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Regulation of Mycobacterium tuberculosis virulence 

Cole Mackaman Dovey 

 

Abstract 

 

During infection, Mycobacterium tuberculosis delivers critical ESX-1 virulence 

factors that modulate host cell function and stimulate adaptive immunity.  Precise 

control of ESX-1 secretion may be essential for determining M. tuberculosis 

pathogenesis.  Here we report the crystal structure for EspR, a key 

transcriptional regulator of ESX-1 secretion.  The helix-turn-helix (HTH) domains 

of EspR are arranged in an unusual conformation in which they are splayed at an 

oblique angle to each other, suggesting that EspR binds DNA in a profoundly 

different way than most other known HTH regulators.  By mapping the EspR 

binding sites in the espACD promoter, using both in vivo and in vitro binding 

assays, we showed that the EspR operators are located unusually far from the 

promoter.  The EspR dimer binds to these sites cooperatively, but the two “half-

sites” contacted by each DNA recognition motif are separated by 177 base pairs.  

The distinctive structure of EspR and the exceptional arrangement of its operator 

contacts suggest that it could promote DNA looping in its target promoter.  Here 

we present multiple pieces of data that, taken together, support the direct looping 

model.  With a transcription reporter assay, we showed that EspR activity is DNA 

phase-dependent, consistent with looping between its sites.  Using ChIP-chip, we 

determined the global binding landscape of EspR, which includes regions 
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important for ESX-1 secretion, PDIM synthesis, and control of its own promoter.  

Through independent in vivo and in vitro methods, we identified the EspR 

consensus binding site, and find that its distribution and spacing throughout the 

genome is consistent with EspR-mediated looping as a widespread 

phenomenon.  Finally, we found a key mechanistic clue by concurrent studies of 

another transcriptional regulator, Lsr2, which appears to be epistatic to EspR for 

espACD transcription.  By comparing the genome-wide binding sites and 

determining the complete transcriptional regulons of EspR and Lsr2, we found 

that the function of these two factors is linked at many sites throughout the 

genome.  We discuss potential mechanisms for global co-regulation by EspR and 

Lsr2. 



 vii 

Table of Contents 

 

Abstract v 

 

Chapter 1. 
 

   Introduction 1 
 

Chapter 2. 
 

   EspR adopts a unique dimeric structure among helix-turn-helix proteins 7 
 

Chapter 3. 

  
   Mechanism of genome-wide gene regulation by EspR 47 
 

Chapter 4.  
 

   Conclusions and perspectives 100 



 viii 

List of Tables 

 

Chapter 2 

Table 2.1  Crystallographic and refinement statistics 28 

Table 2.2  Strains and plasmids used in this study 29 

Table 2.3  Oligonucleotides used in this study 30 
 

 

Chapter 3 
 

Table 3.1  Top EspR ChIP peaks and array data 69 

Table 3.2  ChIP peaks proximal to EspR regulated genes 70 

Table 3.3  The EspR direct expression regulon 71 

Table 3.4  The Lsr2 direct expression regulon 72 

Table 3.5  Plasmids used in this study 74 
 
  



 ix 

List of Figures 
 

 

Chapter 2. 7 
 

Figure 2.1. 32 
Figure 2.2. 34 
Figure 2.3. 36 
Figure 2.4. 38 
Figure 2.5. 40 
Figure 2.6. 42 
 

Chapter 3. 47 
 

Figure 3.1. 76 
Figure 3.2. 78 
Figure 3.3. 80 
Figure 3.4. 82 
Figure 3.5. 84 
Figure 3.6. 86 
Figure 3.7. 88 
Figure 3.8. 90 
Figure 3.9. 92 
Figure 3.10. 95 

 



 1 

 

 

 

 

 

 

 

 

 

Chapter 1 

 

 

Introduction 



 2 

Introduction 

 

Mycobacterium tuberculosis is the causative agent of tuberculosis and latently 

infects approximately one third of the world’s population, killing nearly two million 

people every year (Dye and Williams, 2010).  After being inhaled by the host, the 

bacterium is phagocytosed by alveolar macrophages, part of the first-line 

immune defense that efficiently destroys the majority of other invading 

pathogens.  During the early stages of infection, M. tuberculosis must adapt 

within the dynamic and hostile milieu of the phagosome before eventually 

establishing a persistent infection (Russell, 2007).  To varying degrees during the 

course of infection, the phagosomal environment has been characterized as 

nitrosative, oxidative, hypoxic, nutrient-limited, and acidic (Rohde et al., 2007; 

Schnappinger et al., 2003). 

 

The ESX-1 secretion system is critical for M. tuberculosis pathogenesis and 

exports virulence factors into the host cell to modulate a variety of functions.  

ESX-1 secretion elicits powerful, seemingly contradictory changes in the host 

immune response.  On the one hand, it suppresses innate immune signaling 

within naive macrophages, preventing the fusion of phagosomes with lysosomes, 

inhibiting production of reactive nitrogen intermediates, and repressing 

proinflammatory cytokine release (MacGurn and Cox, 2007; Stanley et al., 2003).  

On the other hand, ESX-1 substrates are potent T-cell antigens and stimulants of 

adaptive immunity (Brodin et al., 2004).  To balance the benefits of ESX-1 
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against its potential detriments, M. tuberculosis may have evolved mechanisms 

to tightly regulate this system during infection.  One intriguing hypothesis is that 

the bacterium activates ESX-1 early during infection in order to suppress innate 

immune signaling and later represses the system to evade adaptive immune 

surveillance.  However, despite the importance of this system for virulence, the 

field is still in the early stages of understanding its regulation (Ohol et al., 2010; 

Raghavan et al., 2008). 

 

The three-gene cluster, espACD, is a potential key point of regulation for ESX-1 

during infection.  These genes are required for ESX-1 secretion and are 

conserved across pathogenic mycobacteria.  Though the biochemical functions 

of their protein products are unknown, they are each exported substrates of the 

system (Chen et al., 2012; MacGurn et al., 2005).  There is an initial burst of 

espACD expression immediately after phagocytosis by the macrophage (2-4 h), 

followed by a decline by 24 hours (Raghavan et al., 2008; Rohde et al., 2007).  

We identified EspR as a transcriptional regulator that activates espACD and 

directly binds its promoter.  The initial induction of espACD expression is 

diminished in espR mutant bacteria, suggesting an important early role for EspR 

following phagocytosis (Raghavan et al., 2008).  EspR is required for ESX-1 

secretion, and is itself a substrate for ESX-1, providing an elegant means for 

negative feedback regulation of this system.  Furthermore, the espR mutant has 

a signature ESX-1 virulence defect in the mouse infection model (Raghavan et 

al., 2008). 
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The goal of this thesis work is to better understand mechanisms of regulation of 

ESX-1 secretion.  Through solving the crystal structure of EspR, and determining 

its DNA binding sites, we have uncovered unique aspects of the biology of this 

important regulatory protein.  Additionally, by determining its global DNA binding 

landscape, we have expanded our knowledge of its regulon, which includes other 

important virulence determinants in M. tuberculosis.  Finally, we have identified 

another key factor that participates with EspR for combinatorial control at several 

virulence loci. 
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Abstract 

 

EspR is a transcriptional regulator that activates the ESX-1 secretion system 

during Mycobacterium tuberculosis infection and is critical for pathogenesis. It is 

unique among DNA binding proteins as it is secreted as part of a feedback 

regulatory loop that serves to mitigate transcriptional activity.  Here we report the 

crystal structure of a functional EspR dimer at 2.5 Å resolution.  The amino-

terminal half of EspR is a helix-turn-helix (HTH) DNA-binding domain and the 

carboxy-terminus consists of a dimerization domain with similarity to the 

SinR:SinI sporulation regulator of Bacillus subtilis.  Surprisingly, the HTH 

domains of EspR are arranged in an unusual conformation in which they are 

splayed at an oblique angle to each other, suggesting that EspR binds DNA in a 

profoundly different way than most other known HTH regulators.  By mapping the 

EspR binding sites in the espACD promoter, using both in vivo and in vitro 

binding assays, we show that the EspR operators are located unusually far from 

the promoter.  The EspR dimer binds to these sites cooperatively, but the two 

“half-sites” contacted by each DNA recognition motif are separated by 177 base 

pairs.  The distinctive structure of EspR and the exceptional arrangement of its 

operator contacts suggest that it could promote DNA looping in its target 

promoter.  We hypothesize that direct DNA looping mediated by single-site 

binding of each EspR monomer may facilitate transcriptional control of this 

important virulence system.  
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Introduction 

 

Mycobacterium tuberculosis, an intracellular pathogen that exerts an enormous 

toll on global human health, has evolved to respond to changing conditions within 

the infected host (Dye and Williams, 2010).  In particular, the ESX-1 secretion 

system, which delivers effector proteins into host cells and is essential for M. 

tuberculosis virulence (Simeone et al., 2009), is under positive transcriptional 

control by the helix-turn-helix (HTH) transcription factor EspR (Raghavan et al., 

2008).  Because the major secreted substrates ESAT-6 and CFP-10 are not only 

required for virulence but are also highly immunogenic T-cell antigens, dynamic 

regulation during infection of macrophages may function to balance virulence and 

immunogenicity.  Thus, precise regulation of the delivery of ESX-1 substrates 

during infection may be essential to M. tuberculosis pathogenesis (Raghavan et 

al., 2008). 

 

EspR promotes ESX-1 secretion by activating transcription of the espACD 

(Rv3616c-Rv3614c) operon immediately upon macrophage infection (Raghavan 

et al., 2008).  EspA, EspC, and EspD are required for ESX-1 secretion, and both 

EspA and EspC are ESX-1 secreted substrates (Fortune et al., 2005; MacGurn 

and Cox, 2007).  Interestingly, not only is EspR an activator of the system, it is 

itself a substrate of ESX-1 and its secretion provides a simple negative feedback 

loop which serves to limit transcription by lowering the concentration of EspR in 

the cell. Thus, EspR activates ESX-1 secretion early after phagocytosis, but its 
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activity is titrated away from the cell later during macrophage infection. 

Therefore, EspR is not only a key regulator of M. tuberculosis virulence, but it is 

controlled by a unique mechanism.  

 

In this work, we have determined the crystal structure of EspR to a maximum 

resolution of 2.5 Å and have identified its operator binding sites in the espACD 

regulatory region. Our studies reveal that EspR has both an unusual 

arrangement of its DNA–interaction domains as well as complex binding 

characteristics, distinguishing it from other known HTH regulators. 

 

Results 

 
 
EspR crystallization and structure determination.  We overexpressed 

recombinant EspR in Escherichia coli, purified it via a combination of affinity and 

size-exclusion chromatography, and removed the tag to produce full-length EspR 

with three additional residues from the affinity tag on the amino terminus.  Gel 

filtration revealed that the protein migrated as a single species and with an 

estimated molecular weight (MW) of approximately 30 kDa, suggesting that the 

protein consisted of a dimer of two 15.2 kDa monomers. In-line light scattering 

and refractivity analysis indicated that the protein had an estimated, shape-

independent MW of ~33 kDa, within experimental error of the predicted MW of 

the dimer (Figure 2.1A).  The protein was uniformly monodisperse and there was 
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no evidence for other MW species. Thus, EspR likely exists as a dimer in 

solution. 

EspR crystallized in the spacegroup P32 and we determined its structure at a 

resolution of 2.5 Å using a selenomethionine derivative and multiwavelength 

anomalous phasing (see Table 2.1 for crystallographic information and statistics). 

Although the solution was complicated by pseudotranslation and perfect 

merohedral twinning, we were able to refine to an Rfree of 23% using least 

squares twinned refinement (Adams et al., 2010).  As was the case for another 

group with a related crystal form, we were unable to solve the structure with 

molecular replacement (Gangwar et al., 2011). Moreover, attempts to fit our data 

with models of SinR, the closest structural homolog discovered by tertiary 

structure prediction (Lewis et al., 1998; Raghavan et al., 2008), and with models 

of other classic helix-turn-helix (HTH) proteins including lambda (Beamer and 

Pabo, 1992) and phage 434 repressors (Rodgers and Harrison, 1993), failed to 

produce a solution, likely because these were monomeric domains which were 

only distantly related to EspR sequence (<25% identical).   

