTTTCCGA

CCAC 
Rv1989c_Y58A_for CCGCTGCTCTTTCCGGCGATCGCTCTTGCTGATTCCGCCCAAG

CC 
Rv1989c_Y58A_rev GGCTTGGGCGGAATCAGCAAGAGCGATCGCCGGAAAGAGCA

GCGG 
Constructs for production of MbsTA in M. smegmatis 
Rv1990c_NcoI GCGCCATGGGAGTAAATGTGCTCGC 
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Rv1989c_HindIII GCGAAGCTTCTACGTGGCTCGAAGTTC 

Constructs for expression in E. coli 
Purification of MbsT from MbsTA complex   
DF101 CTTTAAGAAGGAGATATACAATGGACAGCGATGCCCTCGATG 
DF102 CTAGCTCTAGACTATTAGGATCTTACGTGGCTCGAAGTTCTTG 
MbsT mutants 
DF071 (R27A fwd) AACGTGCTACGCGTATACCGGCG 
DF072 (R27A rev) TCCGACCACTCAATTGTTC 
DF073 (Y28A fwd) GTGCTACCGGGCTACCGGCGCGC 
DF074 (Y28A rev) GTTTCCGACCACTCAATTGTTCC 
DF087 (Y58A fwd) TCCGGCGATCGCTCTTGCTGATTCCG 
DF088 (Y58A rev) AAGAGCAGCGGCGGATTC 
DF126 (R27E fwd) AACGTGCTACGAGTATACCGGCG 
DF127 (R27E rev) TCCGACCACTCAATTGTTC 
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Abstract 

VapBC45 is a member of the Type II toxin-antitoxin (TA) systems from Mycobacterium 

tuberculosis (Mtb) which are considered to be essential for the active mycobacterial response 

towards environmental stress. Here, we report the high-resolution crystal structure of 

antitoxin component of this system, VapB45. The structure reveals a dimeric protein 

assembly with a unique architecture and domain organization, including a DNA binding site. 

In vitro studies demonstrate that VapB45 is indeed capable of binding dsDNA. Moreover, 

despite the fact that VapBC45 is a genuine TA system, the mechanism of inhibition of 

VapC45 toxin by VapB45 antitoxin is not yet understood. Structural features of VapB45 

reveal novelty that may indicate that VapBC45 does not function as a canonical member of 

the VapBC TA family.   
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Introduction 

Toxin-antitoxin (TA) systems allow prokaryotes to regulate their cellular growth in response 

to nutritional or environmental stress, by targeting essential cellular processes 1–3. TA 

systems are typically found in bacterial species that encounter variable, or frequently stressful 

living conditions and have the ability to adopt a dormant or slow growing persistent state4,5. 

An active response to environmental stress is a key feature of the pathogenicity of 

Mycobacterium tuberculosis (Mtb), which causes tuberculosis6–8. This could be one of the 

underlying reasons why Mtb encodes an usually large number of  ̴ 79 TA operons compared 

to other pathogenic mycobacterial strains such as M. avium or M. marinum, which have 

respectively three and one TA operons9. 

TA operons are generally composed of two genes that encode a potent toxin as well as its 

corresponding antitoxin, a natural antidote10. Depending on the nature of the antitoxin, either 

protein or RNA, and on the mechanism of toxin inactivation, each TA pair has been classified 

into one of six TA families5,11, the most common of which is the type II family.. 

Under favourable growth conditions, both open reading frames of the type II family TA pairs 

are co-transcribed and produce a toxic protein and a labile antitoxin protein12.  The antitoxin 

typically contains one domain able to bind double-stranded DNA, which is generally the 

promoter region of the respective TA operon13–15. The antitoxin is also capable of inhibiting 

toxicity by forming a binary protein-protein complex with the toxin, thereby allowing normal 

bacterial growth16–18. In most cases, the toxin acts as a co-repressor of the TA operon19.  

Under stress conditions such as starvation, oxidative stress, elevated temperature or antibiotic 

exposure, specific cellular proteases, such as Lon and/or ClpXP, degrade the antitoxin more 

rapidly than the cognate toxin, resulting in a cellular excess of free toxin levels and 

consequently growth restriction or even cell death20. Also, proteolysis of the antitoxin leads 

to an increase in the toxin levels by releasing transcriptional repression of the TA operon21. 

Toxin activity can drive the bacterium into a bacteriostatic state that is conferred through a 

broad range of mechanisms such as ribonuclease activity, inhibition of kinase activity and 

DNA gyrase / translation inhibition22. This state is often considered as reversible, and 

therefore hypothesized being part of a bet-hedging strategy for some members to survive 

periods were growing cells are decimated.  
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The Virulence associate protein B and C (VapBC) family of the Type II TA systems is the 

largest TA family in Mtb with about 50 members 7,23. VapBC proteins are characterized by a 

toxin-binding partner (VapC) that contains a PilT N-terminus domain (PIN) domain, which is 

associated with type IV pilus fiber polymerization24,25. Despite this annotation, PIN domains 

have not been experimentally functionally linked to fiber polymerization and pili formation 

or cell mobility of the type IV pili, for instance they also share structural similarity with the 

T4 RNase H nuclease domain26. PIN domains are typically compact domains of 120-140 

amino acids in length that carry ribonuclease activity. This domain is responsible for 5’-3’ 

exonuclease activity of the DNA polymerase necessary for lagging strand RNA primer 

removal27.  

Rv2018, together with Rv2019, forms a two-gene operon28. Rv2018 is coding for the 

VapB45 antitoxin and Rv2019 for VapC45 toxin, together belonging to the type II TA 

systems6. This prediction is based on their close genetic neighbourhood as part of a predicted 

operon and on the presence of specific sequence motifs characteristic of TA pairs.  

In Mtb, the expression level of Rv2018 increases after exposure to stationary phase 

nutritional starvation29,30, in the phagosomal environment31 and after exposure to SDS32. 

Furthermore, quantitative RT-PCR experiments showed increased levels of VapB45 

expression when Mtb cultures are grown in interferon-γ activated macrophages as compared 

to Mtb growing in non-activated macrophages33. Together, this indicates that VapB45 

contributes to a survival mechanism within the hostile phagolysosomal environment. Similar 

structures of this TA pair are observed in various archaeal genomes34, indicating that 

variations of the suggested TA activity associated with VapBC45 in Mtb may be found in a 

broad range of other microorganisms as well. 

Here, we present the crystal structure of the antitoxin VapB45, which reveals a dimeric 

assembly of DNA binding domains that in vitro is able to bind dsDNA. VapB45 stands out 

from the VapB family considering the unique overall fold. Our data suggest a novel 

mechanism of VapC45 inhibition by VapB45. 
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Materials and Methods 

Bacterial culturing for in vivo assays 

Mycobacterium smegmatis mc2155 strain was grown at 37°C in Middlebrook 7H9 medium 

(Difco) supplemented with 10% albumin-dextrose-catalase (ADC, Difco) and 0.05% Tween-

80 (Sigma), or on Middlebrook 7H11 agar medium (Difco) supplemented with 10% oleic 

acid-albumin-dextrose-catalase (OADC, Difco). When required, streptomycin (25 µg ml-1) 

was added to the culture media.  

Construction of recombinant M. smegmatis strains 

Plasmids expressing anhydro-tetracycline-inducible Rv2018 and/or Rv2019 were constructed 

as follows. Plasmid pGMC-S-TetR-P1 is a mycobacterial integrative plasmid conferring 

streptomycin resistance and harbouring a TetR-repressible promoter (P1) derived from a 

previously constructed vector35. pGMC-S-TetR-P1 backbone was amplified by PCR using 

oligonucleotides InFus-B2-Rev and In-Fus-B3-Fw (Suppl. Table 1). DNA fragments 

encompassing the Rv2018, Rv2019 or Rv2018-Rv2019 ORF were amplified by PCR from 

chromosomal DNA of M. tuberculosis H37Rv wild-type strain using oligonucleotides 

described in Suppl. Table 1, purified and inserted into the pGMC-S-TetR-P1 backbone 

through In-Fusion® cloning reactions (Takara Bio USA, Inc.) and transformation into E. coli. 

Recombinant plasmids were verified by sequencing and introduced by electroporation into 

M. smegmatis mc2155. 

Expression and purification of recombinant proteins 

Rv2018 was cloned from Mycobacterium tuberculosis H37Rv genomic DNA into the 

expression vector pETM-11. VapB45 R29E, T31E and R188E mutants were generated with a 

slightly modified version of the QuikChange® protocol (Stratagene) whereby semi-

overlapping primers of 30-40 base pairs (instead of complementary oligonucleotides) were 

designed to introduce single mutations in VapB45. The VapB45 D235R mutant was 

generated using Q5 site directed mutagenesis (NEB) using non-overlapping primers designed 

using NEBaseChanger website. His-tagged VapB45 was produced recombinantly in E. coli 

BL21 (DE3) pLysS cells (18° C/16 hours) using the auto-induction method36. Harvested cells 

were resuspended in buffer A [40 mM HEPES pH 7.4, 300 mM NaCl, 20 mM imidazole and 

0.02% monothiolglycerol] supplemented with 1/100 protease inhibitor mix HP (Serva) and 
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stored at -80° C. Cells were disrupted by several cycles of freeze-thawing followed by 

sonication in buffer A supplemented with 0.01 % deoxyribonuclease I (Sigma). VapB45 was 

purified from the soluble fraction of cell lysate by immobilized Ni-NTA affinity 

chromatography, followed by digestion with Tobacco Etch Virus (TEV) protease and a final 

size exclusion chromatography step (Pharmacia Superdex200 HiLoad 26/60 pre-equilibrated 

in SEC buffer [20mM HEPES pH7.4, 100mM NaCl and 0.02% monothiolglycerol].  

VapB45 R29E, T31E and R188E mutant proteins were expressed and purified as the wt 

protein. VapB45 D235R mutant (VapB45D235R) was also purified as the wt protein with a 

modification on the TEV cleavage process which was performed on-column and purification 

processed fast due to protein instability. 

