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Abstract 

 

Immune modulation in tuberculosis: 

Insights from the role of a Mycobacterium tuberculosis 

protease Hip1 and its substrate  

By Maria Georgieva Georgieva 

 

Pathogenic microorganisms have evolved to respond rapidly during infection in order to 
evade host immunity and cause disease. Mycobacterium tuberculosis employs multiple 
strategies to evade host immune responses, persist within host phagocytic cells and 
promote pathogenesis. While substantial evidence points to the importance of hydrolytic 
enzymes in M. tuberculosis pathogenesis, the molecular and biochemical basis for their 
function remain largely uncharacterized. We have previously shown that the cell 
envelope-associated M. tuberculosis serine hydrolase, Hip1 (Hydrolase important for 
pathogenesis 1), prevents robust macrophage activation and interferes with dendritic cell 
functions, allowing M. tuberculosis to manipulate the host immune response and promote 
disease progression. However, the molecular basis for the immunomodulatory function of 
Hip1 remained unclear. In this dissertation work, we provide key mechanistic insights 
into the molecular and biochemical basis of Hip1 function. We establish that Hip1 is a 
serine protease with activity against protein and peptide substrates. Additionally, we 
show that the M. tuberculosis GroEL2 protein is a direct substrate of Hip1 protease 
activity. Further, enzymatic studies demonstrate that serine protease inhibitors 
specifically inhibit cleavage of GroEL2. We mapped the cleavage site within the N-
terminus of GroEL2 and confirmed that this site is required for proteolysis of GroEL2 
during M. tuberculosis growth. Interestingly, we discovered that Hip1-mediated cleavage 
of GroEL2 converts the protein from a multimeric to a monomeric form. Moreover, 
ectopic expression of cleaved GroEL2 monomers into the hip1 mutant complemented the 
hyperinflammatory phenotype of the hip1 mutant and restored wild type levels of 
cytokine responses in infected macrophages. Our investigations also reveal that M. 
tuberculosis modulates dendritic cell (DC) responses through Hip1-mediated proteolysis 
of GroEL2. Full length GroEL2 protein induced DC maturation, production of T helper 1 
(Th1)-polarizing cytokines and promoted antigen presentation to CD4+ T cells. In 
contrast, cleavage of GroEL2 abrogated these functions. In summary, our work has 
identified Hip1-dependent proteolysis of GroEL2 as a novel mechanism of immune 
modulation in M. tuberculosis. Importantly, our findings position Hip1 as an attractive 
target for inhibition for developing immunomodulatory therapeutics against M. 
tuberculosis. 
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Part 1. Interactions between pathogenic microorganisms and their hosts 

 

During infection, the pathogen and its human host interact in a dynamic and complex 

manner within the landscape of the immune system – a critical component of the host’s 

defense against pathogens. The host employs a variety of immune defense mechanisms 

that recognize, protect against and neutralize or eliminate pathogens [1-4]. These 

mechanisms include both broad-spectrum, innate responses as well as antigen-specific 

adaptive immune responses.  

 

Faced with host-derived stresses during the course of infection, pathogens respond 

rapidly. For a variety of microorganisms, these responses fall within common paradigms 

about immune evasion. One of these includes modulation of the nature and magnitude of 

the host immune response. For example, microorganisms produce a number of virulence 

factors that actively manipulate host immunity and contribute to disease progression and 

pathogenesis [1,5]. In the field of bacterial pathogenesis, several studies have illuminated 

the underlying mechanisms governing this process. For instance, Salmonella and 

Chlamydia species actively secrete effector molecules within infected cells thereby 

subverting the immune response and successfully persisting within a privileged niche in 

the host [1]. Similarly, Mycobacteria produce both cell-associated and secreted factors 

that contribute resistance to various host antimicrobial functions [6,7]. In addition to 

evading macrophage function, pathogenic Mycobacteria have also evolved to manipulate 

the host immune response during infection and interfere with responses to interferon 

gamma (IFN-γ), a key cytokine mediator of the adaptive immune response [5,8,9]. 
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Though the mechanisms of Mycobacterium tuberculosis pathogenesis are actively 

investigated, we still do not have a good understanding of the molecular and biochemical 

basis of mechanisms of immune modulation. Immune evasion by M. tuberculosis stands 

out as a complex phenomenon – one that presents an outstanding interest in the field of 

tuberculosis research and certainly warrants detailed investigation. 

 

Part 2. History and background of Mycobacterium tuberculosis 

 

Part 2.1 History 

Tuberculosis is caused by a bacterium called Mycobacterium tuberculosis. The bacilli 

usually attack the lungs, but can also infect any part of the body such as the kidney, brain 

and bones [10,11]. Tuberculosis is inarguably one of the most ancient diseases to plague 

humankind. Paleopathological data presents evidence of tuberculosis in bone remains 

from the Neolithic period in 5800 BCE and Egyptian mummies dating back to 2400 BCE. 

Pulmonary tuberculosis, most probably first described in ancient Greece by Hippocrates, 

was known as “phthisis” [12]. As evidenced from the descriptions in Hippocrates’ written 

aphorisms, physicians at the time were familiar with the clinical manifestations of 

tuberculosis and recognized the pulmonary form of the disease as the most prevalent one 

[12]. During the middle ages, the written records of tuberculosis become fewer but the 

disease remained one of the leading causes of death in Europe. The disease burden 

escalated substantially in the seventeenth and eighteenth century, when tuberculosis 

killed one in five adults in Europe and North America [12]. Nowadays, despite efforts to 

control the disease, 9 million cases of tuberculosis are reported worldwide each year and 
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1.5 million people die from the disease [13]. Currently, tuberculosis is second only to 

HIV/AIDS as the greatest killer worldwide due to a single infectious agent [13]. 

 

Part 2.2 Symptoms and treatment 

The primary stage of the disease can be symptom-free or the patient may experience flu-

like illness. The second stage of the disease, referred to as active disease, presents with 

slight fever, night sweats, weight loss and fatigue. Tuberculosis of the lung is usually 

associated with a dry cough that eventually leads to a productive cough with sputum. 

Also, chest pains and shortness of breath are common during this period. This is the 

contagious stage of tuberculosis disease, when the bacteria are spread to other individuals 

via the aerosol route [14]. 

 

To treat tuberculosis disease, antibiotic-based treatment is administered. Treatment of 

active disease involves taking several anti-tuberculosis drugs for six to nine months and 

possible confinement if the individual is considered infectious. Of the approved drugs, 

the first-line anti-tuberculosis agents that comprise the core of the treatment regimen 

include isoniazid (INH), rifampin (RIF), ethambutol (EMB) and pyrazinamide (PZA) 

[14]. Although antibiotics effectively decrease the numbers of M. tuberculosis bacilli 

within the host during the first two months of treatment, bacteria are not eradicated 

completely. M. tuberculosis persists at low levels and requires continuation of treatment 

of either four or seven months. Difficulties in adhering to this arduous treatment regimen 

have contributed to increased rates of multi- and extensively drug-resistant tuberculosis 

[15-17]. 
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Bacillus Calmette-Guerin (BCG) is a vaccine for tuberculosis used in many countries 

with a high prevalence of tuberculosis to prevent childhood tuberculous meningitis and 

military disease. However, BCG has widely variable protection efficacy against adult 

pulmonary TB and is not administered to adults [18]. Overall, the challenges regarding 

treatment and the low efficacy of the BCG vaccine have motivated efforts to develop 

more efficacious treatment regimens. One idea that is actively explored is that adjunctive 

immunomodulatory therapies can be used in conjunction with antibiotics to shorten 

treatment regimen and improve outcome. 

 

Part 2.3 Classification 

Mycobacterium is a genus within the order Actinomycetales, comprising a number of 

species associated with the disease tuberculosis. Members of the Mycobacterium genus 

stand out with certain characteristic features including a complex cell wall structure and a 

high G + C genomic content [19].  

 

M. tuberculosis is an aerobic, non-motile, acid-fast bacterium with a highly unusual cell 

wall. Mycobacteria have a cell wall consisting of an inner and outer layer surrounding the 

plasma membrane. The outer compartment of the mycobacterial cell wall consists of both 

lipids and proteins. These include a variety of complex species such as 

lipoarabinomannan (LAM), lipomannan, phthiocerol dimycocerosate, dimycolyl 

trehalose (cord factor), sulfolipids and phosphatidylinositol mannosides [20]. In slow-

growing, pathogenic Mycobacteria, such as M. tuberculosis, the immunodominant LAMs 

are capped at the terminal β-Ara residues with mannose residues and are referred to as 
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ManLAMs. In contrast, the fast-growing, non-pathogenic Mycobacteria, such as M. 

smegmatis have phosphoinositol-capped LAMs [20]. Overall, the outer proteins and 

lipids are a rich source of signaling and effector molecules of Mycobacteria and are well 

known to have roles in interacting with the immune system.  

 

The inner compartment of the cell wall consists of peptidoglycan (PG), arabinogalactan 

(AG), and mycolic acids (MA) covalently linked together to form a complex. This is the 

essential core of the mycobacterial cell wall. Arabinogalactan is the major polysaccharide 

of the mycobacterial cell wall and is important for cell wall integrity and for anchoring 

the MA layer to the PG layer. Mycolic acids are the primary determinant for cell wall 

permeability and consist of a variety of short α-alkyl and long β-hydroxyl fatty acids 

ranging from 60 to 90 carbons per chain. Regarding their PG structure, Mycobacteria are 

unique and possess muramic acid that has an N-glycolyl group rather than and N-acetyl 

group [20].  

 

In summary, this unusual arrangement results in a cell structure of substantial thickness 

and low permeability that contributes to the low sensitivity of Mycobacteria to antibiotic 

agents and cell wall-directed stresses. Because of the nature of their cell wall, the genus 

Mycobacterium stains poorly with the Gram stain procedure. The presence of the highly 

abundant mycolic acids and other lipids contribute to low permeability and impede the 

entry of chemicals, thereby interfering with the traditional crystal violet staining. Instead, 

the basic dye carbol-fuchsin successfully binds to the mycobacterial cell wall and stains 

the bacilli bright red in the classic Ziehl-Neelsen method [21].  
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Besides its protective barrier function, the mycobacterial cell wall is an abundant source 

of immunogenic antigens [22,23]. A number of these have been identified as bioactive 

bacterial components with immunomodulatory roles during infection. A combination of 

genetic and molecular approaches has demonstrated that mycobacterial cell wall mannans, 

mannoproteins and arabinomannans have specific immunomodulatory functions and 

contribute to disease pathogenesis [22]. The demonstrated importance of cell wall factors 

in determining the trajectory of the immune response has motivated a number of studies 

to better understand molecular mechanisms underlying the function of bacterial cell 

surface-associated and released effectors during M. tuberculosis infection. 

 

Part 2.4 Mycobacterium tuberculosis complex 

The M. tuberculosis complex (MTBC) consists of the pathogenic Mycobacteria, namely, 

M. tuberculosis, M. africanum, M. canettii, M. bovis, and M. microti [24]. These are 

closely related organisms with 99 % identity at the whole-genome nucleotide level (with 

the exception of M. canetti). M. tuberculosis and M. africanum are the causative agents of 

human tuberculosis. Epidemiological studies demonstrate that the spread of M. africanum 

is restricted to West Africa where it causes about half of the cases of human TB in this 

region. Besides the human pathogenic strains, the MTBC includes animal-associated 

members such as M. bovis, the cause of bovine tuberculosis and M. microti, the agent of 

tuberculosis in voles. M. canetti is the most recently discovered mycobacterial strain 

(1969), and studies aimed at understanding its natural reservoirs and transmission 

characteristics are ongoing [24].  
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With the advent of sequencing techniques, the genome sequences of a number of M. 

tuberculosis strains became available and this substantially facilitated modern molecular 

and genetic studies in tuberculosis research. One of the most commonly used M. 

tuberculosis strains in the laboratory is H37Rv, a virulent strain originally isolated in 

1905. Historically, it has been used as a reference strain to identify clinical isolates and 

has been extensively used in studies of mycobacteriology, mycobacterial molecular 

biology and in animal models of tuberculosis [21].  

 

Part 2.5 Mouse model of tuberculosis 

Various animal models have been used to study aspects of human M. tuberculosis 

pathogenesis. These include mice, rabbits, guinea pigs and non-human primates [25]. The 

mouse model of tuberculosis is the most widely used for studying M. tuberculosis 

pathogenesis and is particularly useful for studying disease susceptibility and disease 

progression. Despite some differences from human disease, the mouse model has been 

very informative in providing insights into tuberculosis pathogenesis, immunology and 

drug efficacy. Mice have been successfully infected by the aerosol route and acquire 

infection with relatively low doses of M. tuberculosis [25]. Importantly, the availability 

of a variety of mouse immunological reagents makes the mouse animal model an 

essential tool for studying the bacterial contributions to tuberculosis pathogenesis.  

 

Various inbred strains of mice are used in tuberculosis research. Commonly used inbred 

strains include C57BL/6, BALB/c, DBA/2 and severe combined immunodeficient 

(SCID) strains [26]. C57BL/6 and BALB/c mice are relatively resistant to M. 
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tuberculosis infection. After inoculation, the bacilli replicate logarithmically in the lungs 

for 2-3 weeks, after which, the colony forming units (CFU) reach a plateau. Despite this 

apparent control of bacterial replication, lung disease eventually results in lethality. 

DBA/2 mice are highly susceptible to M. tuberculosis. In this genetic background, after 

infection, CFU numbers rise at a slow rate and pathology develops rapidly, resulting in 

host death. Similarly, SCID mice, which completely lack the ability to mount an acquired 

immune response, do not control bacterial numbers and are highly susceptible to M. 

tuberculosis infection [26].  

 

Using genetically targeted mouse strains, various groups have investigated the 

contribution of host components to the response against M. tuberculosis. Using these 

models, investigators demonstrated the importance of cytokines IFN-γ and IL-12, as well 

as Myd88 adaptor protein and TNF receptor for control of M. tuberculosis. Also, CD4+ 

and CD8+ T cells were first demonstrated to be important for control of tuberculosis in 

the mouse model of infection [27]. Other studies using the mouse model include these 

with toll-like receptor (TLR) knockout mice. The TLR receptors known to be involved in 

recognition of M. tuberculosis are TLR2, TLR4, and TLR9. TLR2-/- mice infected with 

high doses of M. tuberculosis have a greatly enhanced susceptibility to infection 

compared to wild type mice. In addition, TLR2-/- mice display defects in controlling 

chronic infection with M. tuberculosis. In vivo murine studies on the role of TLR4 in the 

recognition of M. tuberculosis have shown conflicting results, likely due to a redundant 

role of TLRs for the host defense against Mycobacteria. When infected with a high dose 
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of M. tuberculosis, animals lacking TLR9 succumb earlier to infection than wild type 

animals [28].  

 

Part 3. Life cycle of M. tuberculosis within the host  

 

Part 3.1 Progression of the tuberculosis granuloma 

Transmission of tuberculosis is primarily through the airborne route and infection with  

M. tuberculosis begins with inhalation of aerosol droplets containing bacteria (Figure 1). 

In the lung, resident macrophages recognize the bacilli through pattern recognition 

receptors (PRRs), engulf the bacilli via phagocytosis and sequester them within 

phagosomes [3,29]. Following internalization, the bacilli are trapped within the hostile 

environment of phagosomal compartments. M. tuberculosis actively prevents the 

formation of the phagolysosome and thereby avoids the activity of digestive enzymes that 

degrade intracellular microbes. In addition, M. tuberculosis successfully resists host 

antimicrobial functions and replicates within macrophages [29]. Studies to identify 

bacterial factors responsible for surviving the hostile environment of macrophages and 

for modulating phagolysosome formation have highlighted the contributing role of cell-

wall factors and secreted bacterial effectors [30].  

 

Within the lungs, the phagocytosed bacteria induce a proinflammatory cytokine response 

that results in the recruitment of mononuclear cells and lymphocytes from neighboring 

blood vessels (Figure 1) [11,31]. These cells become the building blocks of the 

granuloma, also referred to as a tubercle, which is a hallmark structure of tuberculosis. 
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While the precise mechanisms leading to the formation of granulomas are not well 

defined, we understand the overall composition of these structures. Granulomas are 

composed of M. tuberculosis infected macrophages in the center, surrounded by lipid-

rich foamy macrophages, dendritic cells, neutrophils, and an outer periphery of 

lymphocytes associated with a fibrous cuff that defines the boundary of the structure [3]. 

The initial view of the tuberculosis granuloma as a static structure has been challenged by 

results from histological and molecular studies incorporating the use of animal models of 

tuberculosis. These studies show that the granuloma is dynamic in nature and that both 

host and bacterial factors play a role in its development and maintenance [29,31]. 

Primarily, studies in the field dating back to the 1960s have implicated cell wall lipid 

components in the formation of granulomas. More specifically, from studies with the 

rabbit and mouse model of infection, we know that biologically active components from 

mycobacterial cell walls, such as mycobacterial glycolipids and trehalose-6, 6’-

dimycolate (TDM) promote granuloma formation [32,33].  

 

Besides influencing the initial stages of granuloma formation, numerous bacterial 

components also modulate the cellular immune response that frames its development and 

maintenance. For example, phthiocerol dimycocerosate (PDIM), trehalose 

dimycocerosate (TDM) and phenolic lipids of M. tuberculosis, were also implicated in 

disease pathology and immune modulation during infection [22,34].  In addition, the M. 

tuberculosis cell wall components mannosylated lipoarabinomannan (ManLAM) and 

arabinomannan promote pathogenesis following their release from bacteria during 

infection [33]. These bacterial components are known to traffic both within the infected 
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cells as well as extracellularly via the exosomal release pathway [35,36]. Further, 

mycobacterial cell wall-associated proteins belonging to the Ag85 family are highly 

immunodominant and present in exosomes from infected macrophages. Other examples 

of actively secreted immunodominant bacterial components are the early secreted 

antigenic target 6 (ESAT-6) and culture filtrate protein 10 (CFP10) [37]. Following 

extracellular release during infection, these bacterial effectors are well positioned within 

host cells to drive an unfavorable host immune response culminating in granuloma 

formation. Overall, these findings underscore the dynamic and complex interaction 

between M. tuberculosis and the host and more specifically, the biological significance of 

cell wall-associated and secreted bacterial effectors. 