 

Structural overview.  Although there are 18 monomers in the asymmetric unit 

(molecules A-R), they are arranged into a set of 9 closely interacting dimers. An 

analysis with the PISA suite of programs (Krissinel and Henrick, 2007) suggested 

that only the intra-dimer interfaces (between molecules A-B, C-D, etc.) have a 

significant role in complex formation. These interfaces were all given a 

“complexation significance score” of 1.0 (on a scale of 0 – 1.0), implying that the 
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interface plays an essential role in complex formation. All other monomer-

monomer contacts in the crystal are scored as incidental artifacts of 

crystallization. Thus, the rest of this report will discuss only the dimer formed 

between molecule A and B, which we believe represents the biological assembly. 

We have also solved a second crystal form (P212121 spacegroup) with molecular 

replacement of our original, monomeric model and though it was of lower 

resolution (~3.2 Å), the initial electron density maps clearly revealed the same 

dimeric structure but with extensive disorder that precluded further refinement. 

However it was clear from rough electron density maps of this second crystal 

form that the dimeric structure found in the trigonal crystal form was retained in 

the low-resolution, orthorhombic form. 

 

Overall, the two EspR monomers in the dimer form an extensive interface 

burying 3017 Å2 of surface area (as calculated in (Saff and Kuijlaars, 1997)) for 

each molecule at the interface (Figure 2.1B).  The monomer is an all-helical 

structure with distinct amino- and carboxyl-terminal domains.  The N-terminus 

(aa 1-80) is a classical HTH domain, and the two HTH domains in the dimer are 

packed closely against one another. The carboxyl-terminal domains (“CTDs”, aa 

81-132) of each monomer create a series of four crisscrossing helices forming a 

hydrophobic interaction, suggesting that this domain is necessary for EspR 

constitutive dimerization.  
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Individual HTH domain.  The HTH domain is perhaps the most widely used 

DNA binding motif in prokaryotes and a large number of HTH-containing proteins 

have been extensively studied in structural detail (Harrison and Aggarwal, 1990).  

A search using the DALI server (Holm and Rosenstrom, 2010) revealed that the 

most closely related HTH domain where a DNA bound structure is available is 

the phage 434 repressor (Rodgers and Harrison, 1993), and the domain’s 

structure is also extremely similar to CI and Cro repressors of lambda (Albright 

and Matthews, 1998; Beamer and Pabo, 1992). The hydrophobic folding of the 

EspR HTH domain is essentially conserved with the 434 repressor, centered 

around the buried residues L9, L12, V29 L64 and Y74.  Although individual 

residues shown to be important for binding DNA are not conserved with the 434 

repressor, the network of hydrogen donors required for DNA binding is available 

on the recognition and scaffolding helices of EspR and there are no steric 

hindrances to DNA binding. 

 

The overall position of canonical DNA interacting elements, the DNA recognition 

and scaffolding helices (Harrison and Aggarwal, 1990), are also well conserved 

with 434 repressor although there are some notable differences.  First, the 

scaffolding helix is rotated approximately 20° relative to the scaffolding helices of 

the DNA bound form of 434 repressor, as well as compared to the CI and Cro 

repressors from lambda.  There is also an extensive loop N-terminal to the 

scaffolding helix (aa 16-25), which is involved in the dimerization interface 

(Figure 2.1B, “HTH interaction loop”). 
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Dimer interface. The two monomers (chain A and B) are related to one another 

by pseudo two-fold symmetry (Figure 2.1B). Two fold symmetry is not exact, due 

in part to the fact that the full C-terminus is seen in the B monomer but the final 

residues of the A chain are disordered. The dimer interface consists of two 

distinct regions in the N- and C- terminal domains. In the N-terminal HTH 

domain, the two monomers form an extensive electrostatic and hydrogen 

bonding network (Figure 2.2A). This interaction also includes symmetrical 

arginines (R69) that stack hydrophobically with each other, as well as 

symmetrical phenylalanines (F67 and F68) that further stabilize the dimer (Flocco 

and Mowbray, 1994).  Notably, although these stacking interactions are 

hydrophobic, they are stabilized by hydrogen bonding and there is no clear 

hydrophobic core between the HTH domains themselves.  There is thus the 

possibility for rearrangements between the two HTH domains.   

 

In contrast to the HTH domain interactions, the CTD is a four-helix bundle 

between the two monomers generating a small hydrophobic core composed of 

I102, L109, V117, I121, and L124 from both monomers along the pseudo 2-fold 

axis. In this region, all of the buried hydrophobic residues are found at the dimer 

interface. In fact, almost all of the residues between E81 and D130 (43/49 

residues) are classified as interacting at the dimer interface by the PISA 

algorithm (as opposed to 15/80 in the HTH region). This interface is remarkably 

similar to the interaction between the HTH transcription factor SinR and its 
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inhibitor SinI (Lewis et al., 1998)(Figure 2.2B), which Lewis et al. hypothesized 

might mimic the interactions between two SinR monomers. To test if the CTD 

region of EspR is required for dimerization, we expressed and purified a 

truncated form of the protein lacking just the last alpha helix (aa 108-132).  Both 

gel filtration and light scattering analyses indicated that this protein was a well-

folded, mono-disperse monomer, suggesting that the CTD is critical for 

dimerization (Figure 2.1A).   

 

Orientation of Helix-turn-Helix domains.  In almost all known cases, HTH 

proteins form dimers that bind to successive turns of the major groove, with each 

motif binding one half-site of symmetry-related DNA (Harrison and Aggarwal, 

1990) (Figure 2.3A).  When we modeled one of the EspR HTH domains onto the 

DNA bound structure of 434 repressor, the HTH of EspR overlaid extremely well 

onto the 434 HTH, with a root mean square deviation value of 1.8 Å.  Indeed, the 

excellent overlap with the recognition helix suggests that the individual HTH 

domains adopt a DNA binding-competent conformation. However, examination of 

the quaternary structure of the rest of the protein revealed a large deviation from 

the 434 repressor, with the second HTH of the EspR dimer rotated ~120° relative 

to that of the 434 protein (Figure 2.3A).  Moreover, manual rotation of the HTH 

domains could not allow for the recognition helices to be placed onto adjacent 

major grooves.  This spatial orientation of the HTH domains strongly suggests 

that EspR cannot bind DNA via the standard mode of HTH regulators. In 

particular, in the absence of dramatic conformational changes, each HTH domain 
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in the EspR dimer cannot simultaneously make contacts between adjacent 

sequences of DNA. 

 

DNA binding experiments.  We had shown previously that an MBP-tagged 

version of EspR bound to a site approximately 427 to 520 bp upstream of the 

translational start site of EspA (site A in Figure 2.4A).  Similar experiments with 

untagged, dimeric EspR suggested that this protein bound this region with 

relatively low affinity in vitro (Figure 2.5A).  Furthermore, these previous 

experiments used only part of the sequence immediately upstream of espACD 

and we reasoned that other elements further upstream may be important for 

EspR binding.  Therefore, we sought to identify EspR operators in the espACD 

promoter in vivo using a chromatin immunoprecipitation (ChIP) assay.  We 

integrated the entire intergenic region upstream of espACD (1,357 bp, Figure 

2.4A) into the Mycobacterium smegmatis genome, expressed 3X-FLAG-tagged 

M. tuberculosis EspR, crosslinked with formaldehyde, and immunoprecipitated 

the protein from cell extracts.  The relative abundance of DNA fragments within 

the immunoprecipitate was determined by quantitative PCR using a series of 

primer sets that spanned the entire intergenic region.  Surprisingly, the peak of 

binding centered on a site approximately 850 bp upstream of the EspA start 

codon (Figure 2.4B).  These results, in combination with genome-wide ChIP-on-

Chip studies (manuscript in preparation) suggested that EspR binds to the DNA 

sequence PyAGCAAAPy.  Notably, this sequence is neither palindromic nor 

present in contiguous repeats, common features of most HTH operators.  
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However, a search of the entire espACD upstream sequence identified three 

sequence matches, here termed A, B and C and centered at positions -468, -

798, and -983 bp relative to the start site of translation (Figure 2.4A). Thus, the 

peak of EspR binding in vivo centered near the B site, but not the A site. 

 

To test the role of these sequences in EspR binding, we generated scrambled-

site mutations in the A, B, and C sites for use in the ChIP assay.  As shown in 

Figure 2.4B, mutation of the A site (aBC) had little effect on EspR binding.  In 

contrast, mutation of the B (AbC) or C (ABc) sites inhibited EspR binding, while 

mutation of both sites in combination (Abc) appeared to inhibit binding even more 

strongly.  These data suggest that the B and C sites are required for EspR 

interaction with the espACD upstream intergenic region in vivo.  Furthermore, a 

364 bp region centered on the B and C sites (corresponding to probe BC364) was 

sufficient for complete binding in the ChIP assay (Figure 2.6).  It is notable that 

these sites are located extremely far from the promoter, suggesting that any 

regulatory effects of EspR on RNA polymerase would require constraints on DNA 

topology. 

 

To begin to decipher the mode of EspR binding to its operators, we performed a 

series of electrophoretic mobility shift assays (EMSAs) focused on the B and C 

sites.  Although the B site appears to make contact with EspR in vivo, a 48 bp 

probe containing this sequence failed to bind EspR, even at very high protein 

concentrations (Figure 2.4C, B48 probe,16 µM).  Likewise, probes encompassing 



 18 

only the A or C site also failed to bind the regulator (Figure 2.5B).  Importantly, a 

larger probe that encompassed both the B and C sites (Figure 2.4C, BC364 

probe) bound EspR strongly (estimated Kd = 0.3 µM).  Mutation of either the B 

site (Figure 2.4C, bC364 probe) or the C site (Bc364 probe) significantly decreased 

EspR binding to the labeled probe, though some binding was detectable at 

higher protein concentrations. Interestingly, a probe containing mutations in both 

sites (Figure 2.4C, bc364 probe) bound EspR similarly to the single mutant 

probes, indicating that the binding observed at higher protein concentrations 

does not reflect a site-specific interaction.  Binding to these probes may be non-

specific, or it may reflect additional protein-DNA contacts that we do not yet 

understand.  However, these data, combined with the ChIP results, strongly 

suggest that direct binding of EspR requires both the B and C sites. 

 

The cooperativity between the B and C sites for EspR binding suggests that 

EspR contacts both sites with a concomitant loop of the intervening sequence.  

Specifically, because each site is non-palindromic and cannot bind EspR alone, it 

indicates that each are equivalent to a “half-site” with a spacer of 177 bp.  In this 

scenario, cooperative binding would require EspR dimerization as well as having 

the two operator sites located on a continuous piece of DNA.  As shown in Figure 

2.4D, the monomeric form of EspR (aa 1-107) failed to bind the BC364 probe, 

consistent with dimerization of EspR being required for high affinity binding.  To 

determine whether EspR binding requires the B and C sites to be on the same 

molecule of DNA, we performed competition experiments in which unlabelled 
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DNA fragments were added to the binding reaction with labeled BC364 probe.   As 

shown in Figure 2.4E, excess unlabelled BC364 DNA, containing both the B and C 

sites in cis, was able to compete well for EspR binding.  However, providing the 

B and C sites in trans by splitting the competitive DNA fragment at a position 

between the B and C sites, failed to compete for EspR binding.  A similar result 

was found using the bc364 fragment that contains mutations in both operator 

sites.  Therefore, high-affinity binding of EspR requires both HTH domains to be 

tethered via the carboxyl-terminal dimerization domain and both DNA recognition 

sites to be present on the same molecule of DNA. 