Crystallization and X-ray structure determination of VapB45 

Apo-VapB45 crystals were grown at 22° C using the sitting-drop method, by mixing equal 

volumes (1µl) of VapB45 (7mg ml-1) and mother liquor (240 mM ammonium acetate, 

100 mM Bis-Tris pH 6.5 and 32 % PEG 3350 as precipitant). Prior to X-ray data collection, 

the crystal was briefly immersed in cryo protection solution composed by mother liquor 

supplemented with 30% (v/v) glycerol, derivatized with xenon for 90 seconds at 3.5 MP37 

and then flash-frozen in liquid nitrogen. X-ray data were collected on the EMBL beamline 

BW7A (DESY, Hamburg, Germany) using a MarCCD detector. Data were integrated, scaled 

and merged using the programs MOSFLM38 and SCALA39. Manual inspection of the 

anomalous difference Patterson maps, calculated with the program FFT40, confirmed the 

successful crystal derivatization by xenon. An additional 1.75Å resolution native dataset was 

collected on the same beamline from an apo-VapB45 crystal grown in a different 

crystallization condition (1.6 M ammonium sulphate and 0.1 M citric acid pH 5.0). The 

structure of VapB45 was solved by single isomorphous replacement from a single crystal 

using the program CRANK41. Initial electron density maps were clearly interpretable and 

allowed the building of an initial model using COOT42. The initial model was refined against 

the high-resolution native dataset through iterative manual and maximum-likelihood 

refinement using the programs COOT42 and REFMAC543. TLS-based refinement, with each 

molecule in the asymmetric unit defined as one TLS group, was used in the latter stages of 

model refinement. Statistics for the final model are given in Table 1. Coordinates and 

structure factors have been submitted to the PDB database with the accession code 5AF3. 
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Circular dichroism (CD) experiments 

Prior to measurement, samples were dialyzed against 100 mM sodium fluoride, 10 mM 

sodium phosphate pH 7.5 and then diluted to 0.1 mg ml-1. Spectra were recorded at 10° C on 

a Chirascan CD Spectrometer (Applied Photophysics), between 190 and 250 nm in a 0.1 cm 

cuvette. Instrument settings were as follows: 0.5 nm bandwidth, 0.5 sec response and 0.5 nm 

data pitch. Spectra were background and buffer baseline subtracted and converted to mean 

residue ellipticity. Each curve represents the mean of three separate measurements. Data was 

analysed using GraphPad Prism software. 

DNA-Protein complex formation gel shift assay  

DNA binding experiments were performed using a random 25 bp DNA fragment. A single 

stranded DNA library was synthesized by MWG Biotech. Each strand consisted of 25 

nucleotides of random sequence flanked at the 3’ and 5’ termini with a fixed site containing 

NcoI and XhoI restriction enzyme sites (DNA-Protein Fwd, underlined in Supp. Table 1). 

DNA polymerase I Large Fragment (Klenow) (NEB) was used according to the manufacturer 

instructions to convert the ssDNA into the corresponding dsDNA fragment. For this reaction 

a reverse primer DNA-Protein Rv (Supp. Table 1) was used. Gel-shift assays were then 

performed to assess complex formation between VapB45 and the dsDNA oligonucleotide. 

160 pmoles of VapB45 were incubated with 12 pmol of the 26 bp dsDNA in 20 µl of binding 

reaction buffer [20mM HEPES pH 7.4, 100 mM NaCl, 0.1 % Triton X-100 and 0.02 % 

BSA]. Negative control experiments were performed by replacing either VapB45 or dsDNA 

by reaction buffer. Protein-DNA mixtures were resolved on a 4 % (w/v) polyacrylamide non-

denaturating gel (Bio-Rad) in 0.5 % Tris-glycine after 60 minutes incubation on ice. DNA 

and protein from the complexes were respectively visualized upon gel-staining with ethidium 

bromide and coomassie blue staining for visualisation of DNA and protein, respectively.   

Size exclusion chromatography coupled with multi-angle light scattering (SEC-MALS) 

VapB45 wt and VapB45 D235R were concentrated respectively to 2.7 and 3.9 mg ml-1 in 

SEC buffer. Samples were analysed with an Agilent HPLC instrument connected to a Wyatt 

technology instrument monitoring light scattering, refractive index, QELS (quasi-elastic light 

scattering) and UV absorbance. An analytical size exclusion column (Superdex 75 10/300 

GL; GE Healthcare) was connected to the setup and pre-equilibrated at 20 °C in SEC buffer. 

25 µl of sample was injected on column and ran at a flow rate of 0.5 ml min-1. Data 
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acquisition and evaluation were performed with the provided ASTRA 7 software. Protein 

molecular masses were estimated using the refractive index values combined with QELS and 

light-scattering data using a refractive index increment (dn/dc) of 0.185 ml g-1. 

Fluorescence anisotropy assay 

The fluorescein-labelled oligonucleotides were synthesized at METABION (Supp. Table 1). 

These oligonucleotides were annealed with complementary unlabelled oligonucleotides by 

incubation at 95 °C for 5 minutes, followed by a passive cooling step to room temperature. 

Increasing concentrations of VapB45 proteins were incubated with the respective dsDNA 

oligonucleotides at a final concentration of 5 nM at 25 °C for 5 minutes in 25 mM Tris-HCl, 

pH 7.5, 100 mM NaCl, 0.02% monothiolglycerol and 0.1 mg ml-1 bovine serum albumin. 

Fluorescence anisotropy was measured using an Infinite M1000 plate reader (TECAN) using 

an excitation wavelength of 470 nm. Emission was detected at 530 nm. Binding data were 

analyzed using the GraphPad Prism software. Binding profiles were fitted using a simple 

model assuming a stoichiometry of one VapB45 dimer per dsDNA fragment. KD values 

reported in Table 2 correspond to the means of three independent measurements and the 

associated ± error numbers represent the standard deviations. 

Results 

Rv2018-Rv2019 encodes a genuine TA system 

The most important feature of typeII antitoxins is to counteract the toxic effect produced by 

their partner toxin. Another characteristic of type II antitoxins is that they bind to DNA in 

order to control the transcriptional levels of the respective TA operon.  In order to 

experimentally assess whether the Rv2018-Rv2019 operon encodes for a genuine TA system, 

M. smegmatis strains expressing Rv2019 and/or Rv2018 genes were constructed (Figure 1A). 

Induction of expression of vapC45 (Rv2019) led to the inhibition of bacterial growth in the 

absence of the cognate antitoxin VapB45. This effect was observed both on agar medium 

(Figure 1B) and in liquid culture (Figure 1C). Colony forming unit (CFU) counting of a M. 

smegmatis culture expressing VapC45 revealed a decrease after induction of expression of 

about three orders of magnitude (Figure 1D). This phenotype was not observed upon 

expression of only vapB45. When vapC45 was co-expressed with vapB45, mycobacterial 

cultures were able to grow normally (Figure 1B-C). These results indicate that the Rv2018-

Rv2019 operon encodes for a genuine TA system as reported previously45, in which VapB45 
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encoded by Rv2018 functions as an antitoxin inhibiting the activity of the VapC45 toxin 

encoded by Rv2019 when present.  

 

Overall structural organization of VapB45 monomer 

Attempts to recombinantly produce the VapBC45 complex in E.coli or in M. smegmatis 

failed, possibly due to toxicity. In contrast, the antitoxin VapB45 could be produced as a 

soluble protein in E. coli. VapB45 behaved as a stable and folded protein, allowing its 

structure determination by X-ray crystallography at 1.78Å resolution (Table 1).  

 

 

Figure 1: Mycobacterium tuberculosis Rv2018-Rv2019 operon encodes a genuine Toxin/Antitoxin 
system. (A) M. smegmatis strains expressing anhydro-tetracycline (AnTc) inducible Rv2019 toxin 
and/or Rv2018 antitoxin. (B) M. smegmatis was transformed with plasmids expressing the indicated 
proteins and plated on solid medium supplemented with/without AnTc. Plates were photographed after 
four days at 37° C. (C) M. smegmatis growth expressing indicated genes were grown in 7H9 ADC 
Tween medium. Cultures induced by addition of 200 ngml-1AnTc are shown by full symbols. Controls 
without induction are shown with open symbols, (D) CFU counting on M. smegmatis strain with 
AnTc-induced expression of Rv2019 toxin (filled symbols). Controls without Rv2019 induction are 
shown by open symbols. 
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Table 1: Crystallographic Statistics  

 Xenon Native 
X-ray Data Collection   
Space group P21 P31 
Cell parameters a, b, c [Å], β 49.0, 76.3, 56.9 

β=98.2° 
81.9, 81.9, 75.4 

Wavelength [Å] 1.50 0.98 
Overall (highest) resolution range 
[Å] 

56.43-2.20 (2.32-
2.20) 

41.0-1.78 (1.88-1.78) 

Number of unique reflections 21,104 53,660 
Multiplicity 11.2 (11.2) 3.8 (3.6) 
Anomalous multiplicity 5.7 (5.6) - 
Mean I/σ(I) 8.2 (2.4) 10.8 (1.9) 
Completeness (%) 99.5 (98.6) 97.5 (93.5) 
Anomalous Completeness (%) 99.4 (98.4) - 
Rsym

1 7.4 (31.0) 5.9 (46.0) 
Structure Refinement   
Protein atoms - 3312 
Other atoms - 289 water, 1 glycerol 
Rwork

2/ Rfree
3 - 21.2/28.9 

Rms deviations   
     Bond lengths (Å) - 0.016 
     Bond angles (°) - 1.484 
1 where Ih, j is the intensity of the jth observation of unique reflection h.  

2 ����� = 	∑ ‖
��‖� −	‖
�‖ ∑ |
��|�⁄  where Foh and Fch are the observed and calculated structure factor 
amplitudes for reflection h.  
3 Rfree is equivalent to Rwork, but is calculated using a 5% disjoint set of reflections excluded from the maximums 
likelihood refinement stages. 

VapB45 folds into a three-domain structure, in which the two terminal domains, each 

comprising a winged helix-turn-helix (wHTH) motif are connected by a central domain 

(Figure 2A and Supplementary Figure S1). The N-terminal wHTH domain consists of four 

α-helices and two β-strands with a β1-α1-α2-β2-α3-α4 topology (Supplementary Figure S1). 

A 14-residues sequence stretch (residues 38-51) between helix α2 and strand β2 is disordered 

residues in the crystal structure. The central domain is also composed of mixture of α-helices 

and β-strands with α5-α6-α7-β3-β4-α8-β5-β6-α9 topology. Several of these secondary 

structural elements wrap around one side of the N-terminal wHTH domain by predominantly 

packing against helix α3. Finally, the C-terminal wHTHC domain is composed by mixture of 

α-helices and β-strands as well with β7-α10-β8-α11-α12-α13 topology. 