 

Part 3.2 Phagosome maturation arrest by Mycobacterium tuberculosis 

Within the host, the outcome of infection with M. tuberculosis is determined by a 

complex interplay between the host immune response and pathogen factors that promote 

virulence. In response to multiple host-derived stresses, M. tuberculosis employs a wide 

array of strategies to evade the first-line defenses mounted by host innate immune 

responses and successfully replicates intracellularly within macrophages. M. tuberculosis 

interferes with IFN-γ-mediated activation, hinders macrophage functions by inhibiting 

phagosome maturation and acidification, counters toxic reactive oxygen (ROI) and 

nitrogen intermediates (RNI) and resists antimicrobial agents that damage the 

mycobacterial cell envelope [5,8,38]. Within this array of immune evasion strategies, the 

most outstanding feature is the striking ability of M. tuberculosis to interfere with 

phagosome maturation, a key component of the host protective response. 
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Historically, the defective trafficking of Mycobacteria and the capability of M. 

tuberculosis to prevent phagosome-lysosome fusion became apparent during studies 

involving localization of labeled bacteria and lysosomal markers. Mycobacteria gain 

entry to macrophages through several cell-surface molecules, including members of the 

integrin family of receptors such as complement receptors, mannose receptors and Fcγ 

receptors. Following uptake within the phagosome, changes in the concentration of 

intracellular Ca2+ and phosphatidylinositol-3-kinase (PI3K) activity are essential for 

proper phagosomal maturation [39,40]. Pathogenic Mycobacteria have been shown to 

interfere with Ca2+ and PI3K signaling pathways to impair this process [5,41]. This 

process is mediated in part by the lipid effector molecule ManLAM, which is able to 

inhibit ionophore-induced increases in Ca2+ concentration [42]. Interestingly, ManLAM 

from M. tuberculosis but not from the non-pathogenic Mycobacterium smegmatis (M. 

smegmatis) is capable of this activity.  

 

Features of the mycobacterial phagosome include retention of early endosomal markers 

(Rab5) that are usually cleared from the mature phagosome surface and absence of late 

endosomal/lysosomal markers (Rab7) [39]. These characteristics reflect failure of the 

phagosomes to fully acidify and acquire active lysosomal proteolytic enzymes. Several 

mycobacterial lipid and protein effectors modulate phagosomal maturation. Two secreted 

M. tuberculosis effectors, PtpA, a tyrosine phosphatase and NdkA, a guanosine 

triphosphatase impair Rab7 activation on phagosomes. The M. tuberculosis cell wall 

component ManLAM and secreted phosphatase SapM disrupt the generation of 
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phosphatidylinositol 3-phosphate (PI3P) on the phagosomal surface – an important 

requirement for proper phagosomal maturation [39,43]. In addition, the M. tuberculosis 

effectors PknG, LpdC, Zmp1 are involved in phagosome maturation blockade, although 

their mechanisms of action remain unclear [8]. Furthermore, recent experiments on M. 

avium indicate that the close physical association formed between the bacterial cell wall 

and the phagosomal membrane is crucial for maintaining the phagosome in its arrested 

state [7,44]. Specifically, disruption of this association by depleting cholesterol directs 

the bacterium to the lysosome [3,7]. Overall, these findings underscore the importance of 

M. tuberculosis cell wall-associated and secreted effectors for modulation of the host 

immune response. 

 

Part 3.3. Host recognition of Mycobacterium tuberculosis 

The interaction between M. tuberculosis and the host immune system is dependent on the 

recognition of M. tuberculosis by several receptors. Most of the studies on mycobacterial 

entry into host cells have focused on macrophages, although other phagocytic cell types 

recruited to the lung (neutrophils and dendritic cells) are also capable of ingesting 

Mycobacteria (Figure 2). Macrophages and dendritic cells (DCs) differ in their roles 

during the immune response [45]. The release of proinflammatory cytokines and 

chemokines from infected macrophages is crucial for the generation of an effector T cell 

response (Figure 2). Subsequently, IFN-γ, a T cell cytokine mediator, is released and 

further activates infected macrophages to increase their antimicrobial activity [3].  
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After aerosol infection with M. tuberculosis, phagocytic DCs also ingest and harbor 

bacteria (Figure 2). Infected DCs migrate to the draining lymph nodes where they present 

antigen to naïve T cells and drive their development to effector and memory cells [9]. 

Uptake of M. tuberculosis by DCs results in their maturation as characterized by elevated 

surface expression of major histocompatibility class II (MHC II), co-stimulatory markers 

such as CD40, CD86, CD80, and secretion of Th1 polarizing cytokines such as IL-12 

[46,47]. Importantly, recent studies have demonstrated that M. tuberculosis impedes DC 

maturation and interferes with DC migration from lungs to the draining lymph nodes [9]. 

However, the M. tuberculosis factors that impair DC functions are not well understood.  

 

Several families of pattern recognition receptors (PRRs) are involved in M. tuberculosis 

recognition – C-type lectin receptors (CLRs), scavenger receptors (SRs), complement 

receptors (CRs) and Toll-like receptors (TLRs) [48].  The process of bacterial uptake is a 

critical component of the host immune response and essential for control of the infection. 

Early papers in this specific field suggested that the fate of phagocytosed M. tuberculosis 

is determined by the identity of the uptake receptor. For example, uptake via mannose 

receptor is thought to allow the bacteria to resist phagosome maturation, whereas uptake 

by CLRs is thought to result in delivery to the lysosome [49]. The TLR family recognizes 

pathogen- associated molecular patterns (PAMP) and alerts the host to the presence of 

microbial pathogens. Studies using TLR deficient mice show that TLR2, TLR4 and 

TLR9 each are involved in the recognition of M. tuberculosis by the host immune system 

[50]. For example, a component of the mycobacterial cell envelope, mannosyl 

phosphatidylinositol is capable of inducing a complex signaling cascade after engaging 
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TLR2 and TLR4 [49]. In addition, signalling via TLR4 has been confirmed for 

mycobacterial components such as the HSP70 protein, phosphatidyl-myo-inositol 

mannoside, and the 38 kDa glycolipoprotein [30,51]. Various lipids such as the 19 kDa 

antigen of M. tuberculosis, lipoarabinomannan and the LprG, LprA, LpqH lipoproteins 

are recognized by TLR2 [52]. Early in infection, the 19 kDa antigen engages TLR2 to 

stimulate cytokine production and prime immune cells [49]. 

 

3.5 Mycobacterium tuberculosis and modulation of host immunity 

In addition to the numerous cell surface factors recognized by PRRs, M. tuberculosis 

secreted factors also engage host receptors and exert immunomodulatory functions during 

infection. The M. tuberculosis genome encodes five separate type VII secretion systems, 

which are specialized in the delivery of virulence factors across the cell envelope [53]. 

Each of the five loci encodes for a secretion apparatus (annotated as ESX) as well as 

secreted effector proteins [37]. M. tuberculosis encodes for more than twenty such 

proteins, whose functions during infection are poorly defined. The best-studied type VII 

secretion system is ESX-1, which is deleted in the vaccine strain BCG and whose 

absence largely accounts for the attenuation of BCG [37]. Recent work suggests that 

ESX-1 mediates damage to the Mycobacteria-containing phagosome membrane and 

appears to enable escape of M. tuberculosis from the phagosome [54,55]. Two effectors 

secreted by the ESX-1 secretion system, ESAT-6 and CFP10 are implicated in this 

membrane damage [55,56]. By damaging the phagosomal membrane, these effectors also 

allow for innate immune sensing of M. tuberculosis components [37]. For example, the M. 

tuberculosis cell wall component N-glycolyl-muramyl dipeptide stimulates the cytosolic 
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sensor NOD2 to produce type I interferons only if the ESX-1 system is intact [57]. Also, 

the ESX-1 system is required for activation of the host cytoplasmic inflammasome during 

infection [6,58]. These findings underscore the critical role of secreted effectors in 

manipulating and exploiting the host immune response for the benefit of the pathogen. 

 

Part 4. Hydrolases in bacterial pathogenesis and immune modulation 

 

Under adverse environmental conditions encountered in the host, bacteria launch stress 

responses that improve their chances of survival [8]. While the role of transcriptional 

responses to immune-mediated stress is well established, it is becoming increasingly clear 

that post-transcriptional regulation is also critical for pathogen survival in the host [59-

61]. Regulating protein activity in response to stress would allow rapid adaptation to 

changing host environments and promote immune evasion. In this context, in multiple 

bacterial pathogens, hydrolases have been shown to play critical roles in virulence by 

enzymatically regulating the fate and activity of a wide range of critical bioactive 

proteins and lipids. For example, Chlamydia species secrete a number of proteolytic 

effectors into host cells to successfully establish infection and modulate the host response 

[62]. The chlamydial proteasome activity factor (CPAF) is a serine protease that acts on a 

variety of host cell targets during infection to alter the expression of cell surface 

molecules, evade immune recognition, and inhibit apoptosis [63,64]. The pathogenic 

Yersinia species also encode proteolytic effectors, namely the Yop effectors, which 

deregulate immune signaling pathways [59,65,66].  
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However, relatively little is known about how hydrolases function in M. tuberculosis 

pathogenesis [67,68]. It is widely appreciated that the lipid-rich M. tuberculosis cell 

envelope effectively protects the pathogen from antimicrobial agents, immune toxins and 

provides a potent hydrophobic barrier against several antibiotics [22]. In accordance with 

this concept, several groups have demonstrated that integrity of the cell envelope during 

infection is critical for M. tuberculosis resistance to antimicrobial activity encountered 

within the host [23,69-72]. Regulation of cell wall integrity, cell surface remodelling and 

release of secreted factors are processes controlled by the activity of hydrolytic enzymes. 

These cell surface-associated modifications occur in response to stress, thereby allowing 

M. tuberculosis to adapt to the rapidly changing immune milieu and to successfully 

persist within the host. In M. tuberculosis, two hydrolases, resuscitation promoting factor 

B (RpfB) and RpfE, directly interact with rpf-interacting protein A (RipA), a 

peptidoglycan peptidase and synergize to regulate cell division and remodeling under 

stress. Another M. tuberculosis peptidoglycan hydrolase, Rv2719c is similarly involved 

in cell division and response to DNA damage. 

  

Hydrolytic enzymes are well known to control the fate of bioactive proteins and lipids in 

eukaryotes and prokaryotes, but the identity of their substrates can vary widely. 

Depending on the nature of their substrates, hydrolytic enzymes can include proteases, 

esterases, and lipases [73]. Proteases are critical for the virulence of multiple pathogens 

and hydrolysis of proteins is certainly an important regulatory mechanism in 

pathogenesis [74]. In tuberculosis, too, several predicted proteases have been implicated 
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in pathogenesis [74]. These findings have inspired studies to define in detail the 

molecular basis for their activity and to identify their physiological targets.  

 

Despite considerable effort, for the majority of M. tuberculosis proteases, their molecular 

and biochemical functions remain undefined and their physiological substrates remain 

largely unknown. For example, MarP (Rv3671) is a periplasmic protease that is required 

for M. tuberculosis resistance to acid and oxidative stress and exhibits protease activity 

against synthetic peptide substrates, but its target during infection remains unclear [75]. 

In another study, PepD, a secreted serine protease that promotes M. tuberculosis 

virulence was shown to hydrolyze the general protease substrate casein but its 

physiological substrate was undefined [76,77]. Yet another study focused on the serine 

protease MycP1, which cleaves the ESX-1 substrate EspB and is required for secretion of 

ESX-1 substrates, well known to be important for M. tuberculosis virulence [70,78]. The 

intramembrane protease Rip1 (Rv2869c) is one of the very few proteases with known 

substrates. Rip1 is involved in regulating cell envelope mycolic acids by cleaving M. 

tuberculosis anti-sigma factors leading to release of the sigma factors SigK and SigL 

which in turn regulate cell envelope composition [78]. Rip1 also cleaves a penicillin-

binding protein, PBP3 under conditions of oxidative stress [78].  

 

The capacity of proteases to mediate quick responses at the protein level offers a unique 

mechanism for M. tuberculosis to respond to changing environmental conditions. In this 

manner, M. tuberculosis can rapidly orchestrate immune evasion strategies that promote 

disease progression and facilitate adaptation to the host immune milieu [2,5].  
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Part 5. Hydrolase important for pathogenesis 1 (Hip1) 

 

Using functional genomics, we previously identified the cell envelope-associated serine 

hydrolase, Hip1 (Hydrolase important for pathogenesis 1; Rv2224c), as a key 

immunomodulatory protein, critical for M. tuberculosis virulence and survival in 

macrophages (Figure 3) [79,80]. We showed that mice infected with a hip1 mutant 

survive significantly longer than wild type infected mice and show reduced lung 

pathology. Our studies also indicated that Hip1 prevents robust activation of 

macrophages following M. tuberculosis infection and controls the onset and magnitude of 

proinflammatory responses induced by M. tuberculosis [79-81]. This strategy of 

dampening early proinflammatory responses is likely to be advantageous to the pathogen 

by allowing it to escape immune detection. In addition, ours and other groups showed 

that M. tuberculosis Hip1 and its M. smegmatis ortholog are important for maintaining 

cell envelope integrity and resistance to cell envelope-directed stresses [75,80,82]. 

Specifically, the hip1 mutant is more susceptible to stresses that are indicative of a 

compromised cell envelope (lysozyme, acidic pH, SDS, lipophilic antibiotics) [80,82,83]. 

 

Part 5.1 Molecular and biochemical characteristics of Hip1 

In the M. tuberculosis genome, Hip1 is present in a predicted operon with Rv2223c. 

Rv2223c, unlike Hip1 is secreted extracellularly of M. tuberculosis (unpublished data, 

Erica Bizzell, Jyothi Rengarajan). The sequences of both Hip1 and Rv2223c possess 

features traditionally associated with serine proteases [84]. Hip1 is a 520 amino acid 

protein with molecular weight of 55 kDa. The closest orthologs to Hip1 are the 
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Streptomyces lividans mycelium associated tripeptidyl-peptidases TPP A (Tap; 30% seq 

ID), TPP B (SlpD; 36% seq ID) and TPP C (SlpE; 36% seq ID) [84-86]. These enzymes 

are all serine proteases and are categorized in clan SC, family S33 according to the 

MEROPS Peptidase database [84]. Characteristics of this clan include a catalytic triad 

comprised of Serine, Aspartic acid and Histidine residues, with the Ser residue as part of 

a GXSXG consensus sequence. All members of clan SC possess an α/β hydrolase fold, 

found in hydrolases, esterases, lipases and proteases. The S33 family consists of 

exopeptidases that have a preference for N-terminal Pro residues. Specifically, Hip1 

possesses a predicted catalytic triad consisting of Serine (S228), Aspartic acid (D463), and 

Histidine (H490) residues [84]. Also, Hip1 possesses a type II signal sequence typically 

present in prokaryotic lipoproteins. Within this N-terminal signal sequence, a cysteine 

residue is crucial for the processing and maturation of the lipopeptide. The steps involved 

in the formation of the mature protein are two-fold. First, a diglyceride unit is added to 

the cysteine residue via thioester linkage, followed by cleavage immediately after the 

lipidated cysteine. This cysteine becomes the first residue of the N-terminus of the mature 

lipoprotein [80].   

 

Around the time we initiated our biochemical studies on Hip1, another group published a 

report on recombinant Hip1 expressed in Escherichia coli (E. coli) and its ability to 

hydrolyze synthetic ester substrates in vitro [87]. Because soluble esters are readily 

hydrolyzed by esterases, lipases and proteases, these findings did not permit confident 

annotation of the specific enzymatic activity of Hip1, thereby leaving this important 

question open-ended. The clearly meaningful biological role of Hip1 during infection 
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motivated our group to investigate the true enzymatic activity of Hip1 and establish it 

with confidence. Furthermore, because of our insight about the role of Hip1 in virulence, 

we appreciated the likely involvement of the physiological targets of Hip1 in 

pathogenesis, too. Therefore, we also set out to identify and characterize the interaction 

between Hip1 and its substrates during M. tuberculosis infection. 

  

Part 5.2 Hip1 modulates host immunity 

At the time that we initiated these studies, our group had demonstrated that Hip1 

suppresses the macrophage innate immune response by limiting the production of 

proinflammatory cytokines and chemokines [80,81]. Our findings indicated that a hip1 

mutant induced earlier and more robust proinflammatory responses in macrophages via 

enhanced activation of TLR2- and inflammasome-dependent pathways [81]. Based on the 

immunomodulatory function of Hip1 as well as its predicted enzymatic activity, we 

hypothesized that one mechanism for Hip1 modulation of innate immunity is likely to be 

through cleavage of physiological substrates. Specifically, we proposed that Hip1 

modifies cell envelope factors to modulate innate immunity. In our search for 

physiological substrates of Hip1, we employed a proteomics approach and identified a 

candidate substrate, the M. tuberculosis protein GroEL2 [80]. Although annotated as a 

member of the chaperone family of heat shock proteins, in many respects GroEL2 does 

not resemble canonical chaperones. Overall, GroEL2 differs greatly in structure from 

other chaperones, and exhibits minimal levels of ATP hydrolysis activity (a well 

established and accepted readout for chaperone function) [88]. At the time, several 

published studies on GroEL2 inspired a curious hypothesis about a likely involvement of 
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GroEL2 in some of the Hip1-associated phenotypes we previously reported on. 