 

Discussion 

 

The HTH domain is perhaps the most common DNA binding motif found in 

prokaryotes (Huffman and Brennan, 2002).  The numerous structures of different 

repressor-operator complexes show that most HTH proteins adopt approximately 

similar binding geometries with respect to DNA, with the HTH units lying at 

similar angles to the major groove (Brennan and Matthews, 1989).  In particular, 

although the base/phosphate contacts differ in each case, the common features 

of the 434-, lambda-, and cro-repressor complexes discussed here suggest that 

binding of two closely placed half-sites of DNA sequence represents an important 

commonality in the way HTH elements are anchored to DNA.  EspR thus 

represents a radical departure from this classic paradigm.  
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The details of the EspR operators are also unique.  The repressors noted above 

have small operator sites consisting of palindromic half-sites separated by only a 

few bases.  For example, the 434 repressor binds to a 14 bp operator consisting 

of two 4-mer palindromes separated by 6 bp (Koudelka et al., 1987).  Our work 

has shown that the two operator sites contacted by EspR are separated by 177 

bp.  Because these sites are non-palindromic and both must be on the same 

piece of DNA to permit binding, we favor a model in which these sites are 

equivalent to the “half sites” of a single operator normally bound by HTH dimers, 

with the notable difference being the large “spacer” in between these sites. In this 

model, one EspR monomer binds to the B site, while the other binds the C site, 

allowing for cooperative, high-affinity binding of the dimer with concomitant 

looping of the intervening DNA. This model is consistent with the oblique 

orientation of the HTH domains in the EspR structure, and the flexibility of the 

DNA would allow both half-sites to be occupied simultaneously by a single EspR 

dimer (Swigon et al., 2006).  Although this model is most parsimonious with our 

data, other possibilities certainly exist.  For example, it is also possible that each 

site is bound by an EspR dimer, and that dimer-dimer contacts provide for 

cooperative binding between the two sites, though we have not detected this in 

our biophysical and crystallographic studies.  We also cannot rule out more 

complicated scenarios, such as sequential binding of the individual sites and 

conformational changes upon EspR binding, as well as the contribution of non-

specific contacts of the protein with DNA. 

 



 21 

Looping of promoter DNA is a common theme in transcription regulation, with the 

lactose repressor, LacI, of E. coli being a classic example (Echols, 1990).  In this 

case, the repressor mediates DNA looping via protein-protein contacts between 

two LacI dimers, creating a bivalent tetramer that contacts two palindromic 

operators simultaneously (Friedman et al., 1995; Kramer et al., 1987).  Our data 

support the idea that EspR, like LacI, exerts its effect on transcription by 

constraining the topology of promoter DNA by binding two sites separated along 

the DNA.  However, the EspR structure and the nature of its operators suggest 

that the separation of half-sites contacted by the bivalent EspR dimer presents a 

unique solution to this problem.  

 

Interestingly, another distinctive aspect of genetic regulation by EspR is that it 

binds an extremely long distance away from the espACD transcriptional start site. 

Three separate regulators, including EspR, PhoP, and CRP, have been 

implicated in directly controlling transcription of this operon (Frigui et al., 2008; 

Lee et al., 2008; Raghavan et al., 2008; Rickman et al., 2005).  It may be that 

coordination of multiple regulatory inputs centralized at the large espACD 

promoter is required to achieve precise control of ESX-1 transcription during 

infection. Thus, the unique aspects of EspR may allow it to alter transcription by 

mediating long-distance interactions between other transcriptional regulators and 

RNA polymerase.  
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Materials and Methods 
 
 
 
Expression, purification and crystallization of M. tuberculosis EspR.  Full 

length espR was amplified by PCR from M. tuberculosis genomic DNA and 

inserted via ligation independent cloning (LIC) into the pLIC-HMK vector to 

encode the proteins with an amino-terminal 6X-His tag followed by maltose 

binding protein (MBP). The protein was induced in 1 mM IPTG at 37° C in E. coli 

and cells were lysed by sonication and the cleared lysate was batch bound to 

Talon resin (Clontech) and eluted with imidazole. After cleavage overnight with 

tobacco etch virus (TEV) protease and dialysis into a low ionic strength buffer (20 

mM HEPES [pH 6.9], 50 mM NaCl), the protein was further purified via cation 

exchange chromatography (Bio-Rex 70, Bio-Rad).  Peak elution fractions were 

pooled and concentrated to 30 mg/mL.  The best crystals emerged overnight in 

35% (v/v) 5/4 PO/OH (Hampton Research), 50 mM HEPES (pH 6.9), 200 mM 

NaCl. This condition was determined to be cryoprotective.  Selenomethionine 

derived EspR was generated according to the protocol described in (Van Duyne 

et al., 1993) and purified equivalently to the native protein, with the exception that 

5 mM βME was included prior to elution from Talon resin and 10 mM DTT was 

included in subsequent steps.  EMSA experiments were conducted with proteins 

purified as described above for native EspR, except that the pH3C expression 

vector was used and 3C protease was used to cleave the 6X-His-MBP tag. 
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Estimation of molecular weight with light scattering.  Molecular weight was 

estimated with size exclusion chromatography (SEC) through a Superdex 200 

10/300 GL analytical column in-line with a Viscotek Model 302-050 Tetra 

Detector Array (Viscotek Ltd., a Malvern Company).  SEC experiments were 

performed at 4 °C in 20 mM Tris [pH 7.4], 100 mM NaCl, and SEC-purified 

ovalbumin (2 mg/mL, various volumes) was used to calibrate internal instrument 

constants. All data were acquired and processed using Omnisec software.  

Protein concentration was determined using a UV spectrophotometer.  Right 

angle light scattering (RALS) data, coupled to concentration measured by both 

refractory index (RI) and A280, were used to determine the molecular mass of the 

eluting protein using the Zimm equation. 

 

Crystal diffraction and structure determination.  Diffraction data for the native 

and selenomethionine derived proteins were collected at ALS Beamline 8.3.1 

(Berkeley, CA) with the assistance of the Elves program suite (27).  However, 

only crystals of the selenomethionine derived protein were used in the final 

structure determination as they diffracted to significantly higher resolution than 

the native EspR crystals. Merging of raw data was carried out with Mosflm (28) 

and further scaling and processing were done using programs in the CCP4 suite 

(29). A partial solution was determined in space group P3212 by multi-

wavelength anomalous dispersion (MAD) methods using data collected at two 

wavelengths from a single crystal of selenomethionine substituted EspR. 

Selenomethionine sites were found by using ShelxD and ShelxE (30) and the 
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initial phases were calculated by using SOLVE (31).  The maps were solvent 

flattened using the program RESOLVE (32) and monomers of an EspR 

sequence-replaced model (residues 1-80) based on SinR (pdb 1BN0) generated 

by the Phyre server (33) were placed into the initial experimental map and built 

further with COOT (34). The data were in the point group 32 but one of the 

dimers in asymmetric unit breaks the two-fold symmetry preventing refinement in 

P3212. We subsequently processed data from a second crystal of 

selenomethionyl EspR in space group P32. The Rsym for this data set was 

somewhat higher than average because of low average I/(σ(I), but still within an 

acceptable range. All 18 expected monomers were located in the P32 

asymmetric unit using Phaser for molecular replacement with a dimer of EspR as 

a search model (McCoy et al., 2007).  The crystal was found to exhibit 

merohedral twinning and thus least squares, twinned refinement was carried out 

using Phenix (35) and the twin operator (-k,-h,-l) and a refined twin fraction of 

(0.5) (36, 37).  NCS was applied according to the default settings in Phenix(35),.  

The final Rfree was 29% (untwinned) and 23% (twinned) (Table 2.1). Figures 

were generated using the program PyMOL v. 1.3 (Schrödinger, LLC.)  

 

EspR chromatin immunoprecipitation (ChIP).  The full-length espACD 

upstream intergenic region (1,357 bp, Figure 2.4A) was inserted into pMV306-

Kan (integrating), and mutations in the EspR consensus binding sequence 

PyAGCAAAPy were generated using overlap extension PCR to replace it with 

the scrambled sequence ATAACCGA. Plasmids were transformed into M. 
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smegmatis expressing M. tuberculosis EspR with a carboxyl-terminal 3X-FLAG 

tag (pCD165). 

 

ChIP was performed essentially as described previously (Zordan et al., 2007) 

with several modifications.  50 mL M. smegmatis cultures were grown at 37 °C to 

OD600 = 0.5 in 7H9 (0.05% Tw, appropriate antibiotics), pelleted, fixed in fresh 

4% (w/v) paraformaldeyde at room temperature for 20 min, and quenched in 125 

mM glycine for 5 min.  Pellets were washed twice in cold TBS and suspended in 

350 µL lysis buffer (50 mM HEPES-KOH [pH 7.5],140 mM NaCl, 1 mM EDTA, 

1% Triton X-100, 0.1% sodium deoxycholate) with protease inhibitors.  Cells 

were lysed by sonication in a Diagenode Bioruptor water bath sonicator and 

pelleted.  Cell extracts were further sonicated to shear DNA fragments to a mean 

size of 200 bp, at which point a sample was stored at -20 °C as input material. 

 

IPs were performed by incubation with 3 µL monoclonal ANTI-FLAG M2 antibody 

(Sigma) at 4 °C overnight, followed by incubation with 50 µL magnetic 

Dynabeads (Invitrogen) for 2h while rocking at 4°C.  Beads were subjected to two 

washes in lysis buffer, two washes with wash buffer (10 mM Tris-HCl [pH 8.0], 

250 mM LiCl, 0.5% NP-40, 0.5% sodium deoxycholate, 1mM EDTA), and one 

wash in TE (10 mM Tris [pH 8.0], 1 mM EDTA).  Next, 110 µL elution buffer (50 

mM Tris-HCl [pH 8.0], 10 mM EDTA, 1% SDS) was added to each sample, and 

the beads were incubated for 15 min at 65 °C and pelleted.  A second elution 

was performed with 150 µl of elution buffer 2 (TE, 0.67% SDS) and eluates from 
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the two elution steps were combined.  Formaldehyde crosslinks were reversed 

by incubating IP and input samples at 65 °C overnight.  Samples were treated 

with 250 µl proteinase K solution (TE, 20 µg/ml glycogen, 400 µg/ml proteinase 

K) and incubated at 37 °C for 2 h. Nucleic acids were extracted with 

phenol/chloroform/isoamyl alcohol solution (25:24:1), precipitated with 

LiCl/ethanol, and resuspended in 25 µL TE containing 100 µg/ml RNaseA. 

 

Quantitative RT-PCR was performed using primer pairs (Table 2.3) that spanned 

the entire espACD upstream intergenic region, using Taq polymerase in the 

presence of SYBR Green on an Opticon Real-Time PCR Detection System (Bio-

Rad Laboratories Inc.).  IP samples were used as a direct template for PCR, and 

reactions were quantified using standard curves generated for each primer pair 

with input material for that sample.  Data were normalized to signal from a non-

enriched region (16S rRNA) for each sample. 