A similar search of the complete VapB45 structure using the PDBeFold server44 did not 

identify any significant matches in the Protein data Bank, thus highlighting the unique nature 

of the VapB45 overall fold. However, a restricted VapB45 domain-based search allowed 

identification of a structurally conserved N-terminal MerR-type winged helix-turn-helix  

Rsym = Ih, j − Ih

j

∑
h

∑ Ih, jj
∑

h
∑
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Figure 2: Crystal structure of VapB45. (A) Three-dimensional structure of VapB45 monomer in two 
orthogonal views. Structure was colored according to the three structural domains: N-terminal MerR-
type wHTH (pink), central domain (light grey) and C-terminal wHTH (blue). All secondary structural 
elements are labeled and a pink dotted loop was drawn to represent the disorder region not solved in 
the structure between residues 38 and 51. (B) Structural superposition of the VapB45 N-terminal 
MerR-type wHTH domain (pink) with TnrA protein including the MerR-type wHTH domain (PDB 
code 4R24) (green). Structural alignment of the structural superposition is presented below with 
similar residues highlighted in yellow and identical in red.  (C) Structural superposition of the VapB45 
C-terminal wHTH domain (blue) with A. variabilis ava_0674 including the wHTH domain from 
DUF433 (PDB code 2GA1) (brown). Structural alignment of the structural superposition is presented 
below with similar residues highlighted in yellow and identical in red. 
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domain (wHTHMer) (VapB4518-104), while previous analysis based on the protein sequence 

similarity revealed an additional C-terminal wHTH (wHTHC) formed by residues 183 to 235. 

The N-terminal wHTH domain shares structural similarity with wHTH domains of MerR-like 

transcriptional activators. The most similar protein structure is from the Bacillus subtillis 

transcription factor TnrA with a root mean square deviation (RMSD) of 2.26 Å (over 70 

equivalent residues) (Figure 2B), although these two proteins do not share significant 

sequence similarity on the primary sequence level. The wHTHC domain shares structural 

similarity with an uncharacterized protein from Anabaena variabilis (Ava_0674) containing a 

C-terminal DUF433 domain as well as a wHTH domain (PDB accession code 2GA1). The 

two structures overlay with a RMSD of 1.53 Å2 (over 54 equivalent residues) and share 20% 

sequence identity based on their aligned structures (Figure 2C). Thus, and considering that 

there is no similarity to any other antitoxin protein structure, this suggests that VapB45 

antitoxin is unique. 

Dimeric arrangement of VapB45  

Within the crystals used for structure determination, VapB45 consists of a symmetric dimer 

within each asymmetric unit. A total of 944 Å2 of surface area is buried at the symmetrical 

two-fold repeated head-to-tail dimer interface (Figure 3B). Within the dimeric interface, we 

found a series of specific hydrogen bonds, exclusively contributed by surface residues of the 

C-terminal wHTH domain (K152, E153, H157, Y158, R211, F216 and D235 (Figure 3B-

C).The dimeric arrangement adopts an arch-shaped structure with overall dimensions of 65 Å 

x 40 Å. Within the dimeric arrangement a deep groove is formed, which is about 25 Å in 

depth and 18.5 Å in width (Figure 3A). To verify VapB45 dimerization observed in the 

crystal structure in solution, a size exclusion chromatography coupled with multi-angle light 

scattering (SEC-MALS) analysis on the wt VapB45 antitoxin was performed. The calculated 

molecular weight of VapB45 in solution was 52.1 ± 0.1 kDa, which is consistent with the 

theoretical molecular weight of the homo-dimer (52 kDa) (Supplementary Figure S2). To 

further investigate whether this dimeric arrangement is relevant for protein stability, we 

reversed the charge of one of the dimer interface residues involved in specific interactions, 

D235 (Figure 3C). SEC-MALS analysis of the corresponding mutant (VapB45D235R) shows it 

to be predominantly monomeric in solution. These results demonstrate that VapB45 is indeed 

dimeric in solution.   
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Figure 3: Structural comparison of VapB45 with proteins containing similar structural domains. 
(A) Overall structural representation of the VapB45 dimer fold in two orthogonal views. (B) An ‘open 
book’ view of the VapB45 dimer. Contact residues in the interface are colored in dark blue (chain B) 
and salmon (chain A). Atoms participating in intermolecular hydrogen bonds are colored in yellow 
(chain B) and blue (chain A).  (C) A zoom in of the interface highlights the residues forming hydrogen 
bonds (dotted lines) between chain A and chain B. D235, residue chosen for mutagenesis to disrupt 
VapB45 dimerization, is highlighted. (D) Three orthogonal views of the electrostatic surface potential 
of the VapB45 dimer, colored from red (-4 eV) through white to blue (+4 eV) as calculated using the 
Pymol APBS plugin65.  
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VapB45 structural features allow dsDNA binding 

The VapB45 dimeric assembly groove we found in the crystal structure is indicative to serve 

as a double stranded (ds)DNA binding site. The internal part contains a largely positively 

charged surface that could be electrostatically complementary to the negatively charged DNA 

phosphate backbone. Also, the symmetry of the dimeric arrangement might be favorable to a 

palindromic motif binding. To assess whether VapB45 could indeed bind dsDNA, we used 

two independent methods. First, a gel shift assay revealed that VapB45 forms DNA-protein 

complexes with a library of dsDNA oligonucleotides of random sequences in vitro 

(Supplementary Figure S3). To quantitatively measure the binding affinity of these two 

operon motifs, we employed fluorescence anisotropy using two oligonucleotides, denoted as 

PO1 and PO2 that each harbour semi palindromic sequences derived from the promoter 

region of the Rv2018-Rv2019 operon (Supplementary Figure S4). As expected, both dsDNA 

sequences bind VapB45 at comparable affinity with dissociation constants in the low µM 

range (Table 2, Figure 4A).  

 

Table 2. Quantitative determination of DNA-binding affinities of Rv2018 variants, 

measured as KD (µM). 
 

 

 

 

 

 

Based on these observations, we generated a VapB45/DNA model by using the coordinates 

of the MerR-like transcription factor TnrA in complex with DNA (PDB accession code 

4R24) (Figure 4B, C). However, the sequences of the VapB45 wHTH domain and TnrA are 

too different to allow building a more refined model unravelling specific protein-DNA 

interactions at the atomic level. To further validate our VapB45-DNA model, we mutated two 

residues from helix α2 R29 and T31 that in the model point towards the DNA major groove 

(Figure 4D). As a negative control, we also mutated the surface exposed residue R188, 

located far away from the central VapB45 groove. In agreement with our model, for the 

VapB45R29E mutant we were not able to detect any measurable DNA binding to both PO1 

and PO2. Similarly, the VapB45T31E mutant showed significantly reduced binding ability to  

DNA PO1 PO2 

wt 2.2  ± 0.6 2.9 ± 0.7 
R188E 4.3 ± 0.4 4.5 ± 0.1 
T31E 38.0 ± 0.2 35.0 ± 0.7  
R29E N.D. N.D.  
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Figure 4: VapB45 binds dsDNA via the N-terminal MerR-like wHTH domain (A) VapB45-DNA 
fluorescent polarization experiment. Representative titration curves of the fluorescein-labeled 
oligonucleotide PO1 (left panel) and PO2 (right panel) with VapB45 wt (green) and R29E (red), T31E 
(orange) and R188E (blue) mutants. The reported anisotropy values are the average of triplicate 
measurements, from which the base line corresponding to the anisotropy of the free fluorescent probe 
was subtracted. The calculated dissociation constants are given in Table 2. (B)  Two orthogonal views 
of the VapB45-DNA binding model generated by superposition with the TnrA-dsDNA structure (PDB 
code 4R24). (D) Superposition of the VapB45-DNA model with TnrA-DNA crystal structure. The
wHTH is represented in pink, TnrA in green and DNA in grey. (C)  Zoom in of the VapB45-DNA 
interface. Residues selected for targeted mutagenesis are depicted in stick representation. VapB45
secondary structural elements are annotated and colored as in (C). 
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the same oligonucleotides (Figure 4A). Circular dichroism experiments confirmed that the 

mutations did not perturb the protein fold (Supplementary Figure S5).  

Structural features of VapB45 as a distinct antitoxin 

A structural comparison was performed between VapB45 and other known structures of 

VapB antitoxins from Mycobacterium tuberculosis, Caulobacter crescentus, Shigella flexneri 

and Rickettsia felis. All these structures were obtained in complex with the respective VapC 

toxin except for VapB45 that was obtained alone. Interestingly, VapB45 does not share any 

structural similarity with other VapB antitoxins (Figure 5A).  VapB45 is about three times 

longer in terms of number of amino acids and has a different domain organization (Figure 

5B). All VapB antitoxins are organized in two domains, N-terminal DNA-binding domain 

(DBD) and C-terminal toxin binding domain (TBD), while VapB45 has an N-terminal 

DNA-binding domain, a central domain which links the N-terminal to the C-terminal wHTH 

domain of unknown function. 

Besides VapB45, complete crystal structures have only been resolved for two Mtb VapB 

antitoxins (VapB2 and VapB26) in complex with VapC2 and VapC26, respectively. These 

two contain an N-terminal DBD including a ribbon-helix-helix (RHH) core topology. 

Analysis based on the protein sequence similarity revealed that also Mtb VapB15 and 

VapB30 share the same DBD, although it was not resolved in their respective crystal 

structures. However, VapB5 seems to be the exception since the N-terminal domain is 

identified as Phd/YefM domain instead of a RHH domain. The three other VapB antitoxins 

used for this comparison, which are from bacterial species other than Mtb, share a similar 

AbrB domain common for many other antitoxin proteins. Interestingly, the N-terminal 

MerR-type wHTH DBD from VapB45 does not share any similarity to the other VapB 

DBDs, except for the fact that it is located at the protein N-terminus. 

The C-terminal toxin binding domain (TBD) is structurally well conserved among all the 

reported VapB antitoxins which consists mainly of one or two α-helices connected or ended 

by a hinge loop which binds to the toxin RNA groove. However, and as reported for the N-

terminal domain, VapB45 is also an exceptional case on the C-terminal TBD since it does not 

contain any hinge loop which could be binding to the VapC toxin RNA groove. This 

structural analysis demonstrates clearly the novelty of VapB45 among the VapB antitoxin 

family and hints for a distinct mechanism of regulation of the VapBC45 TA system. 
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Discussion 

Insights into novel VapB45 structure 

The data presented in this contribution provide the first insights into the structure and 

function of VapB45, the antitoxin component of the Mtb VapBC45 TA system. Unlike most 

other antitoxins, VapB45 adopts a rigid structure in the absence of its cognate toxin partner. 