Interestingly, these findings demonstrated that GroEL2 is highly induced in response to 

environmental cues during infection such as heat shock, oxidative stress, growth in 

macrophages and hypoxia [89-92]. Furthermore, various groups showed that GroEL2 is 

immunostimulatory as it induces a robust cytokine-mediated innate immune response 

[93]. Overall, these findings suggested a likely connection between GroEL2 and the 

Hip1-dependent immune modulation and motivated our subsequent investigations on the 

molecular basis of Hip1 function and the interplay between Hip1 and its candidate 

substrate GroEL2.  

 

Part 6. Thesis overview 

 

Mycobacterium tuberculosis employs a variety of mechanisms to evade host immunity 

and cause disease. In the tuberculosis field, a substantial body of work has implicated 

hydrolytic enzymes in pathogenesis, but the molecular and biochemical basis for their 

function have remained largely uncharacterized. Recently, several genome-wide screens 

have provided direct evidence for the contribution of proteolytic enzymes to M. 

tuberculosis pathogenesis and have spurred efforts to gain a better understanding of the 

mechanisms regulating the activity of these enzymes. For example, our own studies 

contributed to this knowledge with the identification of the immunomodulatory M. 

tuberculosis cell wall-associated protease Hip1. Motivated by these initial findings, we 

investigated in detail the molecular basis for the immunomodulatory function of Hip1. In 

this dissertation work, we provide key mechanistic insights into the enzymatic activity of 
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Hip1. We also contribute a rare insight - the identity of the physiological target of a 

protease; Hip1 cleaves the M. tuberculosis protein GroEL2. Subsequently, building upon 

these mechanistic insights, we discovered a role for GroEL2 in modulating the host 

macrophage response during infection with M. tuberculosis (Chapter 2). Furthermore, in 

Chapter 3, we report that GroEL2 also modulates the innate-adaptive axis at the DC-T 

cell interface.  In summary, our dissertation work identifies and provides insight on a 

novel and mechanistically intriguing approach to immune modulation by M. tuberculosis.  

 

Identifying the full range of mechanisms and strategies employed my M. tuberculosis to 

evade and subvert host immunity continues to be a long-standing goal in the tuberculosis 

field. In these aspirations, focused investigations (such as the ones outlined here) of the 

immunomodulatory activities of M. tuberculosis-derived factors can be particularly 

valuable. Such efforts are certainly necessary and will continue to provide invaluable 

insight into how M. tuberculosis modulates host immunity and inform the design of more 

efficacious vaccines and immunotherapies for tuberculosis.  
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Figure 1. Transmission and life cycle of Mycobacterium tuberculosis within the host 

In the lung, recognition of the bacteria by macrophages and dendritic cells is mediated by 

pattern recognition receptors (PRRs). Following phagocytosis, a localized 

proinflammatory response is initiated that leads to the recruitment of other uninfected 

phagocytes and lymphocytes. These cells then become the building blocks for the 

granuloma. The granuloma consists of a kernel of infected macrophages, foamy 

macrophages, and dendritic cells surrounded by a mantle of lymphocytes. This tissue 

response reflects the containment phase of the infection, in which there are no overt signs 

of disease and the host does not transmit the infection to others. Containment usually fails 

when the immune status of the host changes. Following such a change in the immune 

status, the granuloma decays into a less structured mass, ruptures and spills infectious 

bacilli into the airway. 
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Figure 2. Mycobacterium tuberculosis and modulation of host immunity 

Alveolar macrophages and lung dendritic cells are among the major cell types that 

become infected with M. tuberculosis. Following infection, macrophages respond by 

secreting a number of proinflammatory cytokines and chemokines. These secreted factors 

mediate activation of T cells, which produce IFN-γ capable of increasing the 

antimicrobial function of macrophages. The pathogen responds to the host phagocytic 

environment during infection in a rapid fashion. An important component of this 

response is modification of the M. tuberculosis cell envelope composition which is 

coupled with release into the extrabacterial space of bacterial effector molecules. Uptake 

of M. tuberculosis by DCs results in presentation of antigen to T cells and subsequent T 

cell activation.  Successful T cell stimulation requires three DC-derived signals: high 

surface expression of major histocompatibility class II (MHC II), co-stimulatory markers 

such as CD40, CD86, CD80, and secretion of polarizing cytokines. Recent studies have 

demonstrated that M. tuberculosis interferes with DC functions and inhibits antigen 

presentation to T cells.   
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Figure 3. Our previously published work demonstrates that Mycobacterium tuberculosis 

Hip1 as a cell wall-associated immunomodulatory protease that manipulates the innate-

adaptive immune axis by dampening macrophage responses and impairing DC functions. 

M. tuberculosis hip1 mutant induces earlier and more robust proinflammatory responses 

in macrophages via enhanced activation of TLR2- and inflammasome-dependent 

pathways. Furthermore, the hip1 mutant also induces robust DC maturation and improves 

antigen presentation capacity to antigen-specific T cells. 

 

 

 

 

 



	   30	  

Chapter 2 

Mycobacterium tuberculosis Hip1 modulates macrophage responses through 

proteolysis of GroEL2  

 

Chapter adapted from: 

Naffin-Olivos JL*, Georgieva M*, Goldfarb N* et al. (2014)  

Mycobacterium tuberculosis Hip1 modulates macrophage responses through proteolysis 

of GroEL2. PLoS Pathog 10(5): e1004132. doi:10.1371/journal.ppat.1004132 

*These authors contributed equally 
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Abstract 
 

Mycobacterium tuberculosis (M. tuberculosis) employs multiple strategies to evade host 

immune responses and persist within macrophages. We have previously shown that the 

cell envelope-associated M. tuberculosis serine hydrolase, Hip1, prevents robust 

macrophage activation and dampens host proinflammatory responses, allowing M. 

tuberculosis to delay immune detection and accelerate disease progression. We now 

provide key mechanistic insights into the molecular and biochemical basis of Hip1 

function. We establish that Hip1 is a serine protease with activity against protein and 

peptide substrates. Further, we show that the M. tuberculosis GroEL2 protein is a direct 

substrate of Hip1 protease activity. Cleavage of GroEL2 is specifically inhibited by 

serine protease inhibitors. We mapped the cleavage site within the N-terminus of GroEL2 

and confirmed that this site is required for proteolysis of GroEL2 during M. tuberculosis 

growth. Interestingly, we discovered that Hip1-mediated cleavage of GroEL2 converts 

the protein from a multimeric to a monomeric form. Moreover, ectopic expression of 

cleaved GroEL2 monomers into the hip1 mutant complemented the hyperinflammatory 

phenotype of the hip1 mutant and restored wild type levels of cytokine responses in 

infected macrophages.  Our studies point to Hip1-dependent proteolysis as a novel 

regulatory mechanism that helps M. tuberculosis respond rapidly to changing host 

immune environments during infection. These findings position Hip1 as an attractive 

target for inhibition for developing immunomodulatory therapeutics against M. 

tuberculosis. 
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Introduction 

 

The outcome of infection with Mycobacterium tuberculosis (M. tuberculosis), the 

causative agent of tuberculosis (TB), is determined by a complex interplay between the 

host immune response and pathogen factors that promote virulence. In response to 

multiple stresses encountered during infection, M. tuberculosis employs a wide array of 

strategies to evade the first-line defenses mounted by host innate immune responses and 

successfully replicates intracellularly within host macrophages [9]. M. tuberculosis 

hinders macrophage functions by inhibiting phagosome maturation and acidification, 

interferes with IFN-γ-mediated activation, counters toxic reactive oxygen (ROI) and 

nitrogen intermediates (RNI) and resists antimicrobial agents that damage the 

mycobacterial cell envelope [8,94]. The lipid-rich M. tuberculosis cell envelope 

effectively protects the pathogen from antimicrobial agents and immune toxins and 

provides a potent hydrophobic barrier against several antibiotics [15].  Remodeling of its 

cell envelope in response to the rapidly changing immune milieu allows M. tuberculosis 

to adapt to intracellular macrophage environments and to persist within granulomatous 

lesions in the lung. M. tuberculosis also secretes a number of gene products 

extracellularly, many of which can serve as effector molecules to modulate host cells and 

promote disease progression [69].  Delineating the molecular functions of cell envelope-

associated and extracellular M. tuberculosis factors that are required for evading host 

immunity is therefore critical for understanding M. tuberculosis pathogenesis.  
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We have recently identified the cell envelope-associated serine hydrolase, Hip1 

(Hydrolase important for pathogenesis 1; Rv2224c), as a key immunomodulatory protein 

that prevents robust activation of macrophages following M. tuberculosis infection and 

controls the onset and magnitude of proinflammatory responses induced by M. 

tuberculosis [79-81]. This strategy of dampening early proinflammatory responses is 

likely to be advantageous to the pathogen by allowing it to escape immune detection. In 

addition, M. tuberculosis Hip1 and its Mycobacterium smegmatis (M. smegmatis) 

ortholog are important for maintaining M. tuberculosis cell envelope integrity and confer 

resistance to cell envelope-directed stresses [80,82,83]. In this study, we provide key 

insights into the molecular and biochemical mechanisms underlying Hip1 enzymatic 

activity and its immunomodulatory functions. Hip1 is predicted to encode a serine 

protease based on its similarity to the tripeptidyl-peptidases TPP B (SlpD) and TPP C 

(SlpE) from Streptomyces lividans, which are mycelium-associated proteases involved in 

cell growth [86]. Hip1 possesses the catalytic triad S228, D463, H490, present in α/β 

hydrolase family members, including esterases, lipases and proteases, but the presence of 

11 cysteine residues and 5 predicted disulfide bonds within the protein, complicated 

previous efforts to purify this protein and, thus, the true enzymatic activity of Hip1 has 

remained unclear [95,96]. We now conclusively demonstrate that Hip1 is a serine 

protease with activity against protein and peptide substrates. Further, we show that the M. 

tuberculosis GroEL2 protein is a substrate of Hip1 protease activity. While several 

proteases have been implicated in promoting M. tuberculosis virulence, identification of 

their physiological substrates has been largely lacking and the interplay between 

proteases and their substrates during M. tuberculosis infection is poorly understood [6,75-
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77,97-102]. Here, we show that Hip1 proteolytically cleaves GroEL2 in the N-terminus 

of the protein and we have mapped the cleavage site within GroEL2.  Interestingly, 

cleavage of GroEL2, which encodes a chaperone-like immunomodulatory protein, 

converts the protein from a multimeric form to a monomeric form. Remarkably, while 

GroEL2 remains uncleaved in the hip1 mutant, ectopic expression of cleaved GroEL2 

monomers within the hip1 mutant strain restores wild type levels of cytokine responses in 

infected macrophages.  Our studies implicate Hip1-dependent proteolysis of its substrate 

as a novel regulatory mechanism in M. tuberculosis that helps the pathogen respond 

rapidly to changing host immune environments during infection.  
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 Results 

 

Purification of recombinant Hip1 protein 

Hip1 is a cell envelope-associated α/β hydrolase that is predicted to have serine protease 

activity. Multiple attempts to overexpress full length or truncated Hip1 proteins in 

Escherichia coli (E. coli) yielded insoluble protein (data not shown) and we suspected 

that the presence of 11 cysteine residues and 5 predicted disulfide bridges within the 

protein hindered our initial efforts at refolding the protein in vitro [95]. To overcome 

these challenges, we developed a method to successfully refold Hip1 under anaerobic 

conditions, which resulted in correctly folded, active protein (described in detail in 

Methods). Hip1 (minus the first 49 amino acid segment which contains within it a Type II 

signal sequence) with an in-frame N-terminal polyhistidine tag was expressed in E. coli, 

immobilized on nickel (Ni2+) beads and allowed to completely refold under reducing 

conditions in an anaerobic chamber. To promote refolding of Hip1 into its native 

conformation, the protein was refolded on the beads in a step-wise procedure using 

buffers containing varying concentrations of denaturant as well as reducing and oxidizing 

agents. The protein rich elution fraction was further purified on an anion exchange 

column (Figure 1A). Since the different peaks in the elution spectrum likely represent 

differently refolded species, protein fractions corresponding to each peak were tested for 

activity and only the fraction that showed the highest level of enzyme activity (indicated 

by the arrow in Figure 1) was used for subsequent experiments. Similar methods were 

used to express and purify a Hip1 protein containing a serine to alanine mutation in the 

predicted active site at Ser228 (Figure 1B). Purity of Hip1 and Hip1(S228A) proteins was 
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confirmed by SDS-PAGE (Figure 1A, B). Circular dichroism (CD) analysis (Figure 1C) 

showed that both proteins contain alpha-helical structures as indicated by the negative 

bands at 222 and 208 nm. CD spectra for wild-type Hip1 and Hip1(S228A) were 

identical, indicating that mutating the serine at residue 228 does not affect the overall 

folding of the protein. 

 

Hip1 exhibits serine protease activity  

Hip1 shares 30%, 38% and 32% identity with the TPP A, TPP B and TPP C serine 

proteases from Streptomyces lividans and contains a catalytic triad (Ser228, Asp463, His490) 

that is typically present in serine proteases [86,96]. Thus, while Hip1 is predicted to 

encode a serine protease, previous reports were unable to detect protease activity and the 

enzymatic activity of Hip1 has not been conclusively established [84,87]. To determine 

the enzymatic activity of purified recombinant Hip1, we first tested its activity against 

general protease and esterase substrates (Figure 2A, B). We found that Hip1 exhibited 

esterase activity against the ester substrate p-nitrophenylbutyrate (Figure 2A), indicating 

that the purified protein was active. Importantly, Hip1 exhibited protease activity against 

the general protease substrate azocasein (Figure 2B). In contrast, Hip1(S228A), carrying 

a mutation of the serine residue in the active site of the protein, was unable to hydrolyze 

azocasein (Figure 2B), indicating that Hip1 catalytic activity was necessary for its 

protease activity.  To further investigate the enzymatic activity of Hip1 against peptide 

substrates, we used the peptides Ala-Pro-Ala and Gly-Pro-Leu, which are substrates for 

TPP A and TPP B, as well as Ala-Pro-Ala-Arg, which is a substrate for TPP C. We also 

included Ac-Ala-Pro-Ala-Arg to test if blocking the N-terminus prevents enzymatic 
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cleavage of the peptide substrate [86]. These peptides were synthesized with the addition 

of a C-terminal p-nitroanilide (pNa) chromophore, and Hip1 enzyme activity against 

these peptides was assessed first in an endpoint spectrophotometric assay. Figure 2C 

shows that Hip1 shows the best activity against the Ala-Pro-Ala-pNa and Gly-pro-Leu-

pNa substrates. Taken together, these data show that Hip1 is a serine protease that is 

capable of hydrolyzing ester and peptide substrates. 

We used a continuous spectrophotometric assay using the chromogenic substrate Ala-

Pro-Ala-pNa to test inhibition of Hip1 protease activity with inhibitors for the major 

classes of proteases (Figure 2D). Hip1 proteolytic activity is abolished in the presence of 

4-(2-Aminomethyl) benzenesulfonyl fluoride (AEBSF). AEBSF is a serine protease-

specific active site inhibitor that sulfonylates only the active site serine to inhibit catalysis 

[103]. Hip1 activity was abolished by leupeptin and significantly reduced by chymostatin 

and antipain, all three of which block both serine and cysteine proteases [104,105]. 

However, the cysteine protease inhibitor E-64, the aspartyl protease inhibitor pepstatin, 

and EDTA, which chelates the essential metal ion of metalloproteases [84,103] do not 

inhibit Hip1 indicating that Hip1 is a serine protease. These results demonstrate that Hip1 

is a serine protease and support our mutagenesis studies showing that Ser228 is required 

for Hip1 activity in vitro (Figure 2). 

 

M. tuberculosis GroEL2 is a Hip1 substrate  

To determine the mechanism for Hip1 function in M. tuberculosis pathogenesis, we 

sought to identify physiological substrates of Hip1 protease activity. We previously 

reported that full length M. tuberculosis GroEL2 protein (Rv0440, hsp65) was present in 
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mycobacterial cell wall fractions, while a smaller cleaved form was secreted 

extracellularly into culture supernatants [80]. This cleaved form of GroEL2 was absent in 

the hip1 mutant, suggesting that Hip1 was necessary for GroEL2 processing. To test 

whether GroEL2 is a direct target of Hip1 protease activity, we incubated purified 

recombinant GroEL2 protein with recombinant Hip1 and assayed for GroEL2 cleavage 

by Western blotting. The GroEL2 contains a His6X-tag at the N-terminus and a C-

terminal S-tag for ease of purification as well as visualizing on Western blot. The 

presence of the two different tags also allowed us to verify which end of the protein is 

being cleaved. In the presence of Hip1, full length GroEL2 protein was cleaved to a 

smaller form, GroEL2(cl), which was detected by Western blotting using anti S-tag 

antibodies (Figure 3A). Cleavage of GroEL2 was entirely dependent on the catalytic 

serine active site as no cleavage was observed with the Hip1(S228A) protein (Figure 3A) 

and GroEL2 processing was inhibited by the serine protease inhibitor AEBSF (Figure 

3B). Further, incubation of Hip1 and GroEL2 under varying pH conditions showed that 

Hip1 protease activity against GroEL2 was optimal between pH 5.37 and 7.67 (Figure 

3C). Thus, GroEL2 is a substrate of Hip1 serine protease activity. 