 

Electrophoretic mobility shift assay (EMSA). 5-FAM-conjugated 

oligonucleotides (Bioneer, Inc.) were used in PCR reactions to create labeled 

BC364, B240, and C124 DNA probes.  The B48 probe was generated by annealing 

oligonucleotides oCD166 (5-FAM) and oCD167.  Binding reactions were 

performed with purified protein and 5 nM probe for 30 min at room temperature in 

EMSA buffer (10 mM Tris [pH 8.0], 50 mM NaCl, 1 mM DTT, 100 µg/mL BSA, 1 

mM EDTA, 5% [v/v] glycerol, and 30 µg/mL poly dI:dC [Sigma]).  Reactions were 
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resolved at room temperature on a 4-20% Tris-glycine gel (Invitrogen) and 

visualized using a Typhoon Fluorescence Imager (GE Healthcare). 
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Tables 
 
 
Table 2.1.  Crystallographic and refinement statistics 
 
    
 Se-Met Se-Met (peak-phasing) Se-Met (high remote-phasing) 
Data Collection    
X-ray source ALS Bl 8.3.1 ALS Bl 8.3.1 ALS Bl 8.3.1 
Wavelength 1.115889 0.9797 0.9570 
Resolution 2.55 2.7 2.7 
Space Group 
(twinning operator) 

P32  
(-k,-h,-l) 

P32 12 P32 12 

Cell parameters (Å,°) a=148.49   α =90 
b=148.49   β =90 
c=129.67  
γ=120 

a=149.03   α=90 
b=149.03   β=90 
c=129.36   γ=120 

a=149.03   α =90 
b=149.03   β =90 
c=129.33   γ =120 

Molecules per ASU 18 18 18 
Unique reflections (test set) 100721 (5413) 88375 94197 
Redundancy 2.1 (2.0) 3.7 (3.7) 3.7 (3.7) 
Mn (I/σ) 3.9 (1.5) 5.1 (1.2) 5.2 (3.1) 
Completeness 91.05 (86.9) 100 (99.9) 100 (100) 
Rsym* 0.140 (0.73) 0.258 (0.839) 0.279 (0.959) 
    
Refinement    
Rwork/Rfree (%) 19.7/23.2   
Number of atoms 17208   
R.M.S. Deviations:    
Bond length (Å) 0.010   
Bond angles (°) 1.249   
Twinning fraction (α) 0.5   
 
*Rsym Σ |I-<I>| /  Σ I I, where <I> is the average intensity over symmetry equivalents 
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Table 2.2.  Strains and plasmids used in this study 
 
Strains/Plasmids Genotype/Description Resistance Source 

     

M. smegmatis    

 mc2155 Wild Type - W.R. Jacobs, Jr. 

 CDMS165 mc2155 + pCD165 Zeo This Study 

 CDMS165/501 CDMS165 + pROW501 Zeo, Kan This Study 

 CDMS165/182 CDMS165 + pCD182 Zeo, Kan This Study 

 CDMS165/173 CDMS165 + pCD173 Zeo, Kan This Study 

     

Plasmid    

 pLIC-HMK T7 promoter-6XHis-MBP-TEV Kan James Berger 

 pCD99 pLIC-HMK + espRMtb Kan This Study 

 pH3C T7 promoter-6XHis-MBP-3C Kan Daniel Minor 

 pCD174 pH3C + espRMtb Kan This Study 

 pCD177 pH3C + espRMtb(aa 1-107)  Kan This Study 

 pMV261.Zeo oriM, oriE, groEL promoter Zeo W.R. Jacobs, Jr. 

 pCD165 pMV261.Zeo + espRMtb-3X-FLAG Zeo This Study 

 pMV306.Kan int, oriE Kan W.R. Jacobs, Jr. 

 pROW501 pMV306.Kan + full intergenic region-espA-luxAB Kan This Study 

 pCD182 pROW501 (aBC) Kan This Study 

 pCD173 pROW501 (AbC) Kan This Study 

 pCD180 pROW501 (ABc) Kan This Study 

 pCD181 pROW501 (Abc) Kan This Study 

  pCD189 pMV306.Kan + BC364 region Kan This Study 
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Table 2.3.  Oligonucleotides used in this study 
 
Purpose Sequence   

qPCR - espA promoter Product midpt. position relative to espA ORF start (bp) 

 oMT40 agcagccagaggcgattgt -1247 

 oMT41 agtcactgtgagctgtagccat -1247 

 oMT22 gagggtcccaaacgtgagccaat -1050 

 oMT23 tctatagcccgcctgagctattcc -1050 

 oCD212 taaccgctgtcttggcgtgatctt -914 

 oCD213 aatgcggtgtctcgccttagtaga -914 

 oMT26 aacccatcctcggcaggt -850 

 oMT27 tatcccgggataacggcagtgcta -850 

 oCD144 aaatcggtccgagcatgtagcact -784 

 oCD145 gttatcgggcaacggaaagcgaaa -784 

 oMT30 attcaggcttttcttcgcaaggtacc -650 

 oMT31 attgcggcggccttatctaaacca -650 

 oCD134 gcaacggatttccatcgtcggttt -491 

 oCD133 taacccaccatcactcacccgatt -491 

 oCD130 aatcgggtgagtgatggtgggtta -358 

 oCD131 cgatcggtatgagatctgttgcagga -358 

 oCD110 cgtgcaatgcagaaccaaggctat -17 

 oCD111 tggatcgatgatgaacgctctgct -17 

qPCR - pMV306.Kan Product midpoint position relative to site B (bp) 

 oCD220 acgatagttaccggataaggcgca -533 

 oCD221 cgctttctcaatgctcacgctgta -533 

 oCD222 aaaggcggacaggtatccggtaa -399 

 oCD223 tggcgaaacccgacaggactataa -399 

 oCD224 cacctctgacttgagcgtcgattt -276 

 oCD225 tatagcccgcctgagctattccacat -276 

 oCD228 atcagctagagccgtgaacgaca 329 

 oCD229 attggagctggtgcagtgaagaga 329 

 oCD230 tgcaaccttgtcccggtctattct 406 

 oCD231 cctgatctggctactttcgatgct 406 

 oCD234 tcggctgcatcctctaagtggaaa 709 

 oCD235 gttgcaactcctgtgcaactctca 709 

qPCR - control  

 Msm16SF gtgcatgtcaaacccaggtaa control 

 Msm16SR gggatccgtgccgtagctaac control 

    

EMSA probes   

 oCD143 atatagcgaacaccggtaccttgc  

 oCD166 gcactgccgttatcccgggatagcaaaccacccggaaccagggctatc 

 oCD167 gatagccctggttccgggtggtttgctatcccgggataacggcagtgc 

 oCD208 ggaatagctcaggcgggctataga 

 oMT25 acatggtggtcagctactgagc 

  oMT26 aacccatcctcggcaggt   
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Figures 

 

Figure 2.1.  The dimeric EspR crystal structure.  (A) Full-length (aa 1-132) and a 

truncated form of EspR (aa 1-107) from M. tuberculosis were expressed in E. 

coli, purified, and injected on a Superose 200 gel filtration column. The refractory 

index and light scattering (see methods) were used to calculate a molecular 

weight of 31.8 kDa for the full length and 15.1 kDa for the truncated EspR.  The 

predicted masses of the full-length EspR monomer and of the truncated form are 

14.7 kDa and 12.5 kDa.  (B) Schematic of the EspR dimer demonstrating that the 

two monomers, colored in gold and green, interact at both the C-terminal domain 

(CTD) and in the HTH domain.  The DNA recognition helix (red) is predicted to fit 

into the major groove of DNA and the scaffolding helix (blue) is predicted to make 

additional contacts with the DNA.   
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Figure 2.1 

 



 33 

Figure 2.2.  Dimerization interfaces of EspR.  (A) The interactions between the 

HTH domains are primarily electrostatic in nature with a set of symmetrically 

stacked arginines and phenylalanines at the center of the interface.  (B) 

Comparison of the CTD of the EspR dimer (gold and green) with the SinR:SinI 

heterodimer (purple and pink).  In both structures, the CTDs form a four-helix 

bundle and the dimer interface between them is entirely hydrophobic. 
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Figure 2.2 
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Figure 2.3.  The EspR structure is unique among HTH proteins.  (A) Models of 

the quaternary structure of three HTH domain dimers and the EspR dimer are 

displayed.  The spacing between the DNA binding domains in the structures of 

lambda repressor (1LMB), 434 repressor (1PER) and Cro (6CRO) is 

approximately 34 Å, which corresponds to a single turn of the major groove of 

DNA and allows for simultaneous binding of two contiguous DNA half-sites.  In all 

structures shown, the dimers are colored gray with the recognition helix in red 

and the scaffolding helix in blue.  Note that alignment of one HTH domain of 

EspR onto the DNA scaffold results in the other domain to project back into the 

2-dimensional plane of the diagram.  (B) Alignment of EspR with the 434 phage 

repressor, and subsequent modeling of one EspR HTH monomer onto the DNA, 

resulted in the second HTH domain to be rotated approximately 120° away from 

the DNA.  The black arrows indicate the 2-fold axis of symmetry of the 434 

repressor and the EspR dimer.   
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Figure 2.3 

 



 37 

Figure 2.4.  EspR binds far upstream of the espACD promoter and contacts two 

half-sites separated by 177 bp.  (A) Map of the intergenic region upstream of the 

M. tuberculosis espACD operon, with EspR binding motifs A, B, and C, 

respectively located at -468, -798, and -983 bp relative to the start of the ORF.  

Arrows indicate the orientation of each motif, and the four DNA fragments used 

for EMSA experiments are indicated below.  (B) The wild-type intergenic 

sequence (ABC, blue triangles), and the same sequence containing scrambled-

site mutations in A (aBC, purple diamonds), B (AbC, green squares), C (ABc, 

orange circles), and B and C together (Abc, red diamonds) were integrated into 

the M. smegmatis genome.  M. tuberculosis EspR-3X-FLAG was expressed in 

each strain and ChIP-qPCR was performed using anti-FLAG antibodies.  Points 

represent the mean of triplicate qPCR measurements.  (C) EMSAs were 

performed using purified EspR and the indicated 5-FAM-labeled probes (5 nM).  

For the B48 probe, EspRdimer concentrations were 0, 0.5, 1, 2, 4, 8, 16 µM, and for 

the BC364 probe and mutants, concentrations were 0, 0.2, 0.3, 0.4, and 0.5 µM. 

(D) The monomeric form of EspR (aa 1-107) was used in EMSAs with the BC364 

probe ([EspRmonomer] = 0, 0.4, 0.8, 1.6, 3.2, 6.4, and 12.8 µM).  (E) Binding for 

labeled BC364 probe ([EspRdimer ] = 0.3 µM) was competed by adding unlabeled 

probes in 2, 8, 32, and 128-fold molar excess of the labeled probe. 
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Figure 2.4 
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Figure 2.5.  Single-site probes are insufficient for high-affinity interaction with 

EspR.  (A) EMSA with purified EspR and a 32P-labeled 520 bp probe spanning 

the A site and translational start site of espA.  EspRdimer concentrations were 0, 1, 

2, and 5 µM; Lane 2 contains 20 µM His-MBP as a non-specific protein control.  

(B) EMSAs with purified EspR ([EspRdimer] = 0, 1, 5 µM) and 5-FAM-labeled 

probes containing only the indicated site (subscript indicates length of probe in 

bp). 
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Figure 2.5 
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Figure 2.6.  A 364 bp region centered on the B and C sites is sufficient for 

complete EspR binding in vivo.  The region corresponding to EMSA probe BC364 

was cloned into pMV306.Kan, as indicated on the map under the x-axis (thick 

black bar represents promoter fragment; thin gray line represents plasmid vector 

sequence), and integrated into the M. smegmatis genome.  ChIP experiments 

were performed as described in Figure 2.4B, with the exception that different 

primer pairs (Table 2.3) were used to detect plasmid vector sequence. 
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Figure 2.6 
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Abstract 

 

ESX-1 secretion in M. tuberculosis is under positive transcriptional control by 

EspR, an activator of the espACD gene cluster.  EspR has a unique structure 

among helix-turn-helix proteins, and also binds to an unusual arrangement of 

sites within the large intergenic region upstream of espACD.  We previously 

proposed a model wherein the monomers of the EspR dimer each bind to 

individual “half sites” that are separated by unusually large spacers of DNA.  

Under this scheme, EspR would directly create looped DNA structures upon 

binding.  While there have been several lines of in vitro evidence to support this 

model, in vivo evidence has been lacking.  In contrast to our model, Blasco et al. 

proposed a mechanism by which EspR dimers contact contiguous regions of the 

DNA, and looping is indirectly mediated by dimer-dimer interactions (Blasco et 

al., 2011).  Here we present multiple pieces of data that, taken together, support 

the direct looping model.  With a transcription reporter assay, we showed that 

EspR activity is DNA phase-dependent, consistent with looping between its sites.  