The modular architecture of this protein constitutes a scaffolding that has not been observed 

before. As presented here, comparison with published crystal structures of other characterized 

VapB antitoxins show that Mtb VapB45 does not share structural similarity neither with the 

known Mtb VapB antitoxins neither with those of other organisms. On the other hand, 

VapB45 is not structurally similar to any other antitoxins of the type II TA systems (reviewed 

Figure 5: (A) Three-dimensional structure gallery of available VapB crystal structures: VapB45 (PDB 
code 5Af3), VapB2 (3H87), VapB5 (3DBO), VapB15 (4CHG), VapB26 (5X3T), VapB30 (4XGGQ) 
from Mycobacterium tuberculosis, VapB1 from Caulobacter crescentus (5L6L), VapB from Shigella 
flexneri (3TND) and VapB2 from Rickettsia felis (3ZVK). All structures are colored according to their 
structural domains. (B) Domain organization and respective colors match the protein crystal structures 
presented in panel A. Each structural domain is represented by the corresponding acronym: wHTH 
(winged helix-turn-helix), RHH (ribbon-helix-helix), TBD (Toxin binding domain), Phd/YefM (type II 
toxin-antitoxin Phd/YefM) and AbrB (Bacterial antibiotic resistance protein B domain). The arrow 
below each protein domain representation corresponds to the residues range solved in each crystal 
structure and shown in panel A. 
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in48,49). In addition, the investigation of the Mtb-H37Rv genome reveals that none of the 

predicted antitoxins share any significant sequence homology with VapB45. The only 

exception is the uncharacterized Rv2308 with about 25 % sequence identity, which also 

includes the C-terminal wHTH from the DUF433. However, the corresponding gene is not 

embedded in an operon and therefore it is unlikely that this protein is a component of a 

bipartite TA system. It is nonetheless worth to mention that around twenty VapB45 

orthologues are found in the genome of other organisms, most of them including the C-

terminal wHTH domain, which are almost all hypothetical uncharacterized proteins. 

Therefore VapB45 might represent the archetype of this so far undescribed family of 

proteins. 

 

VapB45 as a possible transcriptional regulator 

Guided by the structural features of the VapB45 structure, the presence of the N-terminal 

MerR-type wHTH domain, existent in the MerR transcription factors family, and also on the 

wide positively-charged exposed surface of a central groove in the VapB45 dimer, we 

hypothesized the ability of VapB45 to interact with DNA. Our results provide biophysical 

evidences that the VapB45 antitoxin can interact independently with double stranded DNA as 

a dimer, where the MerR-type wHTH domain located in its N-terminal region is a key 

element for nucleic acid recognition. This DNA binding observation is common to other 

DNA-binding antitoxin proteins that are able to auto-regulate their transcription levels, 

raising the possibility that VapB45 plays a role in the transcriptional regulation of VapBC45 

expression levels.  

Most of the Mtb antitoxins from TA systems are predicted to act as transcriptional regulators. 

The vast majority (82 %) of the 79 predicted antitoxins are associated with DNA binding 

proteins6,7. 69 % of these predicted antitoxins possess RHH motifs, 14 % Phd/YefM domains 

and 3% AbrB domains which are notorious DNA binding modules. Most of the investigated 

antitoxins, especially the large VapBC family,  have been characterized to bind their own 

promoter region50–54, generally inhibiting the expression of the TA operon. Whether the 

complex formation with the toxin partner is a prerequisite for an optimal DNA-binding by the 

antitoxin has not always been elucidated; in fact, only a couple of TA complexes and their 

interplay with DNA have been extensively characterized at the structural and functional 

level53,54. By homology, it is tempting to think that VapB45 acts also as a transcriptional 
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regulator but more efforts should be put into discovering potential DNA response elements; 

their possible location on the promoter of the Rv2018/2019 operon and if the type of 

transcriptional regulation is positive or negative will have to be clarified as well. Our data 

together provide further evidence of the large degree of structural and functional diversity 

within the antitoxin protein family. In order to provide further insights into the biological 

function of this protein, future studies will focus on elucidating the native DNA sequence 

recognized by VapB45.  

The C-terminal wHTH (DUF433) domain suggests novel function for VapB45 

We have described the similarity between the VapB45-DUF433 domain and the structure of 

the Ava_0674 protein from A. variabilis. Despite this crystal structure, DUF433-containing 

proteins or more specifically DUF433-containing antitoxins are poorly characterized to date. 

Nevertheless, they are widely spread in prokaryotic genomes in particular in cyanobacteria 

and to some minor extent in actinobacteria6. The biochemical characterization of the 

VapBC10 TA pair of Synechocystis sp.55, demonstrated that the VapB antitoxin component, 

which contains a DUF433 domain, possess a singular mode of action by activating the 

transcription of the TA operon upon binding to its promoter. However this antitoxin 

composed of 74 residues is essentially constituted of a single DUF433 domain. VapB45 

presents the particularity to have a more complex architecture where the DUF433 domain 

constitutes only one fourth of its total sequence. Therefore, we presume that the mode of 

action of the Synechocystis sp. VapB10 will not be transposable to the Mtb VapB45 

antitoxin. 

We have demonstrated that the VapB45-DUF433 domain is not directly involved in DNA 

binding. The N-terminal MerR-type wHTH domain mutant R29E was not able to bind DNA, 

meaning that the C-terminal wHTH domain could not take over this task. Makarova et al56 

reported that DUF433-containing proteins are the most abundant predicted antitoxins, 

although most of these are still uncharacterized. SCOP (Structural Classification of Proteins) 

classifies the DUF433 domain as DNA/RNA-binding 3-helical bundle and also as containing 

a dimerization interlock subdomain. VapB45 crystal structure reveals that the C-terminal 

wHTH (DUF433) has an important role in homodimerization as well as in the overall protein 

scaffolding (Supplementary Figure S6). However, it is still not clear the exact function of the 

C-terminal wHTH domain. 
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As described to all VapB antitoxins, the C-terminal domain is the responsible for toxin 

inhibition by binding to the VapC toxin RNA groove. The exposed residues of the VapB45 

C-terminal wHTH domain form a wide acidic patch that might display some charge 

complementarity with the RNA binding positively-charged groove which are typically 

located at the surface of PIN-domain protein dimers24,57. VapB45 C-terminal wHTH domain 

is completely different than the classical elongated region described for known VapB 

antitoxins, which minimally folds upon binding to the active site and/or the RNA binding 

groove of the toxins58. Also, the conformation of the C-terminal wHTH domain in the 

VapB45 dimer structure does not adopt a conformation that could fit and block the VapC 

RNA groove, despite of the charge complementary. Finally, the overall compact architecture 

makes VapB45 less prone to proteolysis. Therefore, the mode of activation of the toxin might 

diverge from the canonical model in which this event occurs via the release of the antitoxin 

subsequent to proteolytic degradation59. In summary, we may speculate that the mechanism 

of inhibition of VapC45 toxicity performed by VapB45 differs from the classic VapBC 

family. 

Future perspectives towards a novel TA pair 

Rv2018-2019 has been identified few years ago as a putative VapBC toxin/antitoxin pair6 7,60 
61. Although it was not unanimously and unambiguously recognized as a TA pair, it was not 

detected or considered in other large scale studies8,25,62 and resulted in a low score (<50) in 

the RASTA-Bacteria web-based tool63. In this study we show that it indeed functions as a 

genuine TA system. The observation that Rv2018 is associated with Rv2019 in a single 

operon supports the observation that Rv2018-Rv2019 is genuine TA pair. Another indication 

is that it is located in the genomic island which is very dense in TA pairs (seven characterized 

and four putative) 7,60,64. 

Analysis on the VapC45 toxin amino-acid sequence did not reveal a PIN domain. 

Nevertheless, a multiple alignment with other Mtb VapC toxins shows that it shares some 

level of identity with Mtb VapC toxin for which crystal structures were reported 

(Supplementary Figure S7), although there are clear differences between VapC45 and the 

remaining, hinting for some novel structural arrangement. Regarding the functional aspects of 

VapC45, recent functional studies in vivo and in vitro reveal that VapC45 has ribonuclease 

activity and degrades rRNA45, function predicted from the PIN domain. 
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Our work defines VapB45 as the first described member of a family of antitoxins possessing 

a unique structure and consequently a unique regulatory mechanism that remains to be fully 

investigated. We were able to experimentally demonstrate that VapB45 inhibits the toxic 

activity of VapC45 in vivo. However, it is unclear if this inhibition is due to direct binding of 

VapB45 to VapC45. Also, recent data on the VapBC45 TA system lacking experimental 

evidence for VapB45-VapC45 binding47 are in line with our negative results. With our 

experimental data and bioinformatics analysis, we could hypothesize a novel mechanism for 

inhibition of VapC45 by VapB45. Considering the lack of evidence for direct binding of 

VapB45 to VapC45, there are two main possible scenarios that remain to be tested in the 

future: either VapB45 unfolds the C-terminal wHTH for further binding to the VapC toxin 

groove, or VapBC45 could behave as a type IV TA system in which VapB45 would bind to 

RNA via the C-terminal wHTH (DUF433) domain, protecting it from the VapC 

endoribonuclease activity. Efforts should be put into further functional characterization in 

vitro and in vivo of VapB45 and its mechanism of inhibition of VapC45 providing new 

insights into the structural and mechanistic diversity of VapBC/antitoxin modules. 
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Supplementary data 
 
 

  
Supplementary Figure S1: Topology diagram of VapB45 monomer. α-helixes and β-sheets are 
respectively represented by arrows and cylinders and structural domains are colored as in Figure 1A.  
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Supplementary Figure S2: Rv2018 is a dimer in solution. SEC-MALS profile of wt VapB45 and 
VapB45 D235R mutant. Calculated molecular weights and associated errors are indicated in the figure. 
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Supplementary Figure S3: Binding of VapB45 on a library of dsDNA oligonucleotides A gel shift 
assay shows that the VapB45 is able to form a stable complex with a stretch of 26 random double 
stranded DNA bases following incubation together on ice. The resulting complex formation was 
visualized with either ethidium bromide. The VapB45-dsDNA complex is highlighted with an arrow. 
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Supplementary Figure S4: Promoter region of the Rv2018-Rv2019 operon. The sequence shown 
correspond to the intergenic region Rv2017-Rv2018 as found in Tuberculist66. The putative Shine-
Dalgarno sequence is underlined and the start codon colored in red. PO1 in light green corresponds to 
a sequence located in the -10/-35 region. PO2, in light blue, corresponds to a palindromic sequence 
located few bases upstream the previous one. 
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Supplementary Figure S5: Circular dichroism studies with VapB45 mutants. Circular dichroism 
spectra of VapB45 wt and R29E, T31E and R188E mutants. Error bars, indicating standard deviations, 
are shown only for three measurement points (194, 208.5, 222 nm) for clarity. Color code is identical 
to the one used in Figure 4. 
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Supplementary Figure S6: VapB45 domain arrangement in dimer. Three orthogonal views of the 
VapB45-DNA model colored according to the three structural domains as shown in the domain 
organization scheme.  
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Supplementary Figure S7: Structural alignment of Mtb VapC toxins. Structural alignment 
produced using ESPrit367 using the sequences from the M.tuberculosis VapC toxins with crystal 
structure deposited in the PDB except for VapC45. Structural information used for the alignment and 
presented in the top of the alignment corresponds to VapC26 from the crystal structure of the 
VapBC26 complex.  
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Supplementary Table 1. Primers used for PCR  