 

To examine protein-protein interactions between Hip1 and its substrate GroEL2 within 

mycobacteria, we used the Mycobacterium Protein Fragment Complementation (M-PFC) 

assay. This assay is based on functional reconstitution of two small murine dihydrofolate 

reductase (DHFR) domains that are independently fused to two interacting proteins of 

interest. Interaction between candidate proteins in vivo, i.e. within M. smegmatis, leads to 

reconstitution of the DHFR domains and results in resistance to trimethoprim. Figure 3D 
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shows that Hip1 and GroEL2 interact with each other, as seen by growth on plates 

containing trimethoprim. This interaction appears to be more robust in the presence of 

Hip1(S228A), suggesting as expected that interaction of GroEL2 with catalytically 

inactive Hip1 may be stronger. These interactions appear to be specific, as GroEL2 does 

not interact with M. tuberculosis KdpE, InhA or SigA proteins. These results are 

consistent with the formation of an enzyme-substrate complex between Hip1 and GroEL2. 

 

Hip1 proteolytically cleaves GroEL2 between Arg12 and Gly13 

To identify the site at which Hip1 cleaves GroEL2, we electrophoretically separated M. 

tuberculosis cell-free culture supernatants, and excised the bands corresponding to full 

length and cleaved GroEL2 from SDS-PAGE. The eluted proteins were subjected to 

LC/MS mass spectrometry, which indicated that cleavage occurred within the first 18 

amino acids at the N-terminus of GroEL2 (data not shown). To further delineate the 

cleavage site, we synthesized a peptide corresponding to amino acids 1-19 of GroEL2 

(AKTIAYDEEARRGLERGLN; m/z = 2163) and subjected this to proteolysis by Hip1 

(Figure 4B). LC/MS analysis showed that the peptide was cleaved at two positions. 

Based upon the masses of the most abundant cleavage products (IAYDEEARR; m/z = 

1122) and (GLERGLN; m/z = 757) the positions of the cleavage sites were determined 

using the FindPept tool on the Expasy server. The small polar fragment, AKT, was not 

detected due to its lack of retention on the reverse phase column. The cleavages sites 

were determined to be between the Thre3 and Ile4, as well as between Arg12 and Gly13 

(Figure 4B). Hip1 mediated processing at the Thre3/Ile4 and Arg12/Gly13 cleavage sites 

was completely inhibited by the serine protease inhibitor, AEBSF (Figure 4C).  
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To test whether the cleavage site predicted by experiments with the GroEL2 peptide 

corresponds to the cleavage site within the intact M. tuberculosis GroEL2 protein, we 

developed an assay system in M. smegmatis (Figure 4E). We first expressed M. 

tuberculosis GroEL2 containing a C-terminal FLAG tag in M. smegmatis. Figure 4E 

shows that while full length, uncleaved, GroEL2-FLAG is present in the culture 

supernatant fraction of M. smegmatis, the cleaved form is absent. M. tuberculosis 

GroEL2-FLAG is effectively cleaved in the presence of recombinant Hip1 provided in 

trans (Figure 4E), thus providing a convenient assay for testing M. tuberculosis GroEL2 

harboring mutations in the predicted cleavage sites. Although two cleavage sites were 

predicted by the in vitro LC/MS study, we chose to focus the mutational studies on the 

Arg12/Gly13 cleavage site, since this is the only cleavage site that could have resulted in 

the GroEL2 mass shift observed in our earlier studies. We expressed FLAG-tagged M. 

tuberculosis GroEL2 containing mutations in the predicted Arg12 and Gly13 cleavage sites 

by replacing Arg12 with proline (R12P), or both Arg12 and Gly13 with prolines 

(R12P/G13P). M. smegmatis supernatants containing each of the GroEL2 cleavage site 

mutants were incubated with Hip1 and assayed for full length and cleaved GroEL2 by 

Western blot using anti-FLAG antibodies. GroEL2 R12P showed reduced cleavage while 

cleavage was completely abolished in GroEL2 R12P/G13P. These results indicate that 

GroEL2 is cleaved between Arg12 and Gly13 within the N-terminus of GroEL2. To test 

whether Arg12 and Gly13 within GroEL2 are required for cleavage within M. tuberculosis, 

we expressed intact FLAG-tagged GroEL2 and the cleavage site mutant R12P/G13P in 

wild type M. tuberculosis and prepared protein extracts from pellet (P) and supernatant 

(S) fractions to detect GroEL2 cleavage by Western blot using anti-FLAG antibodies 
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(Figure 4F). As predicted, the R12P/G13P mutant was unable to be cleaved, thus 

demonstrating that cleavage of GroEL2 occurs between Arg12 and Gly13 within M. 

tuberculosis. 

 

Hip1-dependent proteolytic cleavage converts multimeric GroEL2 to a monomeric 

form 

The oligomeric state of a protein is intrinsically linked to its biological function and many 

chaperones have been shown to form higher order oligomers [106] [107]. While the 

precise function of GroEL2 in M. tuberculosis remains unclear, GroEL2 shows sequence 

similarity to members of the heat shock protein (Hsp) family of molecular chaperones 

[107]. To investigate the oligomeric state of full length, uncleaved GroEL2 protein, we 

used analytical size exclusion chromatography to determine its molecular weight. We 

found that GroEL2 eluted as a multimer with the molecular weight ranging from 198 to 

321 kDa across 4 independent experiments (i.e. 198, 219, 258, 312 kDa), with the 

average molecular weight corresponding to 245 kDa. Figure 5A shows a representative 

experiment where the molecular weight of the multimer is 312 kDa. We next asked 

whether cleavage of GroEL2 by Hip1 would alter its multimeric state. Full length 

GroEL2 was incubated with Hip1 for 24 hours for complete cleavage to occur. Nickel 

beads were used to remove Hip1 protein and the small N-terminal fragment of GroEL2 

(amino acids 1-12), leaving behind the cleaved GroEL2 protein. The presence of cleaved 

GroEL2 was confirmed using anti-S-tag antibodies as seen in the Western blot in 

supplementary Figure S1A. Cleaved GroEL2 was then applied to the size exclusion 

column and interestingly, eluted from the size exclusion column as a monomer of 
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approximately 54 kDa (Figure 5A). To show that Ni2+-bead depletion removed the 

majority of the Hip1, we performed a Western blot using anti-His antibodies and showed 

that Hip1 protein was absent from depleted fraction (Supplementary Figure S1B). Thus 

the predominant protein eluting from the size exclusion column is cleaved GroEL2. 

These results show that proteolytic cleavage by Hip1 converts GroEL2 from a multimer 

to a monomer (Figure 5A and 5B).  

 

The cleaved form of GroEL2 complements the hip1 mutant hyperinflammatory 

phenotype  

We have previously shown that Hip1 modulates macrophage responses by limiting 

macrophage activation and dampening the production of TLR2-dependent 

proinflammatory responses [79-81]. Thus the hip1 mutant strain induces significantly 

higher levels of proinflammatory cytokines compared to wild type M. tuberculosis. While 

several studies have reported that purified GroEL2 protein is capable of inducing 

cytokine production in macrophages in vitro, insights into the contribution of cleaved 

GroEL2, which accumulates in wild type, but not in hip1 mutant supernatants, are lacking 

[90,108]. To investigate the role of Hip1-dependent proteolytic cleavage of GroEL2 in 

infection of macrophages and its contribution to the hyperinflammatory phenotype of the 

hip1 mutant, we generated a hip1 mutant strain complemented with a secreted, cleaved 

form of GroEL2. This strain was constructed by cloning GroEL2(cl) (starting at amino 

acid G13) downstream of a signal sequence derived from the secreted M. tuberculosis 

Ag85B protein and containing a C-terminal Myc tag. We confirmed that this protein was 

present in the supernatant fraction by Western blotting with anti-Myc antibody 
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(Supplementary Figure S2A). We also compared levels of endogenous GroEL2 in each of 

the M. tuberculosis strains used for infection of macrophages (Supplementary Figure 

S2B). To determine the effect of introducing cleaved GroEL2 into the hip1 mutant, we 

infected macrophages derived from the bone marrow of C57BL/6 mice with wild type, 

hip1 mutant, hip1 mutant complemented with Hip1, or hip1 mutant complemented with 

cleaved GroEL2, and assayed for the production of the proinflammatory cytokines IL-6, 

IL-1β, and TNF-α in macrophage supernatants, 24 hours post-infection. As shown 

previously, the levels of IL-6, IL-1β, and TNF-α were significantly increased in the 

absence of Hip1 (Figure 6) [81]. This enhanced cytokine production was complemented 

by ectopic expression of Hip1 protein, which restored wild type levels of IL-6, IL-1β, and 

TNF-α (Figure 6). Interestingly, expression of cleaved GroEL2 in the hip1 mutant strain 

significantly abrogated the hyperinflammatory response induced by the hip1 mutant 

(Figure 6). This finding suggests that the enhanced cytokine responses induced in hip1 

mutant-infected macrophages are directly linked to defective GroEL2 cleavage and that 

Hip1-dependent proteolytic processing of GroEL2 contributes to dampening early 

macrophage responses.  

 

To provide further mechanistic insights into GroEL2 cleavage, we tested whether full 

length and cleaved GroEL2 proteins exhibit differences in eliciting cytokine production 

by macrophages. We purified recombinant full length GroEL2 and cleaved GroEL2 and 

compared the ability of purified GroEL2 and GroEL2(cl) to induce cytokine production 

from macrophages. As shown in Figure 7A, GroEL2 induced significantly higher levels 

of IL-6 and IL-1β compared to GroEL2(cl), and this was partially dependent on TLR2 
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(Figure 7B). These results suggest that cleavage of GroEL2 reduces its ability to induce 

proinflammatory cytokine responses and that Hip1-dependent proteolysis of GroEL2 

modulates macrophage responses. The presence of GroEL2(cl) dampens these 

proinflammatory responses since the levels of cytokines induced by a 1:1 molar ratio of 

GroEL2 and GroEL2(cl) in combination is less than the additive effect of each individual 

protein (Figure 7C). Together, these studies reveal proteolysis of effector proteins as a 

novel immune evasion mechanism employed by M. tuberculosis to modulate host 

immunity.  

 

We propose a model in which Hip1-dependent cleavage of multimeric GroEL2 results in 

release of cleaved monomeric GroEL2 into the extracellular milieu (Figure 8). Within 

macrophages, this is likely to occur upon contact with the macrophage cell surface and 

continue within the phagosomal compartment. In contrast, in the hip1 mutant, in the 

absence of cleavage, GroEL2 is present as a multimer. Thus, conversion of multimeric 

GroEL2 into monomeric GroEL2 via Hip1 proteolysis is likely to be a mechanism for 

regulating GroEL2 functions during M. tuberculosis pathogenesis. 
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Discussion 

 

Establishing the true enzymatic activity of Hip1 is critical for understanding the 

mechanistic basis for how Hip1 modulates host innate immune responses during M. 

tuberculosis infection. While hip1 was predicted to encode a protease, the true enzymatic 

activity of Hip1 has remained unclear [84,87]. In this study, we demonstrate that M. 

tuberculosis Hip1 is a protease with a serine-based active site and report the identification 

of a physiological substrate, M. tuberculosis protein GroEL2 (Figure 3). Hip1 contains 

highly conserved α/β hydrolase fold sequences and GxSxG consensus motifs that are 

typically present in serine proteases, esterases and lipases. Also typical is the catalytic 

triad consisting of the catalytic nucleophile serine active site (Ser228), which associates 

with the proton carrier histidine (His490), and a charge relaying aspartic acid (Asp463). The 

closest structural orthologs of Hip1, which is localized to the cell envelope of M. 

tuberculosis, are the serine proteases TPP A, TPP B and TPP C from Streptomyces 

lividans, which are mycelium-associated proteases involved in cell growth [86]. Previous 

work from our group showed that GroEL2 is present as both a full length and a smaller 

processed form in wild type M. tuberculosis and that this processing was defective in the 

absence of hip1, suggesting that GroEL2 may be a substrate for Hip1 protease activity 

[80]. However, our initial efforts to characterize the enzymatic activity of Hip1 were 

hindered by difficulties in producing soluble recombinant protein in E.coli, and refolding 

of denatured protein from insoluble fractions using standard refolding procedures did not 

result in correctly folded protein as determined by 1-dimensional NMR (JN, unpublished 

results) and circular dichroism (CD) analyses. While refolded Hip1 protein was reported 
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to hydrolyze synthetic ester substrates in vitro [87], this study was unable to detect 

protease activity against general protease substrates and concluded that Hip1 encoded a 

carboxyesterase.  However, since serine proteases are capable of hydrolyzing both ester 

and amide bonds, these data did not exclude the possibility that Hip1 was a protease 

[109]. Thus the true enzymatic activity of Hip1 remained unknown. We were able to 

overcome the difficulties inherent in refolding a protein containing multiple disulfide 

bonds by developing a method to successfully refold Hip1 and Hip1(S228A) (Figure 1), 

under reducing conditions in an anaerobic chamber, which resulted in correctly folded, 

active protein. This allowed us to demonstrate that Hip1 exhibits proteolytic activity 

against a general protease substrate azocasein, synthetic peptides and against the GroEL2 

protein. This protease activity requires catalytically active enzyme and is inhibited by 

serine protease inhibitors (Figure 2) but not by cysteine protease inhibitors. Interestingly, 

while Hip1 was inhibited by AEBSF, this activity was not inhibited by PMSF. We 

suspect this is due to the fact that PMSF lacks the longer, positively charged amino group 

present in AEBSF, which binds in the S1 pocket of the enzyme’s active site. Overall, our 

findings conclusively establish that Hip1 is a novel serine protease family member and 

studies are underway to determine its 3-dimensional structure by X-ray crystallography.  

 

M. tuberculosis encodes over one hundred predicted proteases and it is increasingly 

appreciated that proteases play an important role in M. tuberculosis pathogenesis [110]. 

However, very few proteases have been characterized with respect to their enzymatic 

activities and even fewer have known physiological substrates.  Moreover, many of these 

proteases, including Hip1, belong to novel protease families and therefore detailed 
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biochemical characterization of these enzymes and their substrates is an important goal 

[68,84,111]. In this study we demonstrate that Hip1 is a serine protease and have 

identified a key physiological substrate. We show that Hip1 cleaves M. tuberculosis 

protein GroEL2 in vitro and have mapped this cleavage site to the N-terminus of the 

GroEL2, between amino acid residues Arg12 and Gly13. Interestingly, the optimal pH 

range that we determined for cleavage of GroEL2 in vitro  (pH 5.65 to 7.39) overlaps 

with the intraphagosomal pH of the M. tuberculosis-arrested phagosome (estimated to be 

~ 6.3), and that of the macrophage cell surface (~7.0) [43,112-114]. Since the pH of the 

lysosomal compartment is ~ 4.5 to 5.0, we speculate that, within macrophages, GroEL2 

cleavage occurs upon contact with the macrophage cell surface and continues within the 

phagosomal compartment but is unlikely to occur within the acidic environment of the 

lysosome [113].  

 

Additional insights into the relationship between Hip1 and GroEL2 are provided by our 

data showing that Hip1 not only directly cleaves GroEL2 but also impacts its oligomeric 

state. Size exclusion chromatography using recombinant full length GroEL2 indicates the 

presence of a single species of multimeric GroEL2, which is converted to a monomeric 

state after cleavage by Hip1. The apparent molecular weight of the GroEL2 multimer is 

consistent with a tetrameric or pentameric complex consisting of four or five monomer 

subunits. Our observations are consistent with previously reported data that GroEL2 is 

capable of forming higher order oligomers under certain conditions [91]. To test for 

concentration-dependent effects that may affect the oligomeric state of the protein, we 

tested the oligomeric state of recombinant GroEL2 over a range of concentrations and 
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identified that GroEL2 is a multimer even at the lowest concentration at which it is 

detectable on the size exclusion column (unpublished results). Thus, the conversion of 

multimeric GroEL2 to monomers in the presence of Hip1 is not a result of dilution of 

protein during the experimental procedures. The 3-dimensional structure of GroEL2 has 

been investigated by two separate X-ray crystallographic studies at 2.2 and 2.8 angstroms 

resolution. In both studies, GroEL2 was found to be a dimer in the asymmetric unit [115]. 

Our studies show that full length GroEL2 forms a multimer with an average molecular 

weight that predicts a tetrameric structure.  Experimental studies in solution do not 

always agree with structural studies in determining the oligomeric state of proteins, since 

packing in the crystal can adversely impact oligomerization. While our analytical size 

exclusion studies are consistent with a multimeric structure for GroEL2, it is possible that 

GroEL2 consists of a dimer of dimers. Interestingly, a closer look at the crystal structure 

of GroEL2 revelas that the first 60 amino acids are absent from the crystal subunits [115]. 

This suggests that the N-terminal portion is most likely part of a flexible region of the 

protein and any modification in that segment of the protein will result in major structural 

changes. Based on our size exclusion data, we propose a model in which Hip1-dependent 

cleavage of multimeric GroEL2 results in release of cleaved monomeric GroEL2 into the 

extracellular milieu. In contrast, in the hip1 mutant, in the absence of cleavage, GroEL2 

is present as a multimer. Studies on E. coli chaperonin, GroEL, have demonstrated that 

the N terminus of the protein is a crucial element for its structure and that specific 

mutations at the N terminus lead to disruption of the formation of higher order GroEL 

oligomers [116]. While it is unclear whether M. tuberculosis GroEL2 functions as a 

canonical chaperonin, we show that removal of the N-terminal peptide of GroEL2 
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following cleavage by Hip1 clearly promotes GroEL2 monomer formation, which may be 

advantageous to the pathogen. Thus conversion of multimeric GroEL2 into monomeric 

GroEL2 via Hip1 proteolysis is likely to be a mechanism for regulating GroEL2 

functions during M. tuberculosis pathogenesis.  