Using ChIP-chip, we determined the global binding landscape of EspR, which 

includes regions important for ESX-1 secretion, PDIM synthesis, and control of 

its own promoter.  Through independent in vivo and in vitro methods, we 

identified the EspR consensus binding site, and find that the distribution and 

spacing of these sites is consistent with EspR-mediated looping as a widespread 

phenomenon.  Finally, we found a key mechanistic clue by concurrent studies of 

another transcriptional regulator, Lsr2, which appears to be epistatic to EspR for 
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espACD transcription.  By comparing the genome-wide binding sites and 

determining the complete transcriptional regulons of EspR and Lsr2, we found 

that the function of these two factors is linked at many sites throughout the 

genome.  We discuss potential mechanisms for global co-regulation by EspR and 

Lsr2. 

 

 

Introduction 

 

ESX-1 secretion is a critical determinant of virulence in M. tuberculosis, and it is 

controlled at the transcriptional level by EspR.  EspR activates the espACD gene 

cluster, which is required for secretion and encodes substrates of ESX-1 

(Raghavan et al., 2008).  A growing body of work suggests that EspR is distinct 

among transcriptional regulators, beginning with its discovery as a secreted 

protein (Raghavan et al., 2008).  The recent crystal structure of EspR revealed 

that it is structurally unique, suggesting that it binds to DNA in a profoundly 

different way than most helix-turn-helix (HTH) proteins (Blasco et al., 2011; 

Rosenberg et al., 2011).  Additionally, the known EspR binding sites upstream of 

espACD are unusual, consisting of “half-sites” that are spaced by a long 

sequence of DNA (Rosenberg et al., 2011).  We favor a model in which EspR 

binds far upstream via two distal sites, B and C, separated by an intervening loop 

of DNA.  Consistent with this model was recent a report that visualized looped 

espA promoter DNA in the presence of EspR in vitro (Blasco et al., 2011). 
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Looping would inherently introduce topological constraints in target promoters, 

which could influence the binding of other transcription factors, providing a 

potential mechanism for EspR activation of transcription from a distance.  Indeed, 

at the espACD promoter, a number of other factors have been either directly or 

indirectly implicated in regulation, in a growing list that includes PhoP, Lsr2, 

MprA, and CRP (Frigui et al., 2008; Gordon et al., 2010; Pang et al., 2013; 

Rickman et al., 2005).  Lsr2 is the only other protein known to bind this sequence 

directly in vivo, by ChIP-chip (Gordon et al., 2010).  It has been characterized as 

a DNA-bridging protein capable of effecting dramatic change in DNA topology 

(Gordon et al., 2008; Summers et al., 2012).  Lsr2 binds to the minor groove and 

recognizes AT-rich DNA, though it is believed not to have a specific DNA 

recognition site (Gordon et al., 2010).  How EspR may interact with other factors 

at the espACD promoter is currently unclear.  Also, it is unknown whether looping 

by EspR is a global phenomenon, or specific to this region. 

 

Here, we identify the global in vivo binding profile of EspR via ChIP-chip.  Using 

these global binding data, and also an independent, microfluidic-based screen, 

we determine the consensus binding site for EspR.  We then map these sites 

throughout the genome, showing a distribution that is consistent with looping at 

many sites.  Indeed, evidence from an in vivo reporter assay is consistent with 

EspR-mediated looping at the espA promoter.  Finally, we provide evidence that 

EspR and Lsr2 function intimately together throughout the genome.  In at least 
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one important case, EspR and Lsr2 appear to act within the same genetic 

pathway. 

 

Results 

 

EspR ChIP overview.  To better understand the mechanisms of DNA-binding 

and global gene regulation by EspR in M. tuberculosis, we performed chromatin 

immunoprecipitation coupled with microarrays (ChIP-chip) using an EspR-

specific antibody.  We immunoprecipitated fixed protein-DNA complexes isolated 

from WT and ∆espR (non-specific binding control) M. tuberculosis strains.  In 

total, we identified 237 EspR binding peaks that were significantly enriched over 

the control, using MochiView peak-finding and analysis software (Homann and 

Johnson, 2010).  Table 3.1 lists the 10 peaks of greatest ChIP enrichment.  The 

top peak was upstream of the espACD promoter (with 128-fold enrichment), 

consistent with the role of EspR as strong activator of espACD and regulator of 

ESX-1 secretion (Figure 3.1A) (Raghavan et al., 2008).  As we had previously 

observed with a heterologous system in M. smegmatis, the EspR binding region 

was centered approximately -800 bp upstream of the of the transcriptional start 

site.  Therefore, EspR must exert activation of the promoter from a distance.  

 

We also observed approximately four-fold ChIP enrichment at the promoter for 

espR, indicating that EspR may regulate transcription of its own gene (Figure 

3.1C).  Additionally, genes immediately flanking the espR gene are repressed by 
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EspR, suggesting that EspR may facilitate repression from a central binding 

region at this locus.   To test for auto-regulation, we generated an espRprMtb-

luxAB fusion construct and integrated it into the M. smegmatis ∆espR mutant.  

Luciferase activity was 20-fold lower in the strain expressing espRMtb over an 

empty vector control, indicating that EspR auto-represses at the transcriptional 

level, in addition to the post-translational level that we previously discovered 

(Figure 3.1D) (Adams et al., 2010; Raghavan et al., 2008).  Interestingly, 

additional peaks were found in the promoter region for the fadD26-ppsABCDE 

operon, which encodes genes required for synthesis of PDIM, a key virulence-

related lipid (Figure 3.1E) (Cox et al., 1999).  Our results are highly similar to a 

recent report of ChIP-seq data for EspR (Blasco et al., 2012). 

 

The complete EspR regulon.  We had previously identified 14 genes in 8 

operons for which expression is regulated by EspR (Raghavan et al., 2008).  

EspR bound proximally to 6 of these operons, suggesting direct control of 

transcription (Table 3.2).  Given the large set of binding regions in our ChIP 

dataset, we hypothesized that there are other genes regulated transcriptionally 

by EspR.  In an attempt to find other EspR-regulated genes that may have 

missed the significance thresholds used previously, we performed expression 

array experiments comparing WT and espR mutant bacteria, with four biological 

replicates per strain.  Through this approach, we found an expanded set of 525 

genes passing SAM analysis (including the previously defined set). 
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Of the expanded regulon, 73/525 genes (13.9%) were proximal to a ChIP peak 

(+/- 1 kB), indicating that they are direct targets of EspR (Table 3.3).  The 

remaining genes may be controlled directly from a large distance, or they may be 

regulated indirectly. 

 

EspR binding site identification.  To identify putative EspR binding motifs, we 

performed a search over all regions of greater than four-fold ChIP enrichment 

using the MochiView motif-finding algorithm (Homann and Johnson, 2010).  

Importantly, attempts to identify a palindromic binding site within a 50 bp window 

failed, despite numerous attempts using MochiView and MEME motif software 

(meme.sdsc.edu/).  The highest-scoring motif was the non-palindromic 8-mer 

sequence PyAGCAAAPy (Figure 3.2A). 

 

This motif was significantly enriched over all ChIP peaks compared to an 

equivalent set of randomly-selected, promoter-containing control regions (Figure 

3.2B-C).  Furthermore, the sum measurement of motif scores within a given 

region was found to be a better predictor of ChIP binding than the maximum 

score within that region.  This observation is consistent with the previous finding 

that EspR binds multiple high-scoring sites, but not a single site, with high affinity. 

 

Of the multiple sites found upstream of the espACD promoter, the highest 

scoring were the A, B, and C sites (motif score = 3.2, 3.8, and 4.8, respectively).  

There were also multiple high-scoring sites upstream of espR and fadD26 
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(Figure 3.1).  While the extended region surrounding the fadD26 locus contains 

many potential binding sites, the ChIP regions contain the greatest occurrence of 

high-scoring sites. 

 

MITOMI investigation of the EspR binding site.  As an unbiased, independent 

approach to search for other potential EspR recognition sites, we employed 

mechanically induced trapping of molecular interactions (MITOMI).   MITOMI is a 

high-throughput, microfluidic device platform optimized to measure equilibrium 

binding of DNA and proteins (Maerkl and Quake, 2007).  A key advantage of this 

technique is that it avoids the problem of high off-rates by mechanically trapping 

the DNA-protein complex, and therefore can be sensitive to very low affinity 

interactions.  Initially, we screened a library of 52-mer DNA probes containing all 

possible variants of an 8-mer sequence for binding to EspR.  From this screen, 

we identified a set of 70 oligonucleotides that were significantly enriched for 

EspR binding.  A search for consensus binding motifs using the MEME algorithm 

revealed a high-scoring consensus site, AGCAAA, in excellent agreement with 

our bioinformatically-determined motif (Figure 3.3).  Thus, we have independent 

evidence by in vivo (ChIP-chip) and in vitro (MITOMI) methods that supports our 

consensus binding site for EspR. 

 

We had previously measured EspR binding by electrophoretic mobility shift 

assay (Chapter 2).  While we were able to determine binding for EspR to DNA 

probes containing two sites, we were unable to measure EspR binding to a single 
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site.  Our DNA-looping model predicts that EspR cooperatively binds multiple 

sites on a single DNA molecule.  In theory, however, EspR should still be able to 

bind a single site, though at greatly reduced affinity.  Because EMSA is not a true 

equilibrium binding assay and can have limited sensitivity, it may not be capable 

of measuring low affinity single site binding.  Intriguingly, within the pool of 70 

significantly enriched oligonucleotides from our MITOMI screen, all of the probes 

contained only one recognizable site, with one exception that contained two 

sites.  This indicated that, as predicted, EspR can bind a single site, and also 

validates MITOMI as a sensitive assay for EspR binding. 

 

Previous attempts to detect binding of the EspR monomer (C∆107) by EMSA had 

failed because apparent affinity was extremely low (Kd > 12.8 µM).  However, we 

thought that the increased sensitivity afforded by MITOMI might allow for 

detection of EspR monomers bound to single sites.  We predicted that 

conformational rearrangement in the monomer might affect the preferred DNA-

recognition site, and therefore screened the monomer against the 52-mer library.  

Again, among more tightly bound probes, the highest-scoring MEME-generated 

motif was AGCAAA (Figure 3.3A-B).  Thus, we concluded that AGCAAA is the 

preferential binding site both the dimeric and monomeric form of EspR. 

 

To further explore the sequence-specificity of binding, we made systematic 

mutations of every position in the sequence TAGCAAAC, based on the highest 

scoring probe from our screen, and performed binding curve experiments.  The 
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resulting position specific affinity matrix (PSAM) reflects not only energetically 

favorable bases, but also unfavorable bases at each position.  Overall, the PSAM 

was very similar to the motif determined through our random library screen 

(Figure 3.4).  As predicted, the first and last positions of the 8-mer sequence are 

the least stringent.  Positions 1 and 8 are permissive for C/T and C/G, 

respectively.  Within the AAA region of the core 6-mer motif, each position was 

permissive for mutation, allowing substitution for T, T, and C, respectively.  Only 

the motif AGCATA had not been predicted by the random library screen. 

 

EspR binding site is required for transcriptional activation.  We had 

previously shown that the EspR binding site was essential for binding in vivo, and 

wanted to validate its importance for transcriptional activation.  We used a series 

of M. tuberculosis espApr-espA-luxAB fusion constructs containing scrambled-site 

mutations in EspR sites A, B, and C.  We integrated these sites into the M. 

smegmatis ∆espR mutant and found that luciferase activity was approximately 8-

fold higher in the strain expressing espRMtb over an empty vector control (Figure 

3.5).  The activity of the site mutant reporters corresponded well with the loss of 

binding we had observed previously by ChIP-qPCR (Chapter 2).  Specifically, 

mutations in the B or C site resulted in lower activity, while the BC double-site 

mutation resulted in a further reduction.  Single mutation of the A site did not 

affect activation, consistent with the full binding we detected previously.  