Primer  Sequence  (5'-3') 

InFus-B2-Rev CCTCCCCACTTTGTACAAG 

InFus-B3-Fw GCCCAACTTTATTATACATAG 

InFus-Rv2018-Am-Fw TACAAAGTGGGGAGGTGAATCTGATGGCTGG 

InFus-Rv2018-Av-Rv ATAATAAAGTTGGGCTCAGGCTGCAATGGCGTCG 

InFus-Rv2019-Am-Fw TACAAAGTGGGGAGGTGAATCTGATGCAGCCTGATCGGAA

TCTCCTCG 

InFus-Rv2019-Av-Rv ATAATAAAGTTGGGCCTAGAGCACGCGAACGATCTTG 

DNA-Protein Fwd CAGGGCGCCATGGTCGTGTACGC(N)25CGTACAAGCTTAAC

CGCGTCGGGT 

DNA-Protein Rv GACCCGACGCGGTTAAGCTTGTAC 

Promoter Oligo 1 (PO1) GGTGGAACACGTCGGAAAGCTG-Fluorescein 

Promoter Oligo 2 (PO2) CAACGGGGTGCGACCACCGTTG-Fluorescein 
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1. Mycobacterium tuberculosis responds to stress upon infection 

Upon infection of the host, Mycobacterium tuberculosis (Mtb) faces stressful growth 

conditions, such as hypoxia and/or nutrient starvation, which triggers a survival response in the 

pathogen. Both the secretion of virulence factors into the host as well as the activation of 

toxin-antitoxin (TA) systems are triggered upon infection. As such, both processes contribute 

to the survival of the bacteria in the granuloma during the latent stage of Mtb1. In this thesis, 

the role of EspG chaperones in Type VII (T7S) secretion was highlighted in Chapters 2 and 3. 

In addition, two out of the 68 reported type II TA systems from Mtb were investigated 

structurally and functionally. This research led to the discovery of novel features of both EspG 

chaperones and selected TA systems. The knowledge obtained throughout this work 

contributes to the understanding of the T7S system and of TA systems in Mtb. This could help 

design new approaches to exploit both the T7S system and TA systems as putative targets for 

designing novel anti-tuberculosis drugs2. 

2. EspG chaperones as the potential key determinants for T7S system specificity 

As mentioned in Chapter 1, mycobacteria can encode up to five T7S or ESX systems. Although 

these systems have evolved differently in terms of function, their core components (ESX 

substrates, EspG, EccA, MycP and membrane proteins EccB-E) are predicted to be structurally 

similar. One of the main questions in the field is how ESX systems can have such different 

functions (protein, DNA and nutrient transport) considering the structural similarity of the 

system components and of the substrates. Part of the answer is that each system has its own 

substrates and that (thus far) cross secretion is not observed. This leaves the problem of system 

specificity.  Here, EspG chaperones seem to play an essential role in recognizing, promoting 

solubility and in transferring PE/PPE substrates to the secretion machinery (Chapter 2 and 3). 

Thus, it is tempting to propose that EspG proteins are the key determinants of system specificity 

in T7SS3. Despite that EspGs from different ESX systems share low levels of sequence identity 

(approximately ~25%), the proteins are structurally very similar (Chapter 3). It was recently 

reported that swapping the EspG-binding domain of PPE proteins promotes re-routing of 

secretion between ESX systems3. This was the first study that investigated the role of EspG in 

substrate and system specificity. However, the mechanism by which EspGs recognize their 

PE/PPE substrates still remains unclear. Work presented in Chapter 2 shows that dimerization 

of EspGs might allow possible alternate substrate binding modes of PE/PPE substrates. Hence, 
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oligomerization of EspGs could represent a more complex mechanism of substrate recognition, 

adding an additional layer of complexity to the regulation of T7S system.  

Another interesting feature we observed is the fact that the β2-β3 loop of EspGs seems to be 

flexible, as shown in Chapter 2. Variation in the loop length and conformation corresponds to 

one of the major structural differences between EspG1, EspG3 and EspG5. Interestingly, this 

loop is markedly longer in EspG5 when compared to EspG1 and EspG3. Considering that ESX-

5 is the main secretion system for the majority of PE/PPE proteins, one could hypothesize that 

this longer loop could be responsible for a broader recognition of the ESX-5 secretion 

substrates by EspG5. To further analyse this, it would be interesting to perform swapping 

experiments whereby the β2-β3 loop of EspG proteins is exchanged by one of the other EspG 

loops. Analysis of re-routing of secretion could help to validate this hypothesis. The next 

question that remains to be elucidated is how the EspG-substrate complex is recognized by the 

T7 secretion machinery and what determines the system specificity at this stage of the secretion 

process. The cytosolic ATPase domains of EccC are the potential “receptor” moiety. Previous 

studies have shown that the C-terminus of EsxB, containing the now well described YxxxD/E 

secretion signal, interacts with the EccC cytosolic domain and that this interaction is essential 

for EsxB secretion4. Thus, the general secretion signal YxxxD/E is required for the interaction 

between secreted substrates and the secretion machinery via EccC. However, since swapping 

the secretion signal between ESX substrates did not redirect the targets to another ESX 

secretion system5, it remains to be seen what determines the specificity of EspG-substrate 

complex to the membrane secretion machinery. The cytosolic EccA ATPase could also 

potentially be involved in the EspG-substrate complex recognition and/or disruption and 

possibly in recognition of the cognate ESX machinery. The β2-β3 loop of EspG has been 

previously proposed to take part in the interaction of EspG-substrate with EccA and consequent 

EspG-substrate dissociation6. Further studies are needed to explore the molecular details of the 

initial steps of T7 secretion to allow a full comprehension of this fundamental process in 

mycobacteria. Moreover, this knowledge could be used for potential drug design since 

secretion of virulence factors in Mtb is of major importance for virulence and/or viability of 

this pathogen. One avenue would be to target the EspG-substrate complex interface by 

designing a peptide or small-molecule that occupies the hydrophobic groove of EspG 

(described in Chapter 1). It would be required that this molecule has a higher affinity for EspG 

than to the ESX substrates, thus blocking further interaction with ESX substrates. Ideally, a 

drug that could non-specifically inhibit the interaction of all of the EspG proteins with their 



Structural insights in Mycobacterium tuberculosis proteins: from secretion chaperones to toxin-antitoxin systems 

212 

secreted target could be designed, thereby reducing the effect of all of the T7S systems within 

the cell.  However, this would not prevent secretion of substrates that do not require EspG 

chaperone, but it may still offer a complementary strategy to be used alongside other drugs or 

antibiotics. Another point to consider is the fact that the function of most of the ESX substrates, 

such as PE/PPE proteins, still remains to be fully understood. This means that the phenotype 

of such drugs would be difficult to predict without such information, which hopefully will be 

elucidated in the future. The safest system to target at this stage seems to be ESX-3, since this 

system, including the PE and PPE proteins encoded by the esx-3 locus, is crucial for bacterial 

growth.   

3. Exploring the potential of MbsTA as a novel drug target  

The activation of TA systems has been proposed as a promising method to control bacterial 

growth2,6. Among all the TA pairs studied in Mtb, MbsTA (Mycobacterial suicide 

toxin-antitoxin) is entirely distinct. While previously characterised TA systems from Mtb target 

processes such as DNA replication or protein translation, MbsTA affects the cellular 

metabolism by targeting two essential molecules: inorganic phosphate (Pi) and nicotinamide 

adenine dinucleotide (NAD+).  

Pi is a key molecule in the metabolism of cellular molecules such as ATP, nucleic acids, 

phospholipids and proteins and also plays a crucial role in many metabolic pathways, such as 

energy transfer and signal transduction7. Experimental studies revealed that Pi is required for 

optimal mycobacterial growth, since decreasing the concentration of exogenous Pi resulted in 

a stepwise reduction of bacterial growth in M. smegmatis cultures8. Mtb encounters Pi-limited 

conditions during infection and was reported to be less susceptible to antibiotic treatment9. 

Moreover, Pi limitation up-regulates secretion via the ESX5 secretion system of its substrates 

EsxN and PPE41, essential for virulence, and also the production of the main capsular 

polysaccharide α-glucan, which might play a role in the host by modulating immune 

response8,10.   

NAD+ is an essential component for the regulation of the metabolic state of prokaryotic and 

eukaryotic cells and is involved in multiple biological reactions. This molecule is required for 

maintaining the energy metabolism and redox balance as it can be reduced to NADH, the 

second most “energy-rich” molecule in the cell metabolism, after ATP11. It is also important 

for enzymes such as NAD+-dependent DNA ligases, ADP-ribosylases or protein 
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deacetylases12–14. In mycobacteria, NAD+ can be synthesized de novo from aspartate, a process 

essential for Mtb survival, or recycled via the salvage pathway, which is up-regulated in 

hypoxic conditions15. Interestingly, sudden changes in the level of intracellular NAD+ resulting 

from targeting the de novo biosynthesis of NAD+, result in Mtb cell death14. Although most 

bacterial pathogens can recycle NAD+ or obtain nicotinamide, necessary to biosynthesize 

NAD+, directly from the host tissue, enzymes involved in NAD+ biosynthesis have been 

reported to be promising antibacterial drug targets16. MbsT activity may have an even more 

pronounced bactericidal effect compared to targeting NAD+ biosynthesis alone, given that both 

Pi and NAD+ are depleted. It is appealing to rationalize that MbsTA could be a more effective 

target compared to others.  