 

To investigate the role of cleaved, monomeric GroEL2 in Hip1-dependent innate immune 

responses to M. tuberculosis, we examined a key phenotype of hip1 mutant-infected 

macrophages. We have previously shown that the cell envelope in the hip1 mutant is 

altered such that infection of macrophages with this mutant induces a more rapid onset 

and significantly higher levels of proinflammatory cytokines compared to wild type M. 

tuberculosis infection [79-81]. Thus Hip1 dampens proinflammatory responses in M. 

tuberculosis-infected macrophages. Our data supported a model in which contact 

between the hip1 mutant and macrophage cell surfaces, early in infection, triggered a 

more rapid and robust activation of TLR and inflammasome pathways in macrophages, 

which in turn ameliorated TB disease progression and immunopathology at later stages 

[81]. Since purified full length GroEL2 protein has been implicated in modulating 

cytokine responses in murine and human macrophages in vitro, we sought to investigate 

the role of Hip1-mediated GroEL2 cleavage in modulating these cytokines by asking 

whether there was a connection between the defective processing of GroEL2 in the hip1 

mutant strain and its hyperinflammatory phenotype [85]. When we ectopically expressed 

the monomeric, cleaved form of GroEL2 into the hip1 mutant strain, we found that the 

cytokine levels induced by this engineered strain were comparable to the low levels 

induced by wild type M. tuberculosis and the hip1 mutant complemented with Hip1 
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(Figure 6). Thus provision of monomeric GroEL2 to the hip1 mutant almost completely 

restored wild type cytokine levels, indicating that the cleaved, monomeric GroEL2 is 

biologically relevant and significantly contributes to Hip1-mediated dampening of innate 

immunity. Interestingly, we found that purified recombinant GroEL2(cl) protein is less 

stimulatory than full length GroEL2 when exposed to macrophages (Figure 7A, B)  and is 

capable of dampening the stimulatory effect of full length GroEL2 (Figure 7C).  These 

data suggest that Hip1-mediated proteolysis of GroEL2 contributes to the ability of M. 

tuberculosis to dampen macrophage proinflammatory responses during infection [81].  

 

GroEL2 has been implicated in a wide variety of processes, ranging from modulating 

immune responses and conferring resistance to stress, to chaperone-like functions. 

GroEL2 is highly induced in response to environmental cues during infection like heat 

shock, oxidative stress, growth in macrophages and hypoxia [117-119]. GroEL2 is an 

abundant M. tuberculosis protein and is a dominant contributor to the potent immune 

response elicited by M. tuberculosis Purified Protein Derivative (PPD) [120]. Purified 

GroEL2 protein has also been shown to induce cytokine responses when exposed to 

macrophages, and have adhesion-like properties when localized to the M. tuberculosis 

cell wall.  M. tuberculosis is unusual among bacteria in possessing two GroEL proteins, 

the cytoplasmic protein GroEL1, which is highly homologous to the E. coli GroEL 

chaperonin, and GroEL2, which is localized to the cell envelope and whose functions 

appear to be more diverse. While GroEL2 exhibited only weak ATPase activity in vitro, 

the crystal structures of GroEL2 suggest that it has chaperone-like qualities and may 

assist in protein folding or antigen presentation [115]. All the studies described here were 
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conducted with full length GroEL2. In light of our finding that Hip1 cleavage of GroEL2 

impacts macrophage functions, it is interesting to speculate that multimeric and 

monomeric GroEL2 may have distinct functions. Further studies with the two oligomeric 

forms of GroEL2 will allow us to dissect their potential differential functions at the host-

pathogen interface, along with the identification of additional pathogen-derived or host 

substrates of Hip1 proteolysis.  

 

It is important to consider the studies presented here within the larger context of the role 

of proteases in M. tuberculosis pathogenesis. Compared to other bacterial pathogens like 

Yersinia and Chlamydia, relatively little was known about proteases in M. tuberculosis. 

However, in the past decade, several proteases have been implicated as virulence factors. 

For example, MarP (Rv3671) is a periplasmic protease that was shown to be required for 

M. tuberculosis resistance to acid and oxidative stress and exhibited protease activity 

against synthetic peptide substrates [75,98,99]. PepD, a secreted serine protease that 

promotes M. tuberculosis virulence was shown to hydrolyze the general protease 

substrate casein [19, [77].  Both these proteases also exhibited autoproteolytic activity but 

their physiological substrates remain unknown. As examples of proteases with known 

substrates, the intramembrane protease Rip1 (Rv2869c) was shown to be involved in 

regulating cell envelope mycolic acids by cleaving M. tuberculosis anti-sigma factors 

leading to release of the sigma factors SigK and SigL which in turn regulate cell envelope 

composition [69,78]. Further, Rip1 cleaves a penicillin-binding protein, PBP3 under 

conditions of oxidative stress [121]. The serine protease MycP1 is required for secretion 

of ESX-1 substrates, which are known to be important for M. tuberculosis virulence [70].  
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The authors demonstrated that MycP1 directly cleaved its substrate EspB and mapped the 

cleavage sites within the EspB protein [70]. Our studies on Hip1 and the examples of 

proteases described here underscore the idea that, as enzymes that allow for quick 

responses to changing environmental conditions, proteases offer a unique mechanism for 

regulating M. tuberculosis responses at the protein level. This allows M. tuberculosis to 

rapidly orchestrate immune evasion strategies that promote disease progression and 

facilitate adaptation to the host immune milieu. 

 

As a cell surface protease involved in modulating host immune responses [79-81] and 

conferring resistance to cell envelope-directed stresses, Hip1 is an attractive target for 

inhibition [110]. Hip1-deficient M. tuberculosis is more susceptible to cell wall directed 

stresses [80,82], induces robust innate immune responses and causes mild 

immunopathology and significantly prolonged survival in infected mice, despite high 

bacterial burdens [79-82,87]. We speculate that Hip1 inhibitors have the potential to 

synergize with antibiotics to increase susceptibility to drugs and/or serve as adjunctive 

immunomodulatory therapeutics that elicit beneficial immune responses and thus 

improve or shorten anti-TB regimens. Using the information gained through our detailed 

analyses of Hip1 enzymatic activity and its molecular interaction with its substrate 

GroEL2, studies are underway to determine the 3-dimensional structure of Hip1 and 

develop inhibitors of the enzyme-substrate complex.  
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Materials and Methods 

 

Ethics Statement 

All experiments using tissue derived from animals were approved by the Institutional 

Animal Care and Use Committee at the Emory University. Experiments were carried out 

in strict accordance with the recommendations in the Guide for the Care and Use of 

Laboratory Animals of the National Institutes of Health. C57BL/6 mice were purchased 

from The Jackson Laboratory, and handled according to IACUC protocol yer-2002233-

052816GN to obtain macrophages. 

 

Cloning of recombinant proteins for expression in E.coli 

Hip1 (Rv2224c) and Hip1(S228A): M. tuberculosis hip1 lacking the first 49 amino acids 

of the protein (which removes the N-terminal signal sequence) was amplified from 

H37Rv genomic DNA using primers 5’-

CATATGGTGGAGTGGACACCGTGCCGGTCG -3’ and 5’-

CTCGAGCTAGCACTTGGCGCCGCTGGG-3’ and ligated into the TA cloning vector, 

pCR2.1 (Invitrogen, Carlsbad, CA). The fragment containing hip1 was excised from the 

TA vector using the restriction enzymes NdeI and XhoI and then ligated into pET28a 

(EMD Chemicals, Darmstadt, Germany) yielding a construct carrying an in-frame 

polyhistidine affinity tag (6XHis-tag) at the N-terminus, yielding pET28Hip1∆49. To 

generate Hip1 with a mutation in the serine active site (S228A), the serine at amino acid 

228 of the Hip1 protein was mutated to alanine by site-directed mutagenesis using primer 
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5’-CTACCTGGGCTACGCGTACGGCACC-3’ and 5’-

GTGCCGTACGCGTAGCCCAGGTAG-3’, yielding pET28Hip1∆49 (S228A). 

GroEL2: M. tuberculosis groEL2 was cloned into pACYCDuet-1 (Merck Millipore, 

Darmstadt, Germany) via the restriction sites EcoRI and KpnI using the In Fusion cloning 

system following the manufacturer’s protocol. M. tuberculosis groEL2 was amplified 

using the primers 5’-

GCCAGGATCCGAATTCGATGGCCAAGACAATTGCGTACGAC-3’ and 5’-

TTACCAGACTCGAGGGTACCGAAATCCATGCCACCCATGTCGCC-3’, yielding a 

construct bearing an in-frame N-terminal 6XHis-tag and a C-terminal S-tag, yielding 

pACYCDuet-1 GroEL2. Site directed mutagenesis was used to introduce mutations at the 

GroEL2 cleavage site that changed Arg12 to Pro (R12P) and Glu13 to Pro (G13P) using 

primer 5’-GAGGCCCGTCCACCACTCGAGCGGGGC-3’ and 5’-

GCCCCGCTCGAGTGGTGGACGGGCCTC-3’.  Mutations were confirmed by 

sequencing. 

 

Expression and purification of recombinant proteins in E. coli 

Hip1 and Hip1(S228A): The plasmids pET28Hip1∆49 and pET28Hip1∆49 (S228A) 

were transformed into E. coli BL21 Star (DE3) (Invitrogen, Carlsbad, CA) for protein 

expression. Luria-Bertani (LB) broth (1L) containing 50 µg/mL kanamycin was 

inoculated with 5 mL of overnight culture and incubated at 37°C to an OD600 of 0.6 to 1.0. 

The cells were cooled to room temperature for 15-30 minutes after which 1 mM IPTG 

(isopropyl β-D-thiogalactopyranoside, Gold Biotechnology, St. Louis, MO) was added 

and the cells were allowed to incubate overnight at 25°C.  The cells were then centrifuged 
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at 10,000 rpm for 1 hour. The pellet containing Hip1 or Hip1(S228A) was resuspended in 

1× PBS (Boston Bioproducts, Ashland, MA), sonicated and centrifuged at 10,000 rpm to 

separate the soluble and insoluble fractions. No protease inhibitors were used for this 

purification. Using a dounce homogenizer, the pellet containing the inclusion bodies was 

washed by resuspending in 50 mM Tris-HCl pH 8.0, 100 mM NaCl, and 0.5% Triton-X 

followed by centrifugation at 10,000 rpm for 1 hour. After washing twice, the inclusion 

bodies were resuspended in 50 mM Tris-HCl pH 8.0, 100 mM NaCl, 5 mM 

β−mercaptoethanol (BME) and 8 M urea and incubated overnight at 4°C while gently 

stirring to allow for complete solubilization of the proteins within the inclusion bodies. 

Nickel (Ni2+) resin (Qiagen, Hilden, Germany) was added to the solubilized protein and 

allowed to equilibrate for 1 hour at 4°C before adding the suspension into a gravity 

column. The next steps were carried out in an anaerobic chamber at 4°C as follows. The 

proteins immobilized on the Ni2+-charged beads were allowed to slowly refold into native 

conformation by stepwise decreasing the amount of urea in the wash buffer in the 

presence of a redox pair, reduced (Fisher Scientific, Fair Lawn, NJ) and oxidized 

glutathione (Calibiochem/EMD Millipore, Billerica, MA), within the anaerobic chamber. 

The beads were washed with 10 column volumes of buffer containing 50 mM Tris-HCl 

pH 8.0, 100 mM NaCl, 10 mM imidazole, 5% glycerol, 1mM reduced glutathione, 0.2 

mM oxidized glutathione with varying urea concentrations of 8 M, 6 M, 3 M, 1 M and no 

urea for wash buffers 1- 5, respectively.  Protein was eluted with 50 mM Tris-HCl pH 8.0, 

100 mM NaCl, 250 mM imidazole, 5% glycerol and dialyzed against 50 mM Tris pH 8.0 

(Buffer A) using 10 kDa molecular cutoff dialysis tubing. The dialyzed protein was 

loaded onto a MonoQ column with Buffer A and eluted using a gradient of Buffer B (50 
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mM Tris, pH 8.0, 1M NaCl). The MonoQ elution spectrum showed multiple peaks 

corresponding to differently refolded species. Protein fractions corresponding to each 

peak were tested for activity and for subsequent experiments only the fraction that 

showed highest level of activity was used. Glycerol was added to a final concentration of 

10%, the protein was aliquoted and stored at -80ºC. The expressed proteins were each 

present as single bands on SDS-PAGE.  

GroEL2: The plasmid, pACYCDuet-1 GroEL2 was transformed into E. coli BL21 Star 

(DE3) (Invitrogen, Carlsbad, CA) for protein expression. LB broth (1L) containing 34 

µg/mL chloramphenicol was inoculated with 5 mL of overnight culture and incubated at 

37ºC to an OD600 of 0.6 to 0.8. The cells were cooled to room temperature for 15-30 

minutes after which 1 mM IPTG was added and the cells were incubated overnight at 

28°C.  The cells were then centrifuged at 10,000 rpm for 1 hour. The cell pellet 

containing GroEL2 was resuspended in 50 mM NaPO4 pH 8.0, 300 mM NaCl, 10 mM 

imidazole, plus protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN), 

sonicated and centrifuged at 10,000 rpm for 1 hour to remove cell debris. The soluble 

fraction was incubated with Ni2+-charged beads for 1 hour at 4°C and then applied to a 

gravity column. The cell lysate in the gravity column was first washed with Buffer C (50 

mM NaPO4 pH 8.0, 300 mM NaCl) containing 20 mM imidazole and then with Buffer C 

plus 50 mM imidazole. The protein was eluted with 250 mM imidazole in Buffer C and 

dialyzed overnight in Buffer A (50 mM Tris-HCl pH 8.0). The dialyzed protein was 

loaded onto a MonoQ column equilibrated with Buffer A and eluted using a gradient of 

Buffer B (50 mM Tris, pH 8.0, 1M NaCl). The protein was further purified by size 
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exclusion S200 column equilibrated with Buffer D (50 mM Tris pH 8.0, 150 mM NaCl). 

The purified protein was concentrated, aliquoted and stored at -80°C. 

Proteins were subjected to SDS-PAGE and visualized as a single band by staining with 

0.05% Coomassie blue R-250. The concentrations of purified proteins were determined 

by Bradford method using bovine serum albumin (BSA) as the standard.  

 

Preparation of recombinant GroEL2 and GroEL2(cl) for macrophage stimulation 

GroEL2 and GroEL2(cl) (minus the first 12 amino acids), each bearing an in-frame N-

terminal 6XHis-tag were expressed in E.coli BL21 star (DE3) (as described above). The 

cell pellet containing GroEL2 or GroEL2(cl) was resuspended in binding buffer (20 mM 

Tris-HCl, 500 mM NaCl, 5 mM Imidazole, pH 7.9, 200 µg/ml lysozyme, 1.8 µg/µl 

DNase) plus protease inhibitor cocktail (Santa Cruz Biotechnology, Dallas, TX), 

sonicated and centrifuged at 16, 000 x g for 90 min to remove cellular debris and clarify. 

The soluble fraction was added to Ni2+- charged beads in a gravity column. The cell 

lysate in the gravity column was first washed with wash buffer 1 (20 mM Tris-HCl, 500 

mM NaCl, 60 mM imidazole, pH 7.9) and then wash buffer 2 (10 mM Tris-HCl) to 

remove residual salts from the column. To remove endotoxin, the cell lysate was washed 

with 0.5% ASB-14 (Millipore, Billerica, MA) in 10 mM Tris-HCl. Finally, the lysate was 

washed with 10 mM Tris-HCl to remove any excess detergent. The protein was eluted 

with 1M imidazole in 10 mM Tris-HCl and dialyzed overnight in 1× PBS buffer. The 

protein was further purified by size exclusion chromatography on GE Superdex 75 

10/300 GL column. The purified protein was then concentrated. The endotoxin levels for 
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each protein were <10 ng-1 ml-1 mg-1 as determined using LAL Chromogenic endotoxin 

quantitation kit (Thermo Scientific, Rockford, IL).  

 

Circular Dichroism (CD) 

CD data was acquired using a Jasco J-810 Spectropolarimeter. The spectra was recorded 

from 200 to 280 nm at room temperature with a scan rate of 20 nm/min and a bandwidth 

of 1.0 mn   Each spectra was the average of five scans. Protein concentration was 5 µM 

for both Hip1 and Hip1(S228A) in buffer containing 50 mM phosphate pH 7.0 plus 150 

mM NaCl. The spectra of the buffer was recorded under the same conditions and 

subtracted from the sample spectra. The data was then converted to molar ellipticity and 

plotted using Prism 6.0. The plot for the molar ellipticity between 200 to 250 nm is 

reported.  

 

Bacterial strains and media 

Mycobacterium smegmatis (mc2 122) strain expressing GroEL2-FLAG was grown at 

37°C in Middlebrook 7H9 broth or 7H10 (Becton Dickinson, Franklin Lakes, NJ) 

supplemented with 10% acid-albumin-dextrose-catalase (ADC), 0.02 % glycerol, and 

0.05% Tween 80 (for broth), with the addition of 10 µg/ml streptomycin (Sigma-Aldrich, 

St. Louis, MO) (Roche Diagnostics, Indianapolis, IN). M. tuberculosis H37Rv, the hip1 

mutant strain (described previously) [80,81] and M. tuberculosis strains expressing 

GroEL2-FLAG were grown at 37°C in Middlebrook 7H9 broth or 7H10 supplemented 

with 10% oleic acid-albumin-dextrose-catalase (OADC) (Becton Dickinson, Franklin 

Lakes, NJ), 0.02 % glycerol, and 0.05% Tween 80 (for broth), with the addition of 25 
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µg/ml kan  (Sigma-Aldrich, St. Louis, MO) for the hip1 mutant, and, for complemented 

strains, 10 µg/ml streptomycin (Sigma-Aldrich, St. Louis, MO) or 50 µg/ml hygromycin 

(Roche Diagnostics, Indianapolis, IN) was added. 