Interestingly, a combined AB or AC site mutation resulted in lowered activity 

compared to the single B and C mutations, suggesting that the A site may serve 
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as an alternative activation site when a preferential B or C site is absent or 

blocked by other regulators. 

 

Phase-dependent activation by EspR.  Evidence described in Chapter 2 

suggested that EspR requires two half-sites to be provided in cis in order for 

binding in vitro.  These data support a model for EspR-mediated looping between 

distal half-sites.  To test whether looping occurs between the EspR binding sites 

in vivo, we employed a transcription activation reporter assay modeled after 

classic work characterizing the lac repressor (Muller et al., 1996).  We generated 

variants of the M. tuberculosis espACD promoter region containing variable 

spacing in between the EspR B and C sites, and cloned them as reporter 

constructs driving luxAB expression (Figure 3.6A).  Constructs were integrated in 

single copy into the M. smegmatis genome and tested for activity during 

logarithmic growth.  We observed a phase-dependence on site spacing with 

maximum activity at wild-type spacing (177 bp) and a period of approximately 11 

bp, corresponding to the 10.5 bp helical period of DNA (Figure 3.6B).  These 

results suggest that EspR does indeed form a loop between its binding sites in 

vivo. 

 

EspR site distribution.  Next, we sought to determine standard rules for the 

spacing and distribution of EspR binding sites throughout the genome.  In 

particular, we were interested in whether the spacing of the key sites upstream of 

espACD (177 bp) is conserved in other regions of ChIP enrichment.  We 
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computed the distance between high-scoring binding sites within ChIP-chip 

peaks and found that their spacing relative to each other was non-uniform 

(Figure 3.7A).  Based on the binding site parameters for the espACD promoter 

(Figure 3.6), we wondered whether a simple periodic formula can generally 

predict EspR site spacing.  We analyzed other ChIP regions for all sites that had 

a spacing of 177 bp +/- 11n, where n is an integer and the total spacing is 

between less than 500 bp.  There was a similar occurrence of sites at this 

spacing interval as there were for other possible intervals (e.g., 180 bp +/- 11n), 

which indicates that there is not a simple formula applying an 11 bp period that 

can predict EspR site spacing. 

 

Furthermore, the distribution of EspR sites with respect to the peak of ChIP 

enrichment was broad (Figure 3.7B).  For comparison, we performed a similar 

distribution analysis for CRP, a homologue of the classically-studied CAP protein 

from E. coli that binds to a typical palindromic sequence.  In contrast to the EspR 

site, the CRP site had a tight, midpoint-centered distribution relative to its ChIP 

peaks (Figure 3.7C).  This type of distribution would be expected for single-site 

binding, whereas a broader distribution relative to ChIP enrichment is consistent 

with binding of multiple, non-uniformly spaced sites. 

 

We next analyzed the average spacing of EspR and CRP binding sites, without 

requiring that the sites reside under the same region of ChIP enrichment.  The 

distance between consecutive EspR binding sites was generally much smaller 
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than for CRP binding sites (Figure 3.7D-E), despite having a greater mean 

spacing between its peaks (8kbp vs. 4 kbp).  Together, these data are consistent 

with the model for multi-site binding by EspR proposed in Chapter 2.  Based on 

the variable spacing and broad distribution of its sites globally, it is likely that 

EspR mediates loops of varying length.  Loop size may depend on promoter-

specific context, such as the binding of additional protein factors and inherent 

physical constraints of the intervening DNA sequence. 

 

Lsr2 is epistatic to EspR for espACD transcription.  To begin to uncover 

potential mechanisms for EspR loop-mediated transcriptional control of espACD 

transcription, we began to analyze other proteins that bind the upstream 

intergenic region.  Of the various factors implicated in transcriptional control of 

this region, Lsr2 was the only protein known to bind in vivo by ChIP (Figure 3.9B, 

(Gordon et al., 2010).  However, its role in mediating transcription had not been 

determined.  We therefore generated deletion mutants of lsr2 in M. tuberculosis 

and harvested RNA from samples for expression analysis.  By qPCR, we 

detected a modest elevation of espA transcripts in ∆lsr2 compared to the wild-

type strain, suggesting that Lsr2 is a repressor (Figure 3.8A). 

 

To determine whether EspR and Lsr2 act in the same pathway upstream of 

espACD transcription, we performed an epistasis test using the reporter system 

in M. smegmatis.  Consistent with mRNA expression levels in M. tuberculosis, 

reporter activity was slightly elevated in ∆lsr2 mutant M. smegmatis (Figure 



 60 

3.8B).  Repeated attempts to generate the double mutant failed, presumably due 

to a synthetic lethal phenotype.  As an alternative approach, we transformed the 

∆lsr2 strain with espApromoter-espA-luxAB reporters containing mutated EspR 

binding sites, previously shown to be deficient for EspR-binding and activation in 

M. smegmatis (Figures 2.4 and 3.5).  Interestingly, we found that reporter 

activation in the lsr2 mutant was EspR binding site-independent, suggesting that 

Lsr2 is epistatic to direct activation by EspR for this pathway (Figure 3.8B).  We 

cannot rule out the possibility that EspR performs a binding site-independent 

function that is essential for transcriptional activation in the lsr2 mutant, such as 

making other protein-protein contacts or indirectly recruiting RNA polymerase.  

However, the most parsimonious model consistent with these results is a 

pathway wherein EspR represses Lsr2, which in turn represses espACD 

transcription. 

 

EspR and Lsr2 bind many of the same genomic regions.  Next, we asked 

whether EspR and Lsr2 may exert combinatorial control at other genomic loci in 

addition to espACD.  We conducted genome-wide ChIP-chip experiments with 

Lsr2, and our data were in good agreement with published results (Gordon et al., 

2010).  Strikingly, we found an excellent overlap of our ChIP data for EspR and 

Lsr2.  Of the total peaks for EspR, 116/237 (47%) overlap with Lsr2 peaks, which 

is a significant co-occurrence when compared against a comparable, randomly-

generated sequence set (p<10-20) (Figure 3.9A).  In addition to the overlap in the 

espACD upstream intergenic region, EspR and Lsr2 ChIP profiles overlap 
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throughout the regions required for PDIM and PGL synthesis, as well as ESX-1 

and ESX-2 loci (Figure 3.9B-D).  Additionally, both proteins are bound to the 

promoter region for the other (Figure 3.9E-F).  This suggests that each protein 

may regulate transcription of the other, although neither espR nor lsr2 was 

significantly altered in the transcription array dataset for the other.  Ongoing 

studies in our laboratory seek to use qPCR, a more sensitive assay, to detect 

whether more subtle regulation may be occurring. 

 

The EspR and Lsr2 co-regulon.  Given their striking binding overlap in the 

genome, and antagonistic effect on espACD transcription, we were curious 

whether EspR and Lsr2 share a wider co-regulon.  Of the 525-gene EspR 

regulon and 415-gene Lsr2 regulon (direct regulons in Tables 3.3 and 3.4, 

respectively), we found a co-regulated set of 88 genes (17% and 21% of the total 

regulons, respectively).  Within the co-regulon, 39/88 (44.3%) genes are 

activated by both regulators, and 35/88 (39.8%) genes are repressed by both 

(Figure 3.10).  Thus, in the majority of co-regulated genes (74/88, 84.1%), the 

output of transcriptional control (i.e., positive or negative) is equivalent for EspR 

and Lsr2.  A noteworthy example is the PDIM synthesis gene ppsB, which is 

repressed by both EspR and Lsr2.  However, there is a minority subset (14/88, 

15.9%) for which the transcriptional output is the opposite.  Five genes are EspR-

activated and Lsr2-repressed, and nine genes are EspR-repressed and Lsr2-

activated.  Thus, the espACD cluster, which is activated by EspR and repressed 

by Lsr2 (detected by qPCR), is unusual among this set of co-regulated genes.
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Discussion 

 

We have determined the complete, direct regulon for EspR, expanding the set of 

genes to a much greater size than previously appreciated.  Importantly, among 

the direct regulon for EspR are genes required for the synthesis of PDIM.  Thus, 

EspR not only regulates ESX-1 secretion, but also a critical lipidic virulence 

factor.  In contrast to its role as an transcriptional activator of ESX-1, EspR is a 

transcriptional repressor of PDIM, suggesting a potential mechanism for fine 

tuning the balance of different virulence programs in M. tuberculosis.  Moreover, 

we previously reported that ESX-1-mediated export of EspR is a mechanism for 

negative feedback regulation of ESX-1 secretion.  Auto-repression of espR at the 

transcriptional level provides an additional means for negative feedback control 

of ESX-1, and would also provide a mechanism to limit EspR repression of PDIM 

synthesis.  Therefore, tight control of EspR is achieved through multiple negative 

feedback mechanisms and underscores the importance of tightly-controlled 

regulation of virulence in M. tuberculosis. 

 

The unique structure of EspR and the unusual nature of its known binding sites 

suggests that EspR binds to DNA in a way that is profoundly different than most 

helix-turn-helix proteins.  Previous evidence supported a model in which EspR 

binds the espACD upstream intergenic region via two distal sites, termed B and 

C, separated by a long intervening sequence of DNA.  Here, we showed that B 

and C are required for transcriptional activation in addition to binding.  
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Importantly, we have also provided the first evidence to support DNA looping 

between these sites in vivo. 

 

It is of interest to know whether EspR-mediated looping applies generally to its 

different sites throughout the genome, or only specifically at the espACD locus.  

To begin to address this question, we have determined the consensus binding 

site for EspR via both in vivo (ChIP-chip/bioinformatic) and in vitro (MITOMI) 

methods.  The consensus site contains the core 6-mer found in the B and C 

sites, AGCAAA.  Throughout the genome, EspR binding sites are non-uniformly 

spaced and broadly distributed throughout EspR-bound regions.  The best 

predictor of binding was the presence of multiple high-scoring sites.  Therefore, 

while there are many instances of the EspR half-site throughout the genome, 

EspR binding occurs only when two or more sites are in proximity to one another.  

Taken in the context of the looping model, these findings indicate that EspR may 

form multisite contacts throughout the genome, but would form loops of various 

size depending on the spacing of its sites in a particular region. 

 

Taking advantage of the high sensitivity afforded by MITOMI, we were able to 

detect in vitro single-site binding by EspR, and show that AGCAAA is the 

preferential binding site for both the dimeric and monomeric forms.  Furthermore, 

through systematic mutation of the binding site, we determined the optimal site 

for EspR.  Future studies will aim to quantitate binding dissociation constants for 

EspR and a diverse set of DNA probes.  One prediction of the DNA-looping 
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model is that the spacing and orientation of EspR recognition sites may be 

important for binding affinity, as they are for transcriptional activation of espACD.  

Additionally, EspR may benefit from cooperative binding of its two sites, or it may 

be that basic energetic coupling between sites is sufficient for tight binding.  

Careful affinity measurements will help to resolve this issue. 

 

We have confirmed that Lsr2 binds directly upstream of espACD, and discovered 

that Lsr2 is a repressor of transcription of this locus, both in M. tuberculosis and 

M. smegmatis.  Moreover, we have provided the first genetic evidence 

connecting EspR and Lsr2 to the same pathway upstream of espACD.  Our 

results suggest that Lsr2 is epistatic to EspR in this pathway, and point to a role 

for EspR in antagonizing Lsr2.  In light of EspR-mediated DNA-looping at the 

espACD promoter, and the DNA-bridging properties of Lsr2, it is tempting to 

speculate that EspR antagonizes Lsr2 through inducing an inhibitory topological 

arrangement of the DNA.  This arrangement may directly prohibit binding by 

Lsr2, or it may repress Lsr2 function in another way, such as by reorienting Lsr2 

in relation to a protein it represses (e.g., RNA polymerase).  Preliminary efforts to 

examine a direct binding between EspR and Lsr2 have not revealed an 

interaction, and future experiments will be aimed at testing this possibility. 