One important feature of MbsT is that it targets the cellular metabolism as a whole, rather than 

a specific protein, DNA or RNA target as is the case for canonical Type II TA systems from 

Mtb. The high number of TA pairs belonging to the well-described TA families, such as VapBC 

or MazEF, supported the notion that Mtb has a remarkable functional redundancy of TA 

systems that target biological processes such as protein translation and DNA replication. This 

redundancy could be associated with a more general working mechanism performed by these 

TA families, such as a role in persistence or dormancy. In contrast, MbsTA is a single toxin in 

Mtb. This implies that the enzymatic mechanism underlying MbsT activity, most probably does 

not require functional redundancy. Despite this, the MbsTA system has a predicted paralogue 

in Mtb, Rv3188-Rv3189. MbsT and Rv3189 both contain a conserved RES domain and share 

~26% sequence identity17. Although this TA system was reported as one of the ten most 

induced pairs in drug-tolerant cells1, it was experimentally proven not to be functional in vitro 

(unpublished data, Diana Freire). Alternatively, this TA system requires special conditions and 

could only be functional in vivo.  

A few different approaches to disrupt TA interactions have been proposed6. As reported in 

Chapter 4, the interaction interface between MbsT-MbsA is mainly confined to the MbsT 

active site cleft that is occupied by the MbsA C-terminal region. Release of MbsT activity by 

disrupting the MbsT/MbsA interaction with small molecule drugs or peptides, without blocking 

the MbsT active site, will be a major challenge. We identified a few residues that are not part 

of the MbsT active site cleft, which interact with the alpha helix 7 of MbsA. This interaction 

could potentially be targeted for MbsTA complex disruption without affecting MbsT activity. 

One option would be to design peptides which could mimic the MbsA region interacting with 
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these MbsT residues and have a higher binding affinity towards MbsT than MbsA, 

consequently disrupting the complex. However, given the expected high affinity of MbsA 

towards MbsT, this strategy is rather unlikely to be successful.  In addition, targeting this 

interaction surface could also be challenging as it is part of the core of MbsT2MbsA2 

heterotetramer. In case the MbsTA complex oligomerizes in vivo this surface would be difficult 

to target. One option could be to combine peptide/molecule drug design with the use of a known 

or novel antibiotic(s) that would mimic a stressful situation and possibly induce MbsA 

proteolysis. Moreover, it would be ideal to follow the drug treatment in a situation where the 

levels of expression of MbsT are high. This would require thorough understanding of how the 

system behaves in different stress conditions and how this will influence regulation of other 

TA systems in vivo.  

As mentioned in Chapter 1, MbsTA is , together with DarTG and Rv1054-Rv1044, one of the 

Mtb TA pairs for which the toxin component exhibits bactericidal activity, as determined by 

the essentiality of the antitoxin gene18. Targeting activation of MbsT in the Mtb cell by 

destabilising the MbsTA complex or interfering with MbsTA regulation, would induce a strong 

bactericidal effect. We propose that MbsTA is potentially a better target than other TA systems 

and should be targeted for drug-design experiments. An even better scenario would be to target 

multiple bactericidal TA pairs simultaneously, thus increasing the chances of success of 

potential novel drugs(s) to eradicate Mtb. 

4.  Discovery of a novel NAD+-assisted enzymatic mechanism 

As reported in Chapter 4, the crystal structure MbsT resembles the beta-sheet split sandwich 

fold seen in NAD+ binding proteins, such as bacterial ADP-ribosyltransferases diphteria (DT) 

or cholera (CT) toxin. Comparisons with conserved motifs of DT and CT group revealed a 

hybrid motif in MbsT that does not include the canonical glutamate residue conserved in 

ADP-ribosyltransferases. This key residue is thought to be responsible for stabilization of the 

oxocarbenium intermediate after the first step of NAD+ hydrolysis. The fact that this residue is 

also not conserved in NAD+ glycohydrolases, such as TNT19 or Tse620, served as a first 

indication that MbsT is not a typical ADP-ribosyltransferase. Complementary biochemical data 

later proved that MbsT has NAD+ phosphorylase activity and catalyses the addition of a 

phosphate group from a Pi molecule to the ADP-ribose moiety of NAD+, thereby releasing 

nicotinamide. 
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To our knowledge, MbsT is the first NAD+ phosphorylase to be reported so far. By combining 

sequence motifs with structural features, it should be possible to identify other bacterial 

phosphorylases. A Pfam search places MbsT in the family of RES domain-containing proteins 

(PFAM ID: PF08808). This domain is characterised by the presence of three conserved 

residues (arginine (R), glutamate (E) and serine (S)) that could potentially form an active site. 

This domain is widely distributed among bacteria although most of the proteins with this 

domain organization have not been characterized so far. In MbsT, the RES motif is formed by 

Arg47, Glu69 and Ser126. However, neither Glu69 nor Ser126 are crucial for MbsT catalytic 

activity. As described in Chapter 4, several other MbsT residues, such as Arg27, Tyr28, Arg47, 

Trp48, Tyr58 and Arg72, were proven to be important for catalytic activity in vivo and in vitro. 

Interestingly, these residues form a large cleft that is much larger than the active site pockets 

from other NAD+-hydrolysing enzymes. This is another distinct feature of MbsT that supports 

the novelty of its activity mechanism. Nevertheless, additional studies on other NAD+ 

phosphorylases are necessary to determine whether the residues determined as essential for 

MbsT catalysis are conserved among this enzyme class.  

A key question that remains to be unanswered is how this enzyme evolved to be able to bind 

free Pi. Interestingly, MbsT contains a C66-X5-R72-X5-S/T motif, which is reminiscent of a non-

classical P-loop motif found in protein tyrosine phosphatases (PTPs), namely C-X5-R-[ST]21. 

The latter motif binds Pi and the corresponding cysteine and arginine residues are the essential 

catalytically residues for phosphate coordination22. At the moment we do not have any 

experimental evidence on Cys66 but, interestingly, Arg72 is one of the residues determined 

experimentally to be crucial for MbsT activity. However, it is clear that this motif is not 

completely conserved and that additional validation is required to identify the correct Pi 

binding site. In the perspective of Pi as a cellular target for MbsT, the main question to be 

answered is whether depletion of phosphate is really necessary to achieve optimal bactericidal 

effect. To answer this further experiments are required. The identification in vitro of the MbsT 

residues interacting with NAD+ or the Pi molecule is essential. This could be performed by 

crystalizing MbsT wt or mutants with Pi or Pi-like molecules. If this does not succeed, a full 

and deep analysis on protein-ligand (MbsT-NAD++Pi) modelling should be performed based 

on the structure model identified by small angle X-ray scattering of MbsT in solution, which 

is similar but not identical to the MbsT structure in the MbsTA complex crystal structure 

(Chapter 4). Identification of Pi-binding residues must be validated by biophysical and 

functional characterization. The next step is to determine if MbsT is able to hydrolyse NAD+ 
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without the ability to bind Pi in vitro and in vivo. In case the previous assumption is true, the 

growth phenotype upon expression of identified MbsT wt and Pi-binding-mutant will allow to 

understand whether the depletion of Pi is required for the bactericidal effect or if NAD+ 

depletion is sufficient. To combine this analysis, metabolomics on Mtb extracts expressing and 

not expressing MbsT wt and/or mutant(s) could be performed to check depletion of metabolites 

in the cell in a more in vivo approach than what previously performed in E.coli extracts. Based 

on the available literature, we assume that depletion of cellular NAD+ would be sufficient to 

collapse the entire cellular metabolism resulting in highly efficient Mtb suicide. As previously 

mentioned, during infection, the mycobacteria encounters a Pi-limited environment which up-

regulates events such as capsular polysaccharides production and hypersecretion of EXS-5 

substrates. This suggests that Pi depletion by MbsT could potentially be involved in 

establishing virulence and pathogenicity by Mtb. Metabolomics in Mtb extracts will allow to 

validate this hypothesis. One other interesting observation is that MbsT has orthologues in 

several mycobacteria species. Interestingly, MbsT seems to be conserved predominately in 

pathogenic mycobacteria which could point to the importance of this toxin in pathogenicity, as 

previously hypothesized. This points towards the relevance on studying MbsTA also from an 

evolutionary perspective. 

5. Oligomerization of MbsTA might play a regulatory role  

One of the interesting structural features of MbsTA is the fact that the complex forms a high 

molecular weight oligomeric assembly composed of three copies of an MbsT2MbsA2 

heterotetramer (described in Chapter 4). This arrangement was observed in the crystal 

structure, but also exists in solution. Oligonucleotides were designed from the Rv1990c-

Rv1989c promoter region based on their composition in direct repeats, palindromic or 

conserved sequences. Binding experiments in vitro between the MbsTA complex and the 

designed oligonucleotides resulted either in negative or unspecific binding (unpublished data, 

Diana Freire). In the heterododecamer, the MbsA N-terminal Helix-Turn-Helix (HTH) domain, 

common to many DNA-binding proteins, is blocked by an adjacent MbsT monomer explaining 

the negative binding assays (Chapter 4).  Mutations in MbsT residues located in the interaction 

interface with the HTH domain of MbsA resulted in the formation of an MbsTA heterotetramer 

in solution (unpublished data, Diana Freire). In this case, the HTH motif is no longer blocked 

by the adjacent MbsT and is, in theory, free for DNA-binding. However, in vitro attempts to 

bind MbsT2MbsA2 to the DNA oligonucleotides were unsuccessful (unpublished data, Diana 
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Freire). This could be explained by different reasons: (1) we were unable to identify the correct 

segments of the Rv1990c-Rv1989c promoter that can bind MbsA; (2) the in vitro conditions 

do not completely mimic the conditions required for in vivo interaction of MbsA with the 

promoter of the TA operon or (3) MbsA has an indirect negative effect on promoter 

transcription. Further in vitro and in vivo experiments are needed for further analysis and 

validation.    

Type II TA systems are generally regulated by the “conditional cooperativity”, previously 

described in chapter 1. It is interesting to point out that the transition of the transcription levels 

of the TA promoter from repression to derepression (active) state by the TA complex is related 

to a switch in the oligomerization state of the TA complex, as reported for RelBE23. 

Consequently, the oligomerization state of TA complexes might play a role in a mechanism 

that allows the bacteria to exist in the persistence state24. However, not all TA systems seem to 

be dependent on conditional cooperativity. In case of MqsRA, the MqsR toxin does not 

enhance the DNA binding ability of the MqsA antitoxin. This is due to the exceptional stability 

of the MqsRA complex and to the sub-nanomolar affinity between the toxin and antitoxin 

partners25. In case of MbsTA, as a comparison to the other reported systems, it is tempting to 

hypothesize that this is a non-canonical type II TA system that does not depend on conditional 

cooperativity (Figure 1). This could be justified by considering: (1) the obstructed HTH domain 

in MbsA within the heterododecameric arrangement, (2) the high stability of the MbsTA 

complex and (3) the theoretical high affinity between MbsT and MbsA considering the 

difficulty of disrupting the complex in vitro, similar to what is reported for the MqsRA TA 

pair. 