 

Construction of mycobacterial plasmids and strains 

GroEL2-FLAG: To construct FLAG-tagged GroEL2 driven by its own promoter, the 

groEL2 gene was amplified from M. tuberculosis H37Rv genomic DNA using forward 

primer 5’-ACGTCTAGATGGTAGCCGATGCCGGTGTTG-3’ and reverse primer 5’-

AGTAAGCTTTCACTTGTCGTCGTCGTCCTTGTAGTCCGAGCCGCCCGAGCCGC

CGAAATCCATGCCACCCATGTC-3’ to clone GroEL2 into the XbaI and HindIII sites 

of pTC  (kindly provided by Dr. Sabine Ehrt) with a C-terminal FLAG tag. Forward 

primer 5’-ACGAGATCTATGGCCAAGACAATTGCGTAC-3’ and reverse primer 5’-

AGTAAGCTTTCACTTGTCGTCGTCGTCCTTGTAGTCCGAGCCGCCCGAGCCGC

CGAAATCCATGCCACCCATGTC-3’ were used to clone GroEL2 into BamHI and 

HindIII sites of pMV762 with C-terminal FLAG tag.  

GroEL2 (R12)-FLAG: The R12 mutation was introduced into the pTC GroEL2-FLAG 

construct by site-directed mutagenesis using primers 5’-

GAGGCCCGTCCAGGCCTCGAGCGGGGC-3’ AND 5’-

GCCCCGCTCGAGGCCTGGACGGGCCTC-3’. 

GroEL2 (R12P G13P)-FLAG: The R12P and G13P mutations were introduced into the 

pTC GroEL2-FLAG construct by site-directed mutagenesis using primers 5’-

GAGGCCCGTCCACCACTCGAGCGGGGC-3’ and 5’-
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GCCCCGCTCGAGTGGTGGACGGGCCTC-3’. All mutations were confirmed by 

sequencing. 

Secreted GroEL2(cl)-myc: To express the cleaved form of GroEL2, GroEL2 (cl), the 

groEL2 gene (minus the first 12 amino acids) was amplified from the M. tuberculosis 

genome using forward primer 5’-

ACGCAGCTGGGCCTCGAGCGGGGCTTGAACGCC-3’ and reverse primer 5’-

AGTAAGCTTTCACAGATCTTCTTCAGAAATAAGTTTTTGTTCGAAATCCATGC

CACC-3’ and cloned into the PvuII and HindIII sites of pMV762, downstream of the 

predicted N-terminal signal sequence from M. tuberculosis antigen 85 complex B NH2- 

MTDVSRKIRAWGRRLMIGTAAAVVLPGLVGLAGGAATAGA-OH and an in-frame 

C-terminal Myc tag. 

 

Preparation of protein extracts from M. smegmatis and M. tuberculosis strains 

Each M. smegmatis and M. tuberculosis strain was grown to an OD600 of 0.6-0.8 in 

Sautons’ medium plus 0.05% Tween 80, then pelleted, washed, resuspended into Sautons’ 

medium minus Tween 80 and grown for 22 hours at 37°C. Supernatants were 

concentrated by using Centricon Plus-70 (Millipore, Billerica, MA). Each pellet was 

resuspended in 50 mM Tris, 10 mM NaCl, 34.3 mM BME (Sigma-Aldrich, St. Louis, 

MO), protease inhibitor cocktail (Santa Cruz Biotechnology, Dallas, TX), and lysing 

matrix B beads (MP Biomedicals, Solon, OH) and processed by bead beating for 3 cycles 

of 20 seconds. The lysate was then centrifuged at 12,000 rpm for 20 min at 4°C, and 100 

µl was removed for protein estimation by Bradford method using BSA as the standard.  
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Enzyme assays  

Protease activity assays against a general protease substrate, azocasein, was performed 

with 1%- 5% azocasein (Sigma-Aldrich, St. Louis, MO) in 1× TBS buffer pH 7.4 (Boston 

BioProducts, Ashland, MA). Azocasein was incubated with 1 ug each of purified 

recombinant Hip1, Hip1(S228A), BSA (Thermo Scientific, Rockford, IL) or the protease 

Subtilisin Carlsberg (Sigma-Aldrich, St. Louis, MO) at 37°C for 30 min in a total volume 

of 200 µL. The reactions were terminated with 200 µL of 10% trichloroacetic acid and 

incubated for 30 min on ice. The reactions were then centrifuged at 13, 200 rpm at 4°C 

for 10 min after which 200 µL of the supernatant was transferred to a 96 well plate. Next, 

50 µL of 1.8 N NaOH was added to each reaction mixture and the absorbance was read at 

440 nm. The enzyme activities are expressed as units of enzyme/mg protein (one enzyme 

unit is the quantity of enzyme required to increase absorbance by 0.01 units at 440 nm). 

Endpoint assays showing Hip1 peptidase activity were conducted as follows. Hip1 (7.5 

µM) was incubated with 1.5 mM of each of the following peptide substrates in separate 

reactions: APA-pNa, GPL-pNa, Ac-APAR-pNA, APAR-pNA (AnaSpec, Fremont, CA) 

in 50 mM Tris, pH 8.0 for 18 hours at 25°C. Elastase (4 µM) was used in a positive 

control reaction. Cleavage of the peptide substrates was detected by monitoring the 

increase in absorbance at 410 nm using a Cary 50 Bio UV-Vis spectrophotometer.  

To test for esterase activity, Hip1 (7.5 µM) or PreScission Protease (0.6 µM) (GE 

Healthcare) was incubated with 100 µM p-nitrophenylbutyrate (Sigma-Aldrich, St. Louis, 

MO) in 50 mM Tris, pH 8.0 at 25°C. Hydrolysis of the ester substrate was detected in a 

continuous assay by monitoring an increase in absorbance at 410 nm. 
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Visualizing GroEL2 cleavage and Western blotting 

Purified recombinant GroEL2 (6.6 µM) was incubated with either Hip1 or Hip1(S228A) 

(19.8 µM) in 1× TBS buffer (Boston BioProducts, Ashland, MA) for 24 hours. Protein 

samples were added to 4× SDS-PAGE loading dye, boiled for 10 min, separated on 

NuPAGE 10% Bis-Tris gels (Invitrogen, Carslbad, CA), and transferred onto 

nitrocellulose membranes (Bio-Rad, Berkeley, CA). Membranes were blocked in TBST 

(150 mM NaCl, 25 mM Tris-HCl pH 7.0, 0.1% Tween 20) containing 5% Blotto (Santa 

Cruz Biotechnology, Dallas, TX) for 1 hour at room temperature or 1% BSA (anti-sigma 

70) for 2 hours at 4°C, and probed with antisera overnight at 4°C. Antisera included 

rabbit polyclonal anti-Myc (1:10 000 dilution in 3% Blotto; Novus Biologicals, Littleton, 

CO), anti-FLAG (1:1000 dilution in 5% Blotto, Sigma-Aldrich, St. Louis, MO), anti-S-

tag (1:5000 dilution in 5% Blotto, Novagen, Darmstadt, Germany), anti-sigma 70 (1:2000 

dilution in 1% BSA, NeoClone, Madison, WI), and anti-His tag (1:2000 dilution in 5% 

Milk, Abcam, Cambridge, MA). Membranes were washed in TBST and incubated for 1 

hour at room temperature with Immunopure goat anti-mouse IgG peroxidase conjugated 

secondary antibody (Thermo Fisher Scientific, Waltham, MA) (for anti-S-tag and anti-

sigma 70) or Immunopure goat anti-rabbit IgG peroxidase conjugated secondary antibody 

(Thermo Fisher Scientific, Waltham, MA) (for anti-Myc). Blots were developed using the 

SuperSignal West Pico Chemiluminescent Substrate kit or NBT/BCIP kit (Thermo Fisher 

Scientific, Waltham, MA) and visualized using UVP Biospectrum imaging system 

(Upland, CA).  
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To determine the optimal pH of Hip1 cleavage of GroEL2, a series of reactions were set 

up in buffers containing 50 mM sodium phosphate with 150 mM NaCl at a pH range of 

4.26, 4.85, 5.37, 5.65, 5.96, 6.14, 6.69, 6.86, 6.93, 7.16, 7.39, 7.67, 8.05, and 8.64. 

Initially the buffer for both GroEL2 and Hip1 was switched to 50 mM sodium phosphate 

pH 7.0 plus 150 mM NaCl. The samples were then concentrated and diluted 1:100 in the 

appropriate buffer. The samples were incubated for 24 hours at 37°C. Aliquots of the 

samples were taken and analyzed by Western blotting using mouse anti-S-tag antibody.  

 

Inhibitor profiling of Hip1 

Peptide substrate: The effect of protease inhibitors on Hip1 activity was determined by 

measuring the proteolytic cleavage of Ala-Pro-Ala-pNa. Hip1 (4 µM) was pre-incubated 

with inhibitor for 30 min in 50 mM Tris, pH 8, 25oC and protease activity was measured 

by the addition of 1.5 mM Ala-Pro-Ala-pNa. The final concentrations of the inhibitors 

were AEBSF (2 mM), PMSF (1 mM), Chymostatin (0.2 mM), Leupeptin (0.4 mM), 

Antipain (1.0 mM), E-64 (1 mM), Pepstatin (0.3 mM), and EDTA (10 mM) (Sigma-

Aldrich, St. Louis, MI)  

GroEL2 substrate: Hip1 or Hip1(S228A) (19.8 µM) was added to 6.6 µM of purified 

recombinant GroEL2 protein and incubated for 24 hours at 37 °C in the presence or 

absence of the protease inhibitors as follows. Bestatin hydrochloride (Sigma-Aldrich, St. 

Louis, MI) was resuspended in H2O to a final concentration 0.3 mM. AEBSF (Sigma-

Aldrich, St. Louis, MI) was resuspended in H2O to a final concentration 1 mM. PMSF 

(Thermo Scientific, Rockford, IL) was resuspended in methanol to a final concentration 

of 1 mM. PMSF (Sigma), Bestatin (Sigma) and AEBSF (Fisher) at 1 µM were added to 
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reaction mixtures containing 1 microgram of recombinant GroEL2 and Hip1. Following 

the 24 hour incubation at 37°C, one fifth of the reaction was taken for Western blot 

analysis.  

 

 GroEL2 cleavage site identification and LC/MS/MS analysis 

To prepare protein samples of GroEL2 and GroEL2(cl) for LC/MS analysis, we made 

pellet and supernatant fractions (as described above) from wild type M. tuberculosis. For 

dialysis, the protein samples were injected in dialysis cassette with a 2 kDa molecular 

weight cut-off (Thermo Scientific, Rockford, IL) using 21 gauge 1 inch beveled needle 

and dialyzed against 400 ml 50 mM ammonium bicarbonate, pH 7.0. After overnight 

dialysis, the samples were taken out and concentrated using Millipore Amicon ultra 0.5 

ml 3 kDa centrifugal filters (Millipore, Billerica, MA). The dialyzed protein samples (20-

25 µg) were separated on 10% SDS-PAGE gel. The bands of interest, a blank spot and a 

BSA band were cut out of the gel and stored in 50 mM ammonium bicarbonate until 

LC/MS analysis. A synthetic peptide corresponding to the first 19 N-terminal amino 

acids of GroEL2 (NH2-AKTIAYDEEARRGLERGLN-OH) was synthesized 

(Biosynthesis). 1mM of this peptide was incubated either alone, with Hip1 (5 µM), or 

with Hip1 and the serine protease inhibitor AEBSF in 500 mM Tris, pH 8, 18 hrs, 25oC.  

Samples were analyzed by LC/MS/MS on an Agilent 1100 binary pump HPLC and 

Thermo Fisher LTQ XL ion trap mass spectrometer (Stanford University).  Samples were 

diluted with water and the injection volume was 10 uL. The column was a 100 x 2.1 mm 

Thermo Hypersil Gold C18. The elution profile consisted of initial conditions of 95% A 

(0.1% formic acid in water)/5% B (0.1% formic acid in acetonitrile) for 1 minute, then a 
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continuous gradient to 100% B over 17min, then remained at 100% B for 3 minutes at a 

flow rate of 250 uL/min. Ionization was in positive ESI with mass range 150-1000 m/z. 

To determine the location of the enzymatic cleavage sites within the 19 amino acid 

peptide, the program FindPept on the ExPASy server was utilized. FindPept identifies 

peptides that result from unspecific cleavages of polypeptides from their experimental 

masses. 

 

Mycobacterial-Protein Fragment Complementation (M-PFC) 

The M-PFC plasmids pUAB100 (hyg) and pUAB200 (kan) were a kind gift of Dr. Adrie 

Steyn, University of Alabama Birmingham and have been previously described [122]. 

The bait plasmid was constructed by PCR-amplifying groEL2 from H37Rv genomic 

DNA using primers 5’- GAT CCGAGATCTGAATCACTTCGCAATGG-3’ and 5’- 

GAAGCCATCGATGAAATCCATGCC ACCCATG-3’ and subsequent ligation to 

ClaI/BamHI linearized pUAB100. The prey plasmid was constructed by PCR-amplifying 

hip1 and hip1(S228A) 5’-AGCCTTGAATTCCGGGTC TGCTCTGGCAGC-3’ and 5’- 

AGCCTTATCGATGCACTTGGCGCCGCTGG-3’ and subsequent ligation to 

MunI/ClaI linearized pUAB200. Control plasmids carrying inhA, sigA or kdpE were 

kindly provided by Dr. Adrie Steyn. The M-PFC bait and prey plasmid constructs were 

transformed into M. smegmatis. Protein-protein interaction between gene products were 

analyzed by subculturing kan/hyg transformants on 7H11 plates supplemented with 10% 

ADC glycerol, and	  1%	  Difco yeast extract tryptone medium (Becton Dickenson, Sparks, 

MD), with the addition of 25 µg/ml kan  (Sigma-Aldrich, St. Louis, MO), 50 µg/ml hyg 
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(Roche Diagnostics, Indianapolis, IN) and 20 µg/ml trimethoprim (Sigma-Aldrich, St. 

Louis, MO).  

 

Size exclusion chromatography  

GroEL2 and Hip1 proteins were concentrated to 30-100 µM and loaded onto a Superdex 

200 5/150 GL column (GE Healthcare Life Sciences) equilibrated with 50 mM sodium 

phosphate pH 7.0 plus 150 mM NaCl. The fractions containing the GroEL2 and Hip1 

proteins were collected, concentrated, and incubated together overnight at 37°C to ensure 

complete cleavage. The reaction mixture was then incubated with Ni2+ beads for 1-2 

hours at 4°C to allow for binding of the GroEL2 cleaved N-terminal peptide and Hip1 to 

the beads. The reaction mixture supernatant was then concentrated and injected on the 

size exclusion column.  Elution times of proteins with known molecular weights were 

used to obtain a standard curve by plotting log of the molecular weight verses Kav 

(partition coefficient). The Kav is determined by the equation:  

   Kav = (Ve – Vo)/ (Vc-Vo) 

 The elution volume of blue dextran is the value used for the void volume (V0), Ve is the 

elution volume of the proteins, and Vc is the geometric column volume, which is 

determined by the equation:  

   Vc= r2 x π x l  

where r is the radius of the column and l is the column length. 

The proteins used to determine the standard curve are Ovalbumin (44 kDa), Conalbumin 

(75 kDa), Aldolase (158 kDa), Ferritin (440 kDa) and Thyroglobulin (669 kDa), 
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Carbonic Anhydrase (29 kDa), Ribonuclease A (13.7 kDa), Aprotinin (6.5 kDa). The 

standard curve was plotted using GraphPad Prism 6.0. 

 

Macrophage infection and cytokine assays 

Murine bone marrow derived macrophages (BMM) were generated as previously 

described [81] Briefly, bone marrow cells from C57BL/6 mice were grown in DMEM/F-

12 medium (Lonza) with 10% FBS (HyClone), 2 mM glutamine, 10% L-cell conditioned 

medium (LCM) for 7 days of differentiation at 37°C with 5% CO2. For infection, 

macrophages were plated onto 24-well plates (3x105 per well). Bacteria were 

resuspended in DMEM/F-12 medium containing 5% LCM and sonicated twice for 5 

seconds each before addition to adherent monolayers. Each bacterial strain was used for 

infection in triplicate at an MOI=10 and infection of macrophages was carried out for 4 

hours as previously described [81]. To determine intracellular CFU, one set of infected 

macrophages was lysed in PBS containing 0.5% Triton X, and plated onto 7H10 agar 

plates containing the appropriate antibiotics. For stimulation of macrophages with 

recombinant proteins, endotoxin-free GroEL2 and GroEL2(cl) in 5% LCM were added to 

C57BL/6 or TLR2-/- BMM for 24 hours. Cell-free supernatants from macrophage 

monolayers were isolated at various time points and assayed for cytokines by ELISA kits 

for IL-6, IL1-β, and TNF-α (R&D Systems, Minneapolis, MN). Assays were carried out 

according to manufacturer’s instructions. Uninfected macrophages were used as controls 

for each experiment.  

 

Statistical analysis 
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The statistical significance of data was analyzed using the Student’s unpaired t-test 

(GraphPad Prism 5.0a). Data are shown as mean ±S.D. of one representative experiment 

from three independent experiments. 