 

EspR and Lsr2 not only bind a similar region of the espACD intergenic region, 

but have significantly overlapping binding profiles throughout the M. tuberculosis 

chromosome.  The question of whether EspR and Lsr2 are directly bound to all of 
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their ChIP regions remains an open one.  Given the significant enrichment of 

EspR binding sites and general AT-richness in these regions, we favor a model 

of direct binding.  However, if a protein complex containing EspR and Lsr2 exists, 

it would suggest an alternative, artifact-based explanation for this finding. 

 

In any case, EspR and Lsr2 occur in many of the same regions and also share 

an 88 gene transcriptional co-regulon.  Together, these findings suggest a 

profound coordination of genome-wide regulation facilitated by these factors.  

Many of these genes are not directly regulated (i.e., bound) by both EspR and 

Lsr2, suggesting indirect effects.  However, in the case of genes directly 

regulated by both proteins, a topological arrangement model may more generally 

apply.  In the case of genes where transcriptional output is equivalent (e.g., 

activated by both transcription factors), this might entail stabilization of a 

favorable topology by EspR and Lsr2.  This scenario would apply to the 

regulation of genes required for PDIM synthesis, which are repressed by both 

factors.  However, in the case where transcriptional output is opposite, there may 

be competition for antagonistic states.  This is a potential mechanism for long-

range transcriptional control of many genes important for M. tuberculosis biology, 

including critical virulence factors such ESX-1 secretion and PDIM synthesis. 
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Materials and Methods 

 

EspR ChIP-chip.  ChIP was performed essentially as described in Chapter 2, 

with the following exceptions:  100 mL M. tuberculosis cultures were grown at 37 

°C to OD600 = 0.5 in 7H9 (0.05% Tw, OADC) and fixed in fresh 4% (w/v) 

paraformaldeyde.  IPs were performed by incubation with 5 µL polyclonal EspR 

antibody (AbCam 43676) at 4 °C overnight before proceeding with shearing and 

isolation of DNA fragments.  Fragments were amplified by ligation-mediated 

PCR.  Input samples were labeled with Cy3 and IP samples with Cy5 before 

competitive hybridization to a 98,000-feature oligonucleotide microarray (Agilent). 

 

MITOMI.  MITOMI analyses were performed as described (Nelson, 2012).  

Briefly, WT espR and ∆107-espR were in vitro transcribed and translated with a 

lysyl-BODIPY fluor label.  A pseudorandom library of 740, Alexa647-labeled 52-

mer oligonucleotides containing all possible 8-mer sequences was constructed 

for use in screens for EspR specificity.  Oligonucleotides were ordered with the 

tag (5’-GTCATACCGCCGGA), allowing second strand synthesis with a universal 

Alexa647-labeled primer and Klenow exo- (NEB).  For investigation of systematic 

mutation of the binding site, we began with oligo 332, a library probe that 

consistently bound EspR and contained a single occurrence of the EspR binding 

site, TAGCAAAC.  Probes containing every possible mutation of the site were 

spotted in serial dilutions (0.001-2 µM) and titration binding curve measurements 

were taken. 
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Luciferase Reporter Assays.  Mycobacterium  smegmatis strains harboring 

single copy, integrating plasmids containing the full length Mycobacterium  

tuberculosis espACD promoter-espA-luxAB fusion (Table 3.5) were grown 

overnight in 7H9 (0.05% Tween 80 and 20 µg/mL kanamycin), diluted to OD600 = 

0.2, and cultured to mid-log phase (OD600 = 0.8).  Triplicate luminescence 

measurements of whole cells were taken using white-bottom 96 well plates (200 

µL culture/well;  Nunc CAT#236105) and the Veritas Microplate Luminometer 

(Promega), which injected 25 µL freshly prepared 0.125% decanal (Sigma) in 

pure ethanol immediately before each read (3 s delay, 1 s integration time).  

Relative luminescence units (RLUs) represent average luminescence signal 

normalized to the OD600 for each sample. 

 

Expression Microarrays.  RNA isolation from M. tuberculosis and microarray 

hybridization was performed essentially as described previously (Raghavan et 

al., 2008).  Briefly, total M. tuberculosis RNA was purified by bead-beating 

bacterial pellet in Trizol reagent (Invitrogen), followed by chloroform extraction, 

isopropanol precipitation, DNase treatment, and column purification with a 

Purelink RNA kit (Invitrogen). 3–5 µg of total RNA was reverse transcribed in the 

presence of amino-allyl UTP and Cy3- or Cy5-labeled. Competitive hybridizations 

between Cy5-labeled experimental cDNA and Cy3-labelled pooled cDNA were 

performed for 24 h at 63 °C using whole-genome oligonucleotide arrays (Qiagen).  

Array results from four independent experiments were analyzed using the SAM 
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(Significance Analysis of Microarrays) statistical package (Tusher et al., 2001) to 

determine significantly induced or repressed genes. The analysis was performed 

with a false discovery rate of 0.02.
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Tables 

 
 
Table 3.1  Top EspR ChIP peaks and array data (if applicable) 
 

Rank 
Proximal 
Gene Description 

EspR Array 
(WT/EspR, 

log2) 
EspR ChIP Enrichment 

(log2) 

1 espA ESX-1 secretion 3.2 7.0 

2 Rv1461 
Conserved 

hypothetical/Metabolism - 6.1 
3 fadD26 PDIM Synthesis -0.9 4.7 
4 Rv1057 Conserved Hypothetical - 4.5 
5 fadD26 PDIM Synthesis -0.9 4.3 
6 Rv3857c Possible membrane protein -0.65 4.3 
7 Rv1490 Possible membrane protein -1.2 4.1 
8 PPE34 PE/PPE - 4.0 
9 Rv3342 Possible methyltransferase -0.7 3.9 
10 PPE54 PE/PPE - 3.8 
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Table 3.2.  ChIP peaks proximal to published EspR regulated genes 
(Raghavan et al., 2008) 
 

Gene 
EspR 
ChIP 

EspR 
binding 
motif Function 

ndh - 2 probable ndh, NADH dehydrogenase; electron transport 
nrdF1 + 1 ribonucleoside-diphosphate reductase; DNA replication 

Rv1982c + 1 PIN domain; TA system 
MT2035 + 1 PIN domain; TA system 

MT3972.1 + 2 Rv3857c: non-essential putative membrane protein 

Rv1002c - 1 
conserved membrane protein and predicted GT-C 
superfamily glycosyltransferase 

Rv1817 + 2 unknown (cell metabolism) 
Rv2008c - 1 ATP/GTP-binding site motif A; also HTH motif 
Rv3612c + 3  
Rv3613c + 3  
Rv3614c + 3 ESX-1 secretion; phoP regulon 
Rv3615c + 3 ESX-1 secretion; substratel phoP regulon 
Rv3616c + 3 ESX-1 secretion; substrate; phoP regulon 
Rv0888 + 1 Secreted protein; sphingomyelinase 
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Table 3.3.  The EspR direct expression regulon (genes regulated by EspR 
within +/- 1 kB of a ChIP peak) 
 

Gene 
Expression 

(WT/espR, log2) 

Rv3616c 3.16 
Rv0888 2.18 
Rv1947 1.10 
fadD30 1.06 
papA1 0.99 
Rv2542 0.81 
Rv1201c 0.72 
pks2 0.71 
Rv3849 0.65 
qcrC 0.59 
blaC 0.54 
atpE 0.52 
PE35 0.51 
atpF 0.50 
PPE68 0.50 
moeB2 0.48 
Rv2956 0.47 
Rv0250c 0.46 
ctaE 0.46 
Rv2477c 0.45 
Rv1303 0.45 
aceAb 0.44 
Rv1812c 0.44 
icd2 0.42 
mce4C -0.35 
pks6 -0.37 
Rv1754c -0.38 
Rv3850 -0.40 
senX3 -0.40 
Rv2745c -0.41 
Rv3848 -0.41 
Rv1794 -0.48 
Rv1885c -0.50 
PPE19 -0.52 
pbpA -0.53 
dxs1 -0.54 

Rv1366 -0.55 
Rv3165c -0.58 
gltD -0.59 
Rv3351c -0.59 
PE_PGRS46 -0.63 
Rv0449c -0.63 
Rv3857c -0.65 
cysE -0.65 
Rv1816 -0.68 
Rv1795 -0.69 
Rv0845 -0.71 
PE_PGRS19 -0.72 
Rv3342 -0.73 
Rv1510 -0.76 
PPE29 -0.77 
Rv0887c -0.80 
metX -0.82 
PPE5 -0.83 
Rv3856c -0.87 
fadD26 -0.88 
Rv1503c -0.89 
PPE6 -0.91 
ppsA -0.92 
dnaA -0.93 
PE_PGRS35 -0.96 
gabP -1.01 
Rv2665 -1.02 
Rv0521 -1.04 
hsp -1.06 
Rv1490 -1.19 
PPE31 -1.24 
Rv1374c -1.27 
PPE59 -1.38 
Rv2662 -1.50 
nrdF -1.73 
Rv1075c -1.80 
Rv1982c -1.95 
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Table 3.4.  The Lsr2 direct expression regulon (genes regulated by Lsr2 
within +/- 1 kB of a ChIP peak) 
 

Gene 
Expression 

(comp/lsr2, log2) 

Rv3120 1.914 

Rv1624c 1.801 

sodA 1.69 
Rv2951c 1.612 

Rv0888 1.42 

moaE1 1.411 
atpF 1.357 

Rv1303 1.321 

rpfC 1.283 
qcrA 1.263 

Rv0488 1.227 

qcrB 1.222 
esxN 1.221 

sseC1 1.134 

Rv2199c 1.119 
fas 1.119 

atpE 1.096 

pknH 1.081 
mmaA3 1.045 

fadD29 1.038 

Rv1883c 1.032 
nuoB 1.025 

rpfE 1.022 

ctaC 1.009 
plsB2 1.005 

nuoN 0.981 

Rv0947c 0.974 
lsr2 0.963 

Rv1882c 0.947 

nuoA 0.897 
lppX 0.892 

cyp141 0.879 

Rv0111 0.877 
fabD 0.872 

fbpB 0.854 

ppiA 0.824 
cysA3 0.822 

Rv1352 0.818 

papA1 0.746 
Rv3878 0.672 

Rv2960c 0.648 

papA2 0.607 
Rv3882c -0.582 

fadB2 -0.645 

Rv2957 -0.68 
Rv3864 -0.713 

TB39.8 -0.722 

Rv0455c -0.755 
Rv0789c -0.756 

Rv3856c -0.788 

Rv3123 -0.795 
PPE62 -0.804 

dfp -0.806 

Rv2024c -0.81 
Rv2929 -0.814 

PPE69 -0.844 

Rv1949c -0.868 
glpQ1 -0.87 

Rv3740c -0.921 

PPE55 -0.955 
Rv3888c -0.957 

Rv0452 -1.016 

Rv3887c -1.02 
PPE13 -1.022 

PE_PGRS4 -1.027 

tesA -1.028 
Rv1947 -1.029 

senX3 -1.033 

Rv3901c -1.035 
PPE21 -1.038 

Rv2103c -1.048 

PPE40 -1.058 
Rv0481c -1.1 

PPE53 -1.1 

PPE35 -1.156 
Rv1490 -1.159 

umaA -1.174 

Rv3881c -1.179 
Rv2336 -1.18 

sigE -1.183 

Rv1362c -1.207 
Rv3903c -1.212 

PPE39 -1.219 

Rv2337c -1.224 
PPE68 -1.244 

pks9 -1.259 

Rv2104c -1.27 
Rv3843c -1.292 
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PPE59 -1.295 