As an add-on in favour of a non-dependence on conditional cooperativity, it is worth 

considering that from a structural point of view, there is only one MbsT-MbsA interaction site 

which means that there is no option for a rearrangement on the MbsTA complex. This is not in 

accordance with what was previously reported for RelEB, which has two toxin binding 

domains in the RelBE complex, formed from the dimerization of the RelB antitoxin. 
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Considering that no homodimerization of the toxin or antitoxin was observed in vitro, it is 

possible to assume that changing the toxin-antitoxin ratio by increasing toxin concentration 

would most probably not affect or change the oligomerization arrangement of the MbsTA 

complex. This is in agreement with the hypothesis that MbsTA does not follow the general 

Figure 1. Schematic representation of the conditional cooperativity mechanism performed by typical 
TA systems compared to the proposed mechanism performed by MbsTA. (A) Phenotypic switching 
in the bacteria from actively growing to persistent is induced upon stress introduction into the system. (B)
During this transition, the ratio between antitoxin and toxin changes as indicated in the figure. (C)
Conditional cooperativity mechanism. When antitoxins are present in higher levels than the toxin 
([A]>>[T]) they bind weakly to the promoter, which results in weak repression. When levels of antitoxin 
and toxin are similar ([A]~[T]) the TA complex binds promoter DNA with higher affinity than antitoxin 
alone resulting in strong transcription repression. Higher toxin levels ([A]<<[T]) promote a change in the 
TA oligomerization which is not able to bind DNA and consequently induces a strong activation of 
transcription. (D) In the case of MbsTA, when antitoxin levels are higher ([A]>>[T])  the system potentially 
behaves as canonical TA systems. It still remains to be proven whether MbsA binds the Rv1990c promoter 
as a monomer or dimer. Upon increasing toxin levels, either in similar ([A]~[T]) or higher ratio than the 
antitoxin ([A]<<[T]), the MbsTA complex is not able to bind Rv1990c promoter resulting in strong 
activation of the transcription levels and consequently on high toxicity by MbsT. It still remains to be 
proven the biological oligomerization state of MbsTA complex in vivo, whether it is a heterododecamer or 
heterotetramer. 
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mechanism of conditional cooperativity. Nevertheless, it is of high importance to validate this 

hypothesis and determine if the toxin binding and DNA binding by the antitoxin are mutually 

exclusive or if this is not the case. This will require further binding experiments of MbsA and 

also of the MbsTA complex to the promoter region. This will be challenging, considering that 

all the attempts to produce MbsA alone in vitro were unsuccessful. On the other hand, this 

could be performed in a more in vivo approach in M. smegmatis or Mtb. Reporter plasmids 

expressing fluorescent proteins under the control of Rv1990c-Rv1989c promoter could be used 

to determine binding of MbsA alone or when in complex with MbsT. Mutations could be 

designed in MbsA HTH motif to prove direct binding to the promoter. Also, mutations in the 

MbsTA that disrupt the MbsTA oligomer (previously designed) could be tested to verify if the 

complex is able to bind the promoter or not and compare binding between MbsTA complex as 

heterododecamer or heterotetramer. The potential novelty of the regulation mechanism 

performed by MbsTA could be related to the fact that this system contains a powerful toxin. A 

tighter regulation mechanism must occur to control the strong bactericidal effect produced by 

MbsT, which might diverge from the one regulating TA systems containing bacteriostatic 

toxins.     

6. Concluding remarks 

The research presented in Chapter 4 has provided insights in a novel aspects of toxin-antitoxin 

systems that has not been described in the literature so far. The first hallmark of this work was 

the characterization of an enzymatic function that has not been reported so far and that may 

represent a novel class of enzymes. We have also presented novel regulatory mechanisms 

performed by TA systems that are potentially unique and different from the ones reported for 

other TA pairs. The knowledge obtained in this thesis work on novel TA systems will open up 

new possibilities to generate new anti-TB drugs, a process including high throughput methods 

for drug screening currently being planned to take place in the near future. 
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Summary 

The infectious disease tuberculosis (TB) is a highly contagious disease that is spread through 

the air. This old disease is caused by the bacterium Mycobacterium tuberculosis which 

mainly affects the lungs, but that can also attack other organs or mucous membranes. 

Tuberculosis occurs throughout the world, but most infections occur in Asia, South America, 

Africa and in the countries of the former Soviet Union. According to the World Health 

Organization (WHO), TB is currently the most deadly infectious disease in the world. 

The clever tuberculosis bacteria can survive, as it is, in a dormant state in human cells, in so-

called phagosomes, so that it can take many years for someone to eventually develop the 

symptoms of the disease. These dormant bacteria are particularly difficult to identify and 

fight. Only 5% of the individuals infected with latent M. tuberculosis bacteria ever develop 

active TB. The active form of TB can usually be controlled with a cocktail of different 

antibiotics, but the treatment takes a long time and often causes serious side effects. In 

addition, there is a worrying increase in the number of antibiotic-resistant strains of 

M. tuberculosis. 

To prevent infection, children in high-risk areas are vaccinated with the BCG (Bacillus 

Calmette-Guerin) vaccine. The bacteria in the BCG vaccine are still alive but weakened and 

for this reason they cannot cause TB. Genome analysis of BCG bacteria showed that a 

number of DNA regions had disappeared compared to the genome sequence of infectious 

M. tuberculosis strains. One of these regions includes genes that are responsible for the so-

called type VII secretion system ESX-1. This secretion apparatus is a transport system that is 

made up of different proteins and is located in the inner cell membrane of M. tuberculosis. 

The proteins that are secreted by the bacterium via the ESX-1 system and thus released into 

the phagosomes play a crucial role in the disease process. As a result, the ESX-1 system is 

one of the most important factors for virulence of M. tuberculosis. 

In addition to ESX-1, four other ESX systems were discovered in M. tuberculosis. The 

ESX-5 system is very interesting because it only occurs in pathogenic mycobacteria. An 

important class of proteins secreted by mycobacteria are the PE and PPE proteins that are 

unique to mycobacteria. Their function is largely unknown, but it is clear that these proteins 

play an important role in the pathogenic capacity (virulence) of the tuberculosis bacteria. 

PE/PPE proteins (also called substrates) are mainly secreted by ESX-5, but are also substrates 
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from other ESX systems. In this thesis we will go deeper into a family of proteins that is 

important in the first steps of the transport process of PE/PPE proteins via the type VII 

secretion systems. These so-called EspG chaperone proteins are located in the soluble part of 

the cell (cytosol) where they keep the proteins that have to be secreted in solution by forming 

EspG/substrate protein complexes. Each system has its own EspG protein that specifically 

recovers the PE/PPE substrates of that system. In chapter 2, the protein structure of one 

specific complex of EspG and PE/PPE is described. Using biophysical techniques and 

binding studies, we were able to demonstrate that one monomer of the EspG protein from the 

ESX-5 system (EspG5) binds to one PE25 and PPE41 complex, two proteins that are 

transported together in folded state by the ESX-5 secretion system. The chaperone binds 

these target proteins with nanomolar affinity and the amino acids that are important for this 

interaction were identified by means of mutation analysis. 

In Chapter 3, the structural differences between EspG chaperones of various ESX secretion 

systems (ESX-1, 3 and 5) are discussed in more detail to gain insight into the binding 

specificity. Additional crystal structures of different EspG chaperones are compared with 

structural models of EspG chaperones in solution, either alone or in complex with PE/PPE 

proteins. These models were calculated using small-angle X-ray scattering (SAXS). This 

technique allows the flexibility and oligomerization of proteins to be investigated in soluble 

form, without the limitation of crystallization. The intrinsic flexibility, as well as the tendency 

that EspG proteins display to form protein dimers, may contribute to the system specificity of 

EspG proteins and to their capacity to bind an extended set of PE/PPE substrates in the 

cytosol with high affinity. 

In addition to ESX secretion systems, the tuberculosis bacterium has a whole array of other 

effective molecules and mechanisms that contribute to the complete infection process and to 

bypass the immune system of the host cells. Toxin-antitoxin (TA) modules are small 

regulatory modules that ensure the survival of the bacterial population under difficult 

conditions (such as during bacterial growth in the phagosomes). Disrupting the function of 

TA modules could possibly result in the bacterium no longer growing efficiently after 

infection of its host. This concept thus offers perspective for the development of an anti-TB 

therapy. The problem here is that the toxins of typical TA modules only slow down the 

bacterial growth, with the result that the bacterium ends up in a dormant state, but is not 
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switched off. This thesis deals with two atypical TA modules whose toxins not only prevent 

bacterial growth but also have cell-killing activity. 

Chapter 4 includes an interdisciplinary study on a new TA system from M. tuberculosis, 

called mycobacterial "suicide" toxin-antitoxin, or MbsTA. We have determined the crystal 

structure of the MbsTA complex and showed that this complex is capable of forming large 

oligomers. The structure proves that the MbsT toxin has a fold characteristic of a class of 

bacterial toxins that attack human cells, such as the diphtheria toxin, including a binding site 

for a Nicotinamide Adenine Dinucleotide (NAD+) molecule. The antitoxin MbsA prevents 

the activity of MbsT by blocking access to the NAD+ binding site. We showed that MbsT 

breaks down the cofactor NAD+ very efficiently, producing nicotinamide and phosphorylated 

ADP-ribose as reaction products. This reaction mechanism depends on the presence of 

inorganic phosphate. NAD+ is the most important electron acceptor in the oxidation of fuel 

molecules. As a result, the activity of MbsT in bacterial cells is fatal, due to a depletion of the 

NAD+ reserves of the bacterium. The enzymatic activity of MbsT has never been described 

before and thus MbsT is a new type of phosphorylase. Our structural and biochemical data 

were supplemented with functional results from infection studies with mice. For example, we 

discovered that an activation of the MbsT protein in the tuberculosis bacteria with which 

mice were previously infected, results in a protection effect comparable to a typical antibiotic 

treatment. With this knowledge it might be possible to develop new antibiotics in the future 

that stimulate the activity of MbsT, for example by preventing the formation of inactive 

MbsTA complexes in the tuberculosis bacterium. 

Finally, Chapter 5 describes the crystal structure of the antitoxin VapB45. Despite the fact 

that this antitoxin and the corresponding toxin VapC45 were previously classified in the 

Type II VapBC subfamily of TA modules, our structural data indicate that VapBC45 is an 

atypical member of this subfamily. Unlike other VapB antitoxins, VapB45 is not an unfolded 

protein without a clear structure, but a dimeric protein with a unique architecture including 

DNA-binding motifs. This could indicate that VapB45 regulates the activity of the VapC45 

toxin in a different way than conventional VapC toxins. 