 

Accession numbers 

The following GenBank accession numbers correspond to the genes mentioned in this 

work: H37Rv GroEL2 Gene ID 886354; H37Rv Hip1 Gene ID 887857; H37Rv Ag85B 

Gene ID 885785; H37Rv KdpE Gene ID 886084; H37Rv InhA Gene ID 886523; H37Rv 

SigA Gene ID 887477.  The following UniProtKB accession number corresponds to 

H37Rv GroEL2 - P0A520. 
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Figure 1. Purification of Hip1 and Hip1(S228A) by ion exchange chromatography. (A) 

and (B) Hip1 and Hip1(S228A) proteins were purified by gravity column 

chromatography and anion exchange chromatography. Top and bottom panels show the 

anion exchange column elution peak profiles of recombinant Hip1 and Hip1(S228A) 

respectively. The purity of the eluted protein was checked by SDS-PAGE analysis after 

each purification procedure. The arrows indicate the elution fractions used in subsequent 

assays: B6 for Hip1 and A12 for Hip1(S228A). (C) CD spectra of Hip1 and Hip1(S228A) 

mutant.  
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Figure 2. Analysis of the enzymatic activity of Hip1. (A) Hip1 esterase activity with p-

nitrophenylbutyrate. P-nitrophenylbutyrate was incubated alone for a negative control 

reaction (-control). PreScission protease was used in a positive control reaction (+ 

control). (B) Azocasein proteolysis assay showing that Hip1 is a protease. Azocasein was 

incubated alone (- control), with the protease subtilisin (+control), with Hip1 (0.05 

mg/ml), or Hip1(S228A) (0.05 mg/ml) in 25 mM Tris pH 7.4, 150 mM NaCl. The 

enzyme activities are expressed as units of enzyme/mg protein (one enzyme unit is the 

quantity of enzyme required to increase absorbance by 0.01 units at 440 nm). (C) 

Endpoint assay showing proteolytic activity of Hip1. Hip1 (7.5 µM) was incubated with 

each peptide substrate (1.5 mM) or alone (-control) in 50 mM Tris pH 8.0 for 18 hr at 

25°C. Elastase was used as a positive control (+ control). Hydrolysis of the peptide 

substrates was detected by monitoring an increase in absorbance at 410 nm. (D) 

Inhibition of Hip1 with various classes of protease inhibitors. Hip1 (4 µM) was pre-

incubated with inhibitor for 30 min in 50 mM Tris, pH 8.0 at 25°C. Then, protease 

activity was measured by the addition of 1.5 mM Ala-Pro-Ala-pNa. The specific activity 

of Hip1 against Ala-Pro-Ala-pNa was defined as 100% (no inhibitor). Data are shown as 

one representative experiment from three independent experiments. 
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Figure 3. M. tuberculosis GroEL2 is a physiological substrate of Hip1 protease activity. 

(A) Recombinant GroEL2 is cleaved by recombinant Hip1 but not by Hip1(S228A). 

Samples from the cleavage reactions were taken at 0 hours and 24 hours, separated by 

10% SDS-PAGE gel and analyzed by Western blot with anti-S-tag antibody to detect 

GroEL2 and GroEL2(cl). (B) Hip1 mediated cleavage of GroEL2 is inhibited by the 

serine protease inhibitor AEBSF. Recombinant GroEL2 was incubated with recombinant 

Hip1 for 24 hours at 37°C either alone or in the presence of inhibitors AEBSF, PMSF, or 

bestatin. Samples were taken after 24 hours, separated by 10% SDS-PAGE gel and 

analyzed by Western blot with anti-S-tag antibody to detect GroEL2 and GroEL2(cl). (C) 

Optimal pH range for GroEL2 cleavage. Recombinant GroEL2 was incubated with 

recombinant Hip1 for 24 hours at 37°C under varying pH conditions. (D) Protein-protein 

interaction between GroEL2 and Hip1. Mycobacterium protein fragment 

complementation (M-PFC) assay demonstrates interaction between M. tuberculosis 

GroEL2 and Hip1 expressed in M. smegmatis as shown by growth on plates containing 

trimethoprim. M. smegmatis strain expressed either GCN4 homo-dimerization domains 

of Saccharomyces cerevisiae (positive control); GroEL2 and Hip1; GroEL2 and 

Hip1(S228A) or negative controls: vector and Hip1; vector and Hip1(S228A); GroEL2 

alone; GroEL2 and KdpE; GroEL2 and SigA; GroEL2 and InhA. Data (A-D) are shown 

as one representative experiment from three to five independent experiments. 
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Figure 4. GroEL2 is cleaved in vitro and in vivo by Hip1. (A) LC/MS/MS showing 

elution of the uncleaved GroEL2 N-terminal peptide (m/z = 2163). (B) LC peak profile of 

GroEL2 N-terminal peptide incubated with Hip1 for 18 hours at 25°C. Two abundant 

product fragments with m/z = 1122 and 757 indicate cleavages between Thre3 and Ile4, as 

well as between Arg12 and Gly13. (C) AEBSF inhibits Hip1 cleavage of the GroEL2 

peptide. (D) Mass spectrometry analysis of the 7.3 min peak in (C) indicates the 

predominant species is uncleaved GroEL2. The second peak corresponds to substrate 

sulfonated by AEBSF at threonine. (E) Determining cleavage site of M. tuberculosis 

GroEL2 using M. smegmatis. Culture supernatants from M. smegmatis strains expressing 

M. tuberculosis GroEL2-FLAG, GroEL2 (R12P)-FLAG or GroEL2 (R12P G13P)-FLAG 

were subjected to cleavage by recombinant Hip1 for 24 hours at 37°C and analyzed by 

Western blot. (F) Cleavage site of GroEL2 in M. tuberculosis. GroEL2-FLAG or GroEL2 

(R12P G13P)-FLAG mutant were expressed in M. tuberculosis H37Rv. Protein extracts 

corresponding to the pellet (P) and supernatant (S) fractions of those strains were 

prepared, and analyzed by Western blot with anti-FLAG antibody (to detect GroEL2) and 

anti-SigA antibody (to detect the sigma 70 subunit of RNA polymerase). Data (A-F) are 

shown as one representative experiment from three independent experiments. 
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Figure 5. GroEL2 is a multimer in vitro and is converted to a monomer following 

cleavage by Hip1. (A) Size exclusion chromatograms of recombinant full length GroEL2, 

cleaved GroEL2 and Hip1. (B) Standard curve based on the elution profiles of a set of 

standard molecular weight marker proteins. The logarithms of the molecular weights (log 

Mr) were plotted as a function of Kav. Data are shown as one representative experiment 

from three independent experiments. 
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Figure 6. Expression of secreted GroEL2(cl) in hip1 mutant restores wild type levels of 

proinflammatory cytokine responses in macrophages. Production of IL-6, IL-1β, and 

TNF-α by C57BL/6 bone marrow derived macrophages (BMM) 24 hours after infection 

with wild type, hip1 mutant, and hip1 mutant complemented with either Hip1 (comp) or 

GroEL2(cl). Data are shown as mean ±S.D. of one representative experiment from three 

independent experiments.	  

*, P < 0.05; **, P < 0.01. 
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Figure 7. Differential stimulation of proinflammatory cytokine production from 

macrophages by GroEL2 and GroEL2(cl). (A) Production of IL-6 and IL-1β by C57BL/6 

bone marrow derived macrophages (BMM) 24 hours after stimulation with GroEL2 or 

GroEL2(cl). (B) Production of IL-6 and IL-1β in response to GroEL2 and GroEL2(cl) 

occurs in a partially TLR2-dependent manner. (C) Presence of GroEL2(cl) leads to 

diminished stimulatory capacity of GroEL2. Each form of GroEL2 was added to 

C57BL/6 BMM either alone (5 µM) or together (5 µM each) for 24 hours. The expected 

additive effect of GroEL2 and GroEL2(cl) is represented as a sum of the cytokine levels 

for each protein alone. Data are shown as mean ±S.D. of one representative experiment 

from three independent experiments. *, P < 0.05; **, P < 0.01. 
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Figure 8. Model of Hip1-GroEL2 interactions. Proteolysis of full length GroEL2 by Hip1 

converts multimeric GroEL2 to monomers. In the cell wall of wild type M. tuberculosis, 

GroEL2 multimer interacts with the Hip1 protease, which cleaves GroEL2 and leads to 

release of GroEL2 monomers extracellularly. In contrast, in the hip1 mutant, GroEL2 

remains in its multimeric form and is released extracellularly as a multimer. 

 

 

 

 

 

 

 

 

 

 

 

 



	   84	  

Supporting Figure S1. 

Western blots of cleavage reaction samples indicating separation of Hip1 protein (via 

Ni2+ beads) from cleaved GroEL2 for analysis by size exclusion chromatography. (A) 

Western blot using anti-S-tag antibody detects the presence of GroEL2(cl) in the cleavage 

reaction sample (Lane 2), and shows that GroEL2(cl) is absent in the protein fraction 

bound to Ni2+ beads (Lane1). (B) Western blot using anti-His antibody shows the 

presence of Hip1 protein in the Ni2+ bead-bound fraction (Lane 1), and its absence in the 

cleavage reaction following Ni2+ beads depletion (Lane 2). 
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Supporting Figure S2. 

(A) Western blot demonstrating presence of GroEL2(cl) in the pellet (P) and supernatant 

(S) fractions of a hip1 mutant strain complemented with GroEL2(cl) with a C-terminal 

Myc tag. 

(B) Western blot demonstrating levels of endogenous GroEL2 and GroEL2(cl) in 

supernatant fractions of wild type, hip1 mutant, and hip1 mutant complemented with 

either Hip1 (comp) or GroEL2(cl). 
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Chapter 3  

Modulation of dendritic cell responses through cleavage of  

Mycobacterium tuberculosis GroEL2 

 

Note: Chapter 3 is adapted from a manuscript currently under preparation with the 

following authorship:  

Georgieva M, Sia JK, Madan-Lala R, Rengarajan J. 
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Abstract 

 

Mycobacterium tuberculosis successfully subverts the host immune response to promote 

disease progression. In addition to its known intracellular niche in macrophages, recent 

studies have demonstrated the ability of Mycobacterium tuberculosis to interfere with the 

functions of dendritic cells (DCs), which are the primary antigen presenting cells in the 

immune system. A recent report from our lab showed that M. tuberculosis impairs DC 

maturation and prevents antigen presentation through the envelope-associated serine 

protease, Hip1. Here we present data showing that Hip1-mediated proteolysis of the M. 

tuberculosis GroEL2 protein modulates DC functions. While full-length GroEL2 protein 

induced robust DC responses in vitro, the cleaved form of GroEL2 led to attenuated 

production of proinflammatory cytokines from DCs and was unable to promote DC 

maturation and antigen presentation to T cells. Our studies suggest that cleavage of 

GroEL2 is an immunoregulatory mechanism that allows M. tuberculosis to fine-tune and 

moderate the host immune response during infection.  
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Introduction 

 

Mycobacterium tuberculosis has evolved multiple mechanisms to manipulate its cellular 

niche within the host. While this pathogen primarily resides in host macrophages, there is 

increasing evidence that M. tuberculosis interferes with the ability of dendritic cells 

(DCs) to initiate antigen-specific T cell responses to infection [9,47]. DCs are the primary 

antigen presenting cells (APCs) in the immune system and play a central role in 

activation and differentiation of T cells by presenting antigenic peptides. DCs secrete 

specific cytokines that are important for T helper (Th) cell differentiation and polarization 

into Th subsets, and chemokines that direct their migration from tissue sites to lymph 

nodes [47]. Uptake of microbes by DCs results in their maturation as characterized by 

high surface expression of major histocompatibility class II (MHC II), co-stimulatory 

markers such as CD40, CD86, CD80, and secretion of Th1 polarizing cytokines such as 

IL-12. Recent studies have demonstrated that M. tuberculosis infects human and mouse 

DCs at high frequencies, interferes with DC migration from lungs to the draining lymph 

nodes and inhibits antigen presentation to T cells [3,9,45,123,124]. However, the M. 

tuberculosis factors that impair DC functions are not well understood.  

 

Recently, our laboratory has shown that M. tuberculosis cell wall-associated protease 

Hip1 is involved in impairing DC functions [125]. Compared to wild type M. 

tuberculosis, a hip1 mutant strain of M. tuberculosis induced enhanced levels of IL-12 

and other proinflammatory cytokines in DCs, indicating that Hip1 limits optimal DC 

activation and inflammatory responses. Infection with the hip1 mutant also resulted in 
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higher levels of the co-stimulatory molecules CD40, CD86, and MHC class II and 

increased antigen presentation to CD4+ T cells, indicating that M. tuberculosis impairs 

DC functions through Hip1 [125]. We previously reported that the Hip1 manipulates the 

innate-adaptive immune axis by dampening macrophage responses [81]. Molecular and 

biochemical studies revealed that Hip1 dampens macrophage responses through 

proteolysis of a target substrate, GroEL2. While GroEL2 shares some features with 

chaperone proteins of the GroEL family, the true function of M. tuberculosis GroEL2 

remains unclear. GroEL2 expression is induced by multiple stresses, including heat-shock, 

oxidative stress, growth in macrophages and hypoxia [117,126,127]. Importantly, 

multiple groups have previously demonstrated that full-length, recombinant GroEL2 

induces cytokine responses in macrophages, suggesting the immunostimulatory functions 

of GroEL2 may play an important role in modulating host responses during M. 

tuberculosis infection [90,92,128]. Interestingly, we showed that Hip1 cleaves GroEL2 in 

its N-terminus and converts the full-length multimeric protein to a monomeric form. 

Moreover, the cleaved form of GroEL2, which we have termed GroEL2(cl), is the 

predominant form present in wild type M. tuberculosis. Further, we showed that full-

length recombinant GroEL2 protein is significantly more immunostimulatory to 

macrophages compared to GroEL2(cl), suggesting that Hip1-mediated cleavage of the N-

terminus abrogates the ability of GroEL2 to induce cytokine responses during infection.  

 

Based on the identified role of Hip1 in impairing DC functions and in processing GroEL2, 

we hypothesized that Hip1-dependent proteolysis of GroEL2 contributes to the ability of 

M. tuberculosis to impair DCs and influences the development of antigen-specific Th 
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responses. Importantly, since the cleaved form of GroEL2(cl) is the dominant form in 

wild type M. tuberculosis, we sought to investigate the roles of full-length GroEL2 versus 

GroEL2(cl) in modulating DC functions during M. tuberculosis infection.  
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Results 

 

Dendritic cells exposed to full-length GroEL2 induce higher levels of IL-12 and IL-6 

compared to cleaved GroEL2 

We first compared the ability of GroEL2 and GroEL2(cl) to induce the proinflammatory 

cytokines IL-12 and IL-6 (Figure 1). IL-12 is a major polarizing cytokine that drives the 

development of naïve CD4+ T cells into IFN-γ producing Th1 cells, which are required 

for controlling M. tuberculosis infection. We exposed bone marrow-derived dendritic 

cells (BMDC) from C57BL/6 mice to varying concentrations of full-length GroEL2 and 

GroEL2(cl) and measured levels of IL-12p40 and IL-6 in the supernatants after 24 hours. 

The levels of endotoxin in the protein preparations were investigated and determined to 

be below detection levels (data not shown). Full-length GroEL2 induced high levels of 

both IL-12p40 and IL-6 in BMDCs at each time point. In contrast, GroEL2(cl) was 

unable to induce production of these two cytokines above background levels at all 

concentrations of the protein tested. We did not detect any IL-10 under the conditions 

tested (data not shown). These data indicate that full-length GroEL2 has the capacity to 

induce proinflammatory cytokine production in DCs but that cleavage of GroEL2 by 

Hip1 abrogates these functions. Thus, the ability of M. tuberculosis to modulate DC 

cytokine production may in part, be due to Hip1-dependent proteolysis of GroEL2.  
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Expression of co-stimulatory molecules on DCs in response to full-length GroEL2 

and GroEL2(cl) 

DCs are ideally poised to capture antigens at the site of infection, which in turn induces 

the maturation of DCs, a pivotal step in initiating antigen-specific immune responses.  

Following migration to lymph nodes, DCs prime T cells through cell surface expression 

of co-stimulatory molecules such as CD40 and CD86, which interact with their ligands 

on T cells to optimally induce T cell activation. To determine whether GroEL2 affects 

DC maturation, we exposed BMDCs to either full-length or GroEL2(cl), and measured 

the expression of CD40, CD86 and MHC class II on the cell surface by flow cytometry. 

Full-length GroEL2, induced robust expression of each of these markers (Figure 2), 

however, GroEL2(cl) induced significantly lower levels of CD40 and CD86. Under these 

conditions, neither form of GroEL2 induced further expression of MHC class II above 

baseline. Overall, these data indicate that cleavage of GroEL2 blunts its capacity to 

induce maturation of DCs. 

 

M. tuberculosis GroEL2, but not GroEL2(cl), promotes DC antigen presentation 

DCs take up antigen to present it to naïve T cells, an essential step for the activation of 

antigen-specific T cell responses. Both cytokine production and the expression of cell 

surface co-stimulatory markers by dendritic cells are required for effective T cell 

activation. Based on our observation of differential production of proinflammatory 

cytokines and expression of co-stimulatory markers in response to GroEL2 and 

GroEL2(cl), we sought to test whether cleavage of GroEL2 impacted antigen presentation 

to naïve antigen-specific CD4+ T cells. We first pulsed with OVA323-339 peptide and then 
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exposed DCs to full-length or cleaved GroEL2 for 24 hours. We then co-cultured with 

TCR-Tg CD4+ T cells isolated from OT-II mice and specific for the OVA323-339 peptide. 

We collected supernatants 72 hours after co-culture and assayed for IFN-γ and IL-2 by 

ELISA, cytokines indicative of antigen-specific T cell proliferation (Figure 3A). While 

the presence of full length GroEL2 promoted presentation of OVA323-339 peptide as 

evidenced by IFN-γ and IL-2 production, we found that the physiologically relevant 

cleaved GroEL2, was unable to promote antigen presentation by DCs (Figure 3B), 

suggesting that cleavage of GroEL2 attenuates the antigen presentation capacity of M. 

tuberculosis-infected DCs.  