Rv3384c -1.322 
Rv1955 -1.336 

Rv2023c -1.347 

Rv3424c -1.38 
Rv1499 -1.393 

alkB -1.445 

Rv3902c -1.469 
Rv1460 -1.514 

lppT -1.532 

Rv0097 -1.572 
PPE28 -1.582 

Rv0790c -1.681 

PPE34 -1.683 
moaA1 -1.688 

Rv0406c -1.772 

fadD30 -1.786 
PPE24 -1.786 

Rv2452c -1.836 

Rv2106 -1.854 
Rv0792c -1.908 

mmpS4 -1.911 

mmpL9 -1.945 
mmpL4 -1.954 

Rv3378c -2.021 

Rv0023 -2.037 
moaB1 -2.059 

Rv2491 -2.158 

Rv1115 -2.179 
Rv1057 -2.19 

bfrB -2.218 

Rv1501 -2.273 
PE9 -2.304 

idsB -2.394 

Rv1948c -2.522 
PPE56 -2.609 

pks6 -2.686 

dxs2 -2.781 
Rv2493 -2.825 

Rv1506c -2.827 

Rv1502 -2.851 
mmpL12 -2.934 

mmpL2 -3.023 

Rv3377c -3.068 
PPE54 -3.448 

PPE36 -4.609 

PE22 -4.701 
Rv2492 -4.744 
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Table 3.5.  Plasmids used in this study 
 
Plasmid Description Resistance Source 

pMV306.Kan int, oriE Kan MedImmune 

pROW501 pMV306.Kan + full intergenic region-espA-luxAB Kan Rosenberg, Dovey, et al. 2011 

pCD181 pROW501 (B and C sites scrambled) Kan Rosenberg, Dovey, et al. 2011 

pCD190 pROW501 + cloning site between sites B and C Kan This study 

pCD191 pCD190 + lacZ sequence (WT 185 bp spacing) Kan This study 

    
pCD190-based 
reporter series BC site distance (bp)   

pCD235 197* Kan This study 

pCD236 196* Kan This study 

pCD237 195* Kan This study 

pCD238 193* Kan This study 

pCD239 191* Kan This study 

pCD240 189* Kan This study 

pCD241 187* Kan This study 

pCD242 186* Kan This study 

pCD207 185 Kan This study 

pCD243 184 Kan This study 

pCD244 183 Kan This study 

pCD245 181 Kan This study 

pCD206 180 Kan This study 

pCD246 179 Kan This study 

pCD247 177 Kan This study 

pCD248 175 Kan This study 

pCD194 174 Kan This study 

pCD249 173 Kan This study 

pCD250 171 Kan This study 

pCD205 169 Kan This study 

pCD251 167 Kan This study 

pCD252 165 Kan This study 

pCD204 163 Kan This study 

pCD253 161 Kan This study 
 
*Includes additional lacZ sequence of equivalent GC content to the wild-type sequence between sites B and C. 
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Figures 

 

Figure 3.1.  EspR genome-wide ChIP-chip in M. tuberculosis.  Fixed protein-

DNA complexes were immunoprecipitated with an EspR antibody from WT (dark 

orange) and ∆espR (light orange) samples.  (A, C, E) Among its 237 total 

genomic sites, EspR bound key regions proximal to the ORFs for espA, espR, 

and fadD26, and regulated transcription at each of these loci.  Expression array 

ratio data (WT/∆espR, log2 scale) are integrated into the gene map (yellow and 

blue indicate genes activated and repressed by EspR, respectively).  EspR 

consensus binding motifs and relative scores are displayed below ChIP data (see 

Figure 3.2 and the text for a discussion of motif scoring).  Fusion constructs 

containing luxAB and M. tuberculosis promoter sequences were integrated into 

WT and ∆espR  M. smegmatis, showing that EspR homolog (81% identical) is an 

activator of espA (B) and repressor of espR (D). 
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Figure 3.1 
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Figure 3.2.  The EspR consensus binding site.  (A) EspR-bound regions (ChIP-

chip, 500 bp each) were queried for consensus binding motifs using the 

MochiView motif finding algorithm, and the highest-scoring motif was the 8-mer 

shown here.  (B and C) This motif was significantly enriched within EspR binding 

regions (solid blue line) as compared to an equivalent set of random promoter-

centered regions (solid gray line), with p-values indicated in the dashed blue line.  

Receiver operating characteristic (ROC) curves to the right of each plot compare 

the proportion of EspR binding regions (true positives) passing a particular score 

cutoff compared to control regions (false positives).  The sum measurement of 

motif scores within a given region was found to be a better predictor of ChIP 

binding than the maximum score within that region (compare C and B, 

“cumulative” vs. “max” score).  This observation is consistent with the multiple 

“half-site” binding model presented in the text.
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Figure 3.2 
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Figure 3.3.  Random library screen for EspR binding sites by MITOMI2.0.  Wild-

type, dimeric EspR or the truncated, monomeric (C∆107) mutant was in vitro 

transcribed and translated with a BODIPY fluorescent label and allowed to bind 

at equilibrium with a random library of Alexa-647-labeled DNA probes.  Binding 

was mechanically trapped and measured via fluorescence in a microfluidic 

device.  The highest-scoring matrixREDUCE motifs were determined for:  (A and 

B) the monomer queried for a 6-mer or 8-mer motif, respectively, and (C and D) 

the wild-type dimer queried for an 6-mer or 8-mer motif, respectively.
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Figure 3.3 
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Figure 3.4.  The optimal EspR binding motif determined by systematic position 

specific affinity measurements.  Binding curve measurements were taken for all 

possible variants at each position in the sequence TAGCAAAC (within a 52-mer 

probe) by MITOMI2.0.  The resulting motif reflects energetically favorable 

(positive) and unfavorable (negative) bases at each position. 
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Figure 3.4 
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Figure 3.5.  The EspR binding sites are required for transcriptional activation.  

espApr-espA-luxAB reporters containing scrambled-site mutations in the EspR A, 

B, and C sites were integrated into ∆espR mutant M. smegmatis.  Strains were 

complemented with espRMtb or an empty vector control.  Mutations in the B or C 

site resulted in lower activity, while the BC double-site mutation resulted in a 

further reduction.  The A site may serve as an alternative activation site when 

either preferential site is absent. 
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Figure 3.5 
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Figure 3.6.  Activation by EspR is phase-dependent.  (A) Reporter constructs 

containing the M. tuberculosis espACD promoter region with variable spacing in 

between the EspR B and C sites were integrated in single copy into the M. 

smegmatis genome.  (B) EspR activity depended on the phasing of its binding 

sites, with a period length of approximately 11 bp and maximum activity at the 

wild-type spacing (177 bp).   These results are suggestive of looping between B 

and C in vivo.
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Figure 3.6 
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Figure 3.7.  EspR binding site distribution.  (A) Frequency histogram of spacing 

for EspR binding sites found within the same 500 bp ChIP region.  (B and C) 

Equivalent sample sets of 4-fold ChIP-enriched, 1000 bp regions for EspR and 

CRP were analyzed for the distribution of their respective binding motifs.  The 

color scale represents the percentage of motifs at a given position (x-axis) that 

score equal to or lower than a specific motif score (y-axis).  Compared to the 

CRP motif, which had a narrow, midpoint-centered distribution, the EspR motif 

was broadly distributed within its ChIP regions.  (D and E) Frequency histograms 

of spacing for 156 EspR binding sites and 147 CRP binding sites found either 

within the same ChIP region or between multiple regions (if no other sites were 

present in the same). 
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Figure 3.7 
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Figure 3.8.  Lsr2 is epistatic to EspR for espACD regulation.  (A)  Quantitation of 

mRNA abundance in M. tuberculosis samples by qPCR showed that Lsr2 is a 

modest repressor of this cluster (espA shown here).  (B)  Reporter activity 

(espApromoter-espA-luxAB) in ∆lsr2 M. smegmatis was similarly elevated over wild-

type, and was EspR binding site-independent.  Mutations in the B and C sites are 

indicated as “mut”, and were made as follows:  Both site sequences were 

scrambled, the site spacing was reduced from 177 bp (WT) to 42 bp, and the 

spacer sequence was replaced with a random sequence from lacZ (equivalent 

GC%). 
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Figure 3.8 
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Figure 3.9.  EspR and Lsr2 bind many of the same genomic regions.  (A) Venn 

diagram of overlapping ChIP regions for EspR and Lsr2.  Some of the 116 

regions of overlap occurred within the (B) espACD promoter, (C) PDIM/PGL 

locus, (D) ESX-1 and ESX-2 loci, (E) espR promoter, and (F) lsr2 promoter. 
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 93 

 Figure 3.9, continued 
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Figure 3.10.  The EspR and Lsr2 co-regulon.  Gene expression microarrays 

were performed to analyze global transcriptional changes in the ∆espR and ∆lsr2 

mutants.  The individual regulons for EspR and Lsr2 contain 525 and 415 genes, 

respectively, and there is a shared co-regulon of 88 genes (Venn diagram).  For 

the majority of co-regulated genes (74/88, 84.1%), the output of transcriptional 

control (i.e., positive or negative) is equivalent for EspR and Lsr2.  Scale bar 

represents fold differences (log2). 
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Conclusions and perspectives 
 
 

We have discovered that EspR has both a unique structure and a non-

palindromic binding site, distinguishing it from classically studied HTH proteins.  

These findings, while each unusual in their own right, fit together into a model 

where each monomer of the EspR dimer binds to a single site, with an 

intervening DNA loop.  This site could be considered equivalent to a single half-

site of a classical palindromic sequence, except that it would be separated from 

its partner half-site by a long stretch of DNA instead of by just one turn.  We have 

provided in vitro and in vivo evidence consistent with looping at the espACD 

promoter, and shown that the global distribution of EspR binding sites would 

allow for looping in other regions.  Certainly, EspR-mediated looping may be a 

widespread phenomenon for gene regulation in M. tuberculosis, and further 

experiments will be aimed at addressing this exciting possibility. 

 

Regulation at the espACD promoter is clearly complicated, likely incorporating 

different inputs from many different regulators within a large intergenic region.   

Bound far upstream of the espACD promoter, EspR must exert its activation from 

a distance.  Previously, there was little understanding of the mechanistic details 

of this process.  The EspR-looping model presents a solution to this problem, 

suggesting a means for topological rearrangement capable of wide-ranging 

effects. 
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As a protein capable of bridging and reorganizing DNA, and a repressor of 

espACD, Lsr2 represents an intriguing addition to this problem.  Indeed, we have 

shown that EspR and Lsr2 are not only bound to the same region of the 

upstream region, but that Lsr2 is epistatic to EspR.  This finding suggests that, in 

the case of espACD regulation, EspR may repress Lsr2 by inducing an 

antagonizing form of looped DNA. 

 

At the global level, the highly overlapping binding profiles of EspR and Lsr2 

suggest that this phenomenon may apply to many different loci.  Indeed, EspR 

and Lsr2 share a co-regulon that represents almost 20 per cent of their 

respective regulons.  Though the details remain to be determined, it may be that 

coordination by EspR and Lsr2 can be either antagonistic, such as for espACD, 

or synergistic.  Future experiments will be aimed at determining the specific 

nature of combinatorial control by EspR and Lsr2 throughout the genome.  A 

region of particular interest is the fadD26-ppsABCDE operon, which controls 

another central virulence determinant of M. tuberculosis. 

 

Many key questions remain:  What is the activating signal for EspR, if any?  What 

other binding partners interact with EspR?  What other regulators may act within 

the same pathway for espACD transcription, or globally coordinate with EspR 

and Lsr2?  What are their other specific determinants of topology at key virulence 

loci in M. tuberculosis?  How has the evolution of EspR and Lsr2, and their 
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respective binding regions, occurred during the divergence of the 

Mycobacteriaceae? 

 

While there is much work to be done, we have provided a framework for 

understanding and formulating new hypotheses about genome-wide regulation 

by EspR.  Our work places EspR into the context of another global regulator, and 

raises interesting questions about the role of topology in regulating M. 

tuberculosis virulence.  Investigating the regulation of virulence factors and 

antigen secretion during infection deepens our understanding of M. tuberculosis 

pathogenesis and may impact the design of new vaccine strains with enhanced 

immunogenicity.
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