The research work described in this thesis contributes to our molecular knowledge of 

essential factors that are important in the contamination process of the tuberculosis bacterium 

and introduces new protein systems that can be manipulated to target tuberculosis bacteria in 

the future in a targeted manner.  
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Samenvatting 

De infectieziekte tuberculose (TB) is een zeer besmettelijke ziekte die via de lucht wordt 

verspreid. Deze oude ziekte wordt veroorzaakt door de bacterie Mycobacterium tuberculosis 

die voornamelijk de longen aantast, maar ook andere organen of slijmvliezen kan aanvallen. 

Tuberculose komt in de hele wereld voor, maar de meeste besmettingen vinden plaats in 

Azië, Zuid Amerika, Afrika en in de landen van de voormalige Sovjet-Unie. Volgens de 

Wereldgezondheidsorganisatie (WHO), is TB op dit moment de meest dodelijke 

infectieziekte ter wereld. 

De slimme tuberculosebacteriën kunnen als het ware in een slapende toestand overleven in 

menselijke cellen, in zogenaamde fagosomen, zodat het vele jaren kan duren voordat iemand 

uiteindelijk symptomen ontwikkelt. Vooral deze sluimerende bacteriën zijn bijzonder 

moeilijk te identificeren en te bestrijden. Slechts 5% van de individuen die besmet zijn met 

latente M. tuberculosis bacteriën, ontwikkelen ooit actieve TB. De actieve vorm van TB kan 

meestal bestreden worden met een cocktail van verschillende antibiotica, maar de 

behandeling duurt erg lang en veroorzaakt dikwijls ernstige bijwerkingen. Daarenboven, is er 

een zorgwekkende toename van het aantal antibioticaresistente stammen van M. tuberculosis. 

Om infectie te voorkomen, wordt kinderen in hoge risico gebieden ingeënt met het BCG 

(Bacillus Calmette-Guerin) vaccin. De bacteriën in het BCG-vaccin zijn nog levend maar 

verzwakt, zodat ze geen TB kunnen veroorzaken. Genoomanalyse van BCG bacteriën toonde 

aan dat een aantal DNA regio’s verdwenen waren in vergelijking met de genoomsequentie 

van besmettelijke M. tuberculose stammen. Eén van deze regio’s omvat genen die instaan 

voor het zogenaamde type VII secretiesysteem ESX-1. Dit secretieapparaat is een 

transportsysteem dat opgebouwd is uit verschillende eiwitten en zich bevindt in de binnenste 

celmembraan van M. tuberculosis bacteriën. De eiwitten die via het ESX-1 systeem door de 

bacterie uitgescheiden worden en zo vrijkomen in de fagosomen, spelen een cruciale rol in 

het ziekteproces van tuberculeuze mycobacteriën. Als gevolg is het ESX-1 systeem één van 

de belangrijkste virulentiefactoren van M. tuberculosis. 

Naast ESX-1 werden nog vier andere ESX systemen ontdekt in M. tuberulosis. Vooral ESX-5 

is zeer interessant omdat het alleen voorkomt in ziekteverwekkende of pathogene 

mycobacteriën. Een belangrijke klasse van eiwitten die de tuberculosebacterie uitscheid zijn 

de PE en PPE eiwitten die uniek zijn voor mycobacteriën. Hun functie is grotendeels 

onbekend, maar wel is duidelijk dat deze eiwitten een belangrijke rol spelen in de 
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ziekteverwekkende capaciteit (virulentie) van de tuberculosebacterie. PE/PPE eiwitten (ook 

substraten genoemd) worden voornamelijk uitgescheiden door ESX-5, maar zijn ook 

substraten van andere ESX systemen. In dit proefschrift wordt dieper ingegaan op een familie 

van eiwitten die belangrijk is in de eerste stappen van het transportproces van PE/PPE 

eiwitten via type VII secretiesystemen. Deze zogenaamde EspG chaperonne-eiwitten 

bevinden zich in het oplosbare deel van de cel (cytosol) waar ze de eiwitten die uitgescheiden 

moeten worden in oplossing houden door de vorming van EspG/substraat eiwitcomplexen. 

Elk systeem heeft zijn eigen EspG eiwit dat specifiek de PE/PPE substraten van dat systeem 

hereknt. In hoofdstuk 2, wordt voor de eiwitstructuur van één specifiek complex van EspG 

en PE/PPE eiwitten beschreven. Door middel van biofysische technieken en bindingsstudies 

konden we aantonen dat één monomeer van het EspG van ESX-5 (EspG5) bindt aan één 

complex van PE25 en PPE41, twee eiwitten die samen in gevouwen toestand getransporteerd 

worden door het ESX-5 secretiesysteem. Het chaperonne bindt deze doelwiteiwitten met 

nanomolaire affiniteit en de aminozuren die belangrijk zijn voor deze interactie werden 

geïdentificeerd door middel van mutatie analyse. 

In Hoofdstuk 3 wordt dieper ingegaan op de structurele verschillen tussen EspG chaperonnes 

van diverse ESX secretiesystemen (ESX-1, 3 en 5) om inzicht te krijgen in de 

bindingsspecificiteit. Bijkomende kristalstructuren van verschillende EspG chaperonnes 

worden vergeleken met structurele modellen van EspG chaperonnes in oplossing, zij het 

alleen of in complex met PE/PPE eiwitten. Deze modellen werden berekend met behulp van 

kleine-hoek Röntgenstraling verstrooiing (SAXS). Deze techniek laat toe de flexibiliteit en de 

oligomerisatie van eiwitten te onderzoeken in oplosbare vorm, zonder de limitatie van 

kristallisatie. De intrinsieke flexibiliteit, alsook de tendens die EspG eiwitten vertonen om 

eiwitdimeren te vormen, dragen wellicht bij tot de systeemspecificiteit van EspG eiwitten en 

tot hun capaciteit om met hoge affiniteit een uitgebreide set van PE/PPE substraten te binden 

in het cytosol. 

Naast ESX secretiesystemen, heeft de tuberculosebacterie nog een heel arsenaal aan andere 

effectieve moleculen en mechanismen die bijdragen tot het volledige infectieproces en het 

omzeilen van het afweersysteem van de gastheercellen. Toxine-antitoxine (TA) modules zijn 

kleine regulatorische netwerken die de overleving van de bacteriële populatie verzekeren 

onder moeilijke omstandigheden (zoals gedurende bacteriële groei in de fagosomen). Het 

verstoren van de functie van TA modules zou eventueel als gevolg kunnen hebben dat de 

tuberculosebacterie niet meer efficiënt kan groeien na infectie van zijn gastheer. Dit concept 
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biedt aldus perspectief voor de ontwikkeling van een anti-TB therapie. Problematisch hierbij 

is de vaststelling dat de gifstoffen (toxinen) van typische TA modules alleen de groei van de 

tuberculosebacteriën vertragen, met als gevolg dat de bacterie in een sluimerende toestand 

belandt, maar niet uitgeschakeld is. In dit proefschrift wordt ingegaan op twee atypische TA 

modules waarvan de toxines niet alleen de bacteriële groei verhinderen, maar ook celdodende 

activiteit hebben.  

Hoofdstuk 4 omvat een interdisciplinaire studie over een nieuw TA systeem in M. 

tuberculosis, genaamd mycobacterieel “suicide” toxine-antitoxine, of MbsTA. We hebben de 

kristalstructuur van het MbsTA complex bepaald en toonden aan dat dit complex in staat is 

om grote oligomeren te vormen. De structuur bewijst dat het MbsT toxine een vouwing heeft 

kenmerkend is voor een klasse van bacteriële toxines die menselijke cellen aanvallen, zoals 

het difterie toxine, inclusief een bindingsplaats voor een Nicotinamide Adenine Dinucleotide 

(NAD+) molecuul. Het antitoxine MbsA verhindert de activiteit van MbsT door het blokkeren 

van de toegang tot de NAD+-bindingsplaats. We toonden aan dat MbsT de cofactor NAD+ 

zeer efficiënt afbreekt waarbij als reactieproducten nicotinamide en gefosforyleerd ADP-

ribose aangemaakt worden. Dit reactiemechanisme is afhankelijk van de aanwezigheid van 

anorganisch fosfaat. NAD+ is de belangrijkste elektronenacceptor bij de oxidatie van 

brandstofmoleculen. Als gevolg is de activiteit van MbsT in bacteriële cellen dodelijk, 

omwille van een uitputting van de NAD+ reserves van de bacterie. De enzymatische activiteit 

van MbsT is nog nooit eerder beschreven en aldus is MbsT een nieuw type fosforylase. Onze 

structurele en biochemische data werden aangevuld met functionele resultaten uit 

infectiestudies met muizen. Zo ontdekten we dat een activering van het MbsT eiwit in de 

tuberculosebacteriën waarmee eerder muizen werden besmet, resulteert in een 

beschermingseffect vergelijkbaar met een typische antibioticakuur. Met deze kennis zou het 

eventueel mogelijk kunnen zijn om in de toekomst nieuwe antibiotica te ontwikkelen die de 

activiteit van MbsT stimuleren, bijvoorbeeld door het verhinderen van de vorming van 

inactieve MbsTA complexen in de tuberculosebacterie. 

Tenslotte wordt in Hoofdstuk 5 de kristalstructuur van het antitoxine VapB45 beschreven. 

Ondanks het feit dat dit antitoxine en het overeenkomstige toxine VapC45 eerder 

geclassificeerd werden in de Type II VapBC subfamilie van TA modules, wijzen onze 

structurele data erop dat VapBC45 een atypisch lid is van deze subfamilie. In tegenstelling tot 

andere VapB antitoxines, is VapB45 geen ongevouwen eiwit zonder duidelijke structuur, 

maar een dimeer eiwit met een unieke architectuur inclusief DNA-bindende motieven. Dit 
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zou erop kunnen wijzen dat VapB45 de activiteit van het VapC45 toxine op een andere 

manier reguleert dan klassieke VapC toxines.  

Het onderzoekswerk dat in dit proefschrift beschreven wordt, draagt bij tot onze moleculaire 

kennis van essentiële factoren die belangrijk zijn in het besmettingsproces van de tuberculose 

bacterie en introduceert nieuwe eiwitsystemen die mogelijk gemanipuleerd kunnen worden 

om tuberculosebacteriën in de toekomst doelgericht te kunnen bestrijden.  
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