 

Hip1-mediated cleavage of M. tuberculosis GroEL2 modulates DC responses 

We have previously shown that wild type M. tuberculosis induces sub-optimal DC 

responses while infection with the hip1 mutant results in robust DC cytokine production, 

expression of co-stimulatory molecules and antigen presentation. In this study, we use 

purified recombinant full length and cleaved forms of GroEL2 protein and show that 

cleavage of GroEL2 is a potential mechanism by which M. tuberculosis blunts DC 

responses. To directly investigate whether Hip1-dependent cleavage of GroEL2 

contributes to impaired DC functions during M. tuberculosis infection, we ectopically 

expressed cleaved GroEL2 in the hip1 mutant background and analyzed DC responses 

following infection with this complemented strain (Figure 4). We infected BMDCs with 

either wild type, hip1 mutant or the complemented M. tuberculosis strains and compared 

their ability to elicit the production of IL-12p40 and IL-6 (Figure 4). Consistent with our 

previous reports, the hip1 mutant induced significantly higher levels of these 
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proinflammatory cytokines compared to wild type M. tuberculosis. Importantly, 

expression of GroEL2(cl) in the hip1 mutant background restored wild type levels of 

these cytokines in infected DCs. Thus, these data suggest that the absence of full-length 

GroEL2 in wild type M. tuberculosis results impairs DC activation. Furthermore, we 

predict that GroEL2 cleavage also regulates maturation and antigen presentation of M. 

tuberculosis-infected DCs and impacts subsequent pathogenesis and disease progression 

in vivo. Studies are currently ongoing to address these questions in the context of the 

whole bacterium by using our engineered hip1 mutant strain complemented with 

GroEL2(cl). In summary, our data highlight a novel role for Hip1-mediated proteolysis of 

GroEL2 in modulating DC and T cell responses in tuberculosis.  
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Discussion 

 

The data here demonstrate that M. tuberculosis modulates DC functions via Hip1-

dependent GroEL2 proteolysis. Specifically, we show that GroEL2 regulates DC 

functions such as production of proinflammatory cytokines, expression of co-stimulatory 

molecules and antigen presentation. Our findings are consistent with previously 

published data on the immunostimulatory capacity of full-length GroEL2 in macrophages. 

Importantly, we now extend these studies to include the physiologically relevant, cleaved 

form of GroEL2 and provide insight into the role of GroEL2 during M. tuberculosis 

infection of DCs. 

  

Early after inhalation of M. tuberculosis, within the host, macrophages and dendritic cells 

become the primary intracellular niche for the bacilli. Although the ability of M. 

tuberculosis to interfere with macrophage responses is well established, the mechanisms 

that M. tuberculosis employs to abrogate DC functions are largely uncharacterized 

[123,124,129]. Our previously published studies addressed this inquiry and revealed a 

novel mechanism of DC modulation via the M. tuberculosis protease Hip1. While these 

studies implicated Hip1 proteolytic activity as a key contributor to immune modulation 

during DC infection, the molecular mechanisms driving this process remained unclear. 

We previously showed that the Hip1 substrate, M. tuberculosis GroEL2 protein, is an 

important component of Hip1-dependent modulation of macrophage functions. Based on 

these data, we hypothesized the involvement of GroEL2 in modulation of the innate-

adaptive immune axis at the DC interface. In order to investigate this hypothesis, we 
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undertook focused studies to characterize the immunomodulatory capacity of GroEL2 in 

the context of DC infection and DC-T cell co-culture.     

 

It is important to consider the GroEL2-related studies here within the framework of 

previously published findings about the putative biological role of GroEL2. Interestingly, 

GroEL2 is highly induced in response to environmental cues during infection such as 

heat shock, oxidative stress, growth in macrophages and hypoxia [130,131]. Furthermore, 

recombinant full-length GroEL2 is immunostimulatory, and induces cytokine responses 

from macrophages in a TLR2- and TLR4-dependent manner, suggestive of a likely 

meaningful biological role for GroEL2 during M. tuberculosis infection [93].  GroEL2 is 

also one of the most abundant M. tuberculosis proteins in vivo and a dominant contributor 

to the potent immune response elicited by M. tuberculosis Purified Protein Derivative 

(PPD) [120,132]. Some studies suggest that cell wall-associated full-length GroEL2 

protein has adhesion-like properties important for the interaction between M. tuberculosis 

and macrophages. Curiously, comparative studies show that Mycobacteria are unusual 

among bacteria in possessing two GroEL proteins, the cytoplasmic protein GroEL1, 

which is highly homologous to the E. coli GroEL chaperonin, and GroEL2. GroEL2 is 

localized to the cell envelope and secreted extracellularly, and its functions appear to be 

more diverse [133,134]. While GroEL2 exhibits only weak ATPase activity in vitro and 

therefore does not behave as a canonical chaperone, the GroEL2 crystal structure 

suggests that it may still assist in protein folding or antigen presentation [115]. All the 

previous studies described here were conducted with full-length GroEL2, thereby leaving 

the role of the biologically relevant, cleaved form of GroEL2 completely unexplored. 
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Using our insight into the Hip1-dependent cleavage of GroEL2 in M. tuberculosis, our 

study is the first to investigate the importance of GroEL2 proteolysis and the biological 

role of cleaved GroEL2 at the DC - M. tuberculosis interface. 

 

Using purified recombinant full-length and cleaved GroEL2, we show that proteolysis of 

GroEL2 abrogates its immunostimulatory capacity, i.e., its ability to elicit production of 

key cytokine mediators such as IL-12 and IL-6. These studies suggest that M. 

tuberculosis limits optimal DC activation via Hip1-dependent proteolytic cleavage of its 

physiological substrate GroEL2. The proinflammatory cytokines IL-12 and IL-6 are key 

mediators of host innate immunity and dampening these responses can significantly 

impact both disease pathogenesis and the critical balance of protective versus damaging 

immune responses [4]. This concept is illustrated by data from infections with the 

hypervirulent M. tuberculosis Beijing clinical isolates. These highly virulent strains 

induce significantly less IL-6 and IFN-γ compared to the H37Rv reference strain [135]. 

Such findings imply that blunting proinflammatory cytokine production is a probable 

mechanism for promoting impaired anti-mycobacterial immunity. Thus, it is likely that 

during DC infection, M. tuberculosis has also evolved to restrict the magnitude of 

inflammatory responses via GroEL2 proteolysis as a way to delay or subvert adaptive 

immunity and thereby gain selective advantage within the host. Within this conceptual 

framework, we speculate that GroEL2 proteolysis has evolved as a modulator of anti-

mycobacterial host immunity. 
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In response to proinflammatory cytokines, DCs undergo maturation and rapidly 

upregulate cell surface-associated co-stimulatory molecules such as CD40 and CD86 [46]. 

In our study, we report significantly reduced expression of both CD40 and CD86 in the 

presence of cleaved GroEL2 compared to full-length protein. Moreover, the antigen 

presentation capacity of DCs to TCR-Tg CD4+ T cells was enhanced in the presence of 

the full-length but not cleaved GroEL2, suggesting that in the context of DC interactions 

with M. tuberculosis, secreted GroEL2(cl) blunts the magnitude of antigen-specific T cell 

responses and promotes an overall subdued early immune response.  Utilizing a wild type, 

hip1 mutant and a complemented hip1 mutant M. tuberculosis strains, previously well 

characterized in our lab, we found that ectopic expression of cleaved GroEL2 in the hip1 

mutant background strain restored its hyperinflammatory phenotype back to wild type 

levels. These results support our previous reports about the physiological relevance of 

GroEL2 cleavage for innate immunity and extend our appreciation for the importance of 

this process for DC-T cell responses. We are currently performing live infections using 

these same strains to analyze how DC maturation and antigen presentation are affected in 

vitro and in vivo in the mouse model. Overall, our current findings linking GroEL2 

proteolysis to poor M. tuberculosis induction of IL-12, IL-6, low CD40, CD86 expression 

and sub-optimal antigen presentation, suggest a novel strategy of M. tuberculosis 

interference with the initiation of a robust adaptive immune response. 

 

Although this would certainly be a novel function for GroEL2 itself, the idea of 

suppression of the immune response is an emerging concept in the tuberculosis field. 

Various M. tuberculosis-derived components have been directly linked to this process. 
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For example, recombinant early secreted antigenic target 6 (ESAT-6) was shown to 

markedly inhibit the production of IFN-γ by T cells stimulated with M. tuberculosis. 

Specifically, direct binding of ESAT-6 to TLR2 inhibited activation of the transcription 

factor NF-κB, thereby restricting TLR signaling. Moreover, culture filtrate protein 10 

(CFP10), the physiological partner of ESAT-6, did not have the same inhibitory effect 

and the presence of CFP10 did not affect the inhibitory function of ESAT-6, setting a 

precedent for striking functional differences between closely-associated partner proteins 

[136]. In another example, the M. tuberculosis cell wall component Man-LAM binds to 

the C-type lectin DC-SIGN to interfere with DC maturation [124]. Despite growing 

evidence for the role of M. tuberculosis-derived factors in immune modulation, we still 

do not fully understand the contribution of these factors in the context of the whole 

bacterium infecting DCs. There are a few studies within this experimental framework, 

strongly suggesting that M. tuberculosis antigens specifically shape the immune response 

in vivo. For example, M. tuberculosis lacking the well-characterized antigen 85A induces 

higher expression of MHC class II on dendritic cells as well as higher levels of IL-12 in 

comparison to the reference strain [129]. Overall, our studies add significance to a small 

but growing body of data showing that various M. tuberculosis components modulate DC 

responses.  

 

Although we do not conclude from our data that GroEL2(cl) is directly suppressing host 

receptor signaling pathways, we speculate that this is certainly one plausible mechanism 

to achieve the GroEL2-mediated immune modulation. In light of our findings, it is 

tempting to speculate that the cleaved form of GroEL2(cl) actively suppresses DC 
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functions. We are very intrigued by the possibility that cleaved GroEL2 acts directly to 

interfere with and inhibit the host immune response. To elucidate this question, we 

propose competition experiments using purified full-length and cleaved GroEL2. We 

plan to investigate the inflammatory responses after stimulation with various molar ratios 

of GroEL2 and GroEL2(cl) in combination. If the function of cleaved GroEL2 is to 

inhibit immune activation, we expect to observe a decrease in full-length GroEL2-

induced cytokine levels in the presence of GroEL2(cl). Similarly, we expect that addition 

of recombinant purified GroEL2(cl) to hip1 mutant cultures during infection would 

alleviate the hip1 mutant hyperinflammatory phenotype.  

 

Several groups have characterized full-length GroEL2 as a potential TLR ligand, thereby 

leaving the function of GroEL2(cl) undefined [93]. Specifically, several studies have 

demonstrated partial TLR2- and TLR4-dependent activation of macrophages by full-

length GroEL2 [90]. Besides GroEL2, another M. tuberculosis chaperone-like protein, 

DnaK has immunomodulatory functions and is known to bind TLR2, TLR4 and CD40. 

Curiously, endogenous M. tuberculosis DnaK does not stimulate IL-12 production when 

exposed to the THP1 monocyte line, but the C-terminal domain of the protein does, 

suggesting that some form of proteolysis is required to generate cytokine production [51]. 

Therefore, in light of these findings, it is possible that GroEL2 engages TLR receptors in 

vivo. In our own studies, we have shown that Hip1 modulates macrophage and DC 

responses via TLR2- and inflammasome-dependent pathways. Most recently, our 

published and unpublished data suggest that both GroEL2 and GroEL2(cl) stimulate 

cytokine production from macrophages in a partially TLR2-dependent manner. Therefore, 
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in light of our previous findings, it is certainly an attractive hypothesis that TLR2 is the 

host receptor recognizing the M. tuberculosis GroEL2 protein. We are actively 

investigating this line of inquiry as well as the likelihood of direct binding between 

GroEL2 and host receptors. In these efforts, we are using various TLR knockout cell lines 

as well as cell lines stably transfected with a single TLR receptor to look for evidence of 

direct binding. Yet another alternative possibility is that GroEL2 engages some 

unidentified receptor on host cells. This is an interesting avenue that we are also 

exploring. 

 

However tempting this hypothesis of TLR-GroEL2 interaction, we realize that interaction 

between GroEL2 and TLR2 would be highly unusual, given that the canonical TLR2 

ligands in M. tuberculosis and other bacterial pathogens are lipoproteins [137]. Keeping 

this in mind, we envision other likely scenarios about the molecular basis for 

immunomodulation via GroEL2. In the absence of evidence for direct interaction 

between GroEL2 and TLR receptors, it is plausible that GroEL2 contributes to TLR 

signaling indirectly. In this context, it is possible that GroEL2 acts in a chaperoning 

capacity to facilitate the physical association of other true TLR ligands with their TLR 

receptor [138]. It is especially intriguing to view this possibility within the context of our 

prior knowledge about the major structural differences between GroEL2 and GroEL2(cl). 

Our previously published data demonstrates that, at steady state, full-length GroEL2 is a 

multimer. Curiously, Hip1 proteolysis of this multimer protein promotes its conversion to 

a monomer, leading to release of cleaved monomeric GroEL2 from M. tuberculosis. 

These major structural differences likely reflect substantial functional differences. 
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Specifically, the binding partners of GroEL2 and GroEL2(cl) are likely to be different 

[139]. In this context, we propose that the cleaved form of GroEL2 but not full-length 

could be shuttling host ligands, which possess immunomodulatory capacity during 

infection.  

   

It is also possible that each form of the GroEL2 protein could have intrinsic differences in 

their stimulatory capacities as true ligands for host receptors. Rather than at the sequence 

level, these differences could be mediated at the protein level, by posttranslational 

modifications such as methylation or glycosylation. In line with this hypothesis are 

several studies on posttranslational alterations with substantial impact on functionality. 

For example, the M. tuberculosis cell wall-associated phenolic glycolipids, characteristic 

of the hypervirulent Beijing strains, were recently demonstrated to have a TLR2-

dependent cytokine inhibition profile determined by the methylation pattern on the 

glycan part of the structure [140].  

 

Another hypothesis is differential availability of each form of GroEL2 during the course 

of infection. Based on the optimal pH range that we determined for cleavage of GroEL2 

in vitro (pH 5.65 to 7.39) (Chapter 2), we speculate that GroEL2 cleavage occurs upon 

contact with the macrophage cell surface (pH ~7.0) and continues within the phagosome 

compartment (pH ~ 6.3) but is unlikely to occur within the acidic environment of the 

lysosome (pH ~ 4.5-5.0). Thus, proteolysis of GroEL2 by Hip1 likely allows for both 

temporal and spatial regulation of the availability of GroEL2 within the physiological 

space. During infection, under the right conditions, GroEL2(cl) is released from M. 
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tuberculosis and finds itself perfectly positioned to interact with targets within the host 

environment. A plausible scenario includes interaction between GroEL2 and host 

intracellular receptors, as well as cell surface-associated receptors, resulting in 

stimulation of host signaling pathways. Various published reports have provided 

evidence for this phenomenon by other M. tuberculosis-derived factors. For example, M. 

tuberculosis CpG DNA, muramyl dipeptide, lipoproteins, phosphatidylinositol 

mannoside, and ESAT-6 are readily recognized by both cytosolic and cell surface host 

receptors [30,57]. Therefore, it is likely that Hip1-dependent regulation of GroEL2 

availability is one way to rapidly fine-tune host immunity during tuberculosis infection. 

 

In summary, we have shown that DC maturation and functions are modulated via 

proteolysis of M. tuberculosis GroEL2, highlighting the importance of cleaved GroEL2 

in the context of infection. Importantly, our findings underscore the underappreciated and 

understudied immunomodulatory role of the biologically relevant cleaved form of 

GroEL2. Our studies suggest that the presence of GroEL2(cl) during M. tuberculosis 

infection promotes manipulation of the immune response exemplified by compromised 

DC maturation, cytokine production and antigen presentation. Overall, these data 

implicate GroEL2 in immune evasion and position it as an immunomodulatory 

component with potential use in tuberculosis vaccine design. 
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Material and Methods 

 

Cloning of recombinant proteins for expression in E.coli 

M. tuberculosis groEL2 was cloned into pACYCDuet-1 (Merck Millipore, Darmstadt, 

Germany) via the restriction sites EcoRI and KpnI using the In Fusion cloning system 

following the manufacturer’s protocol. M. tuberculosis groEL2 was amplified using the 

primers 5’-GCCAGGATCCGAATTCGATGGCCAAGACAATTGCGTACGAC-3’ and 

5’-TTACCAGACTCGAGGGTACCGAAATCCATGCCACCCATGTCGCC-3’, 

yielding a construct bearing an in-frame N-terminal 6XHis-tag and a C-terminal S-tag, 

yielding pACYCDuet-1 GroEL2. M. tuberculosis groEL2(cl) was amplified using the 

primers 5’-x-3’ and 5’-

TTACCAGACTCGAGGGTACCGAAATCCATGCCACCCATGTCGCC-3’, yielding a 

construct bearing an in-frame N-terminal 6XHis-tag and a C-terminal S-tag, yielding 

pACYCDuet-1 GroEL2(cl).  

 

Expression recombinant protein GroEL2 and GroEL2(cl) in E. coli 

The plasmids, pACYCDuet-1 GroEL2 and pACYCDuet-1 GroEL2(cl) were separately 

transformed into E. coli BL21 Star (DE3) (Invitrogen, Carlsbad, CA) for protein 

expression. LB broth (1L) containing 34 µg/mL chloramphenicol was inoculated with 5 

mL of overnight culture and incubated at 37ºC to an OD600 of 0.6 to 0.8. The cells were 

cooled to room temperature for 15-30 minutes after which 1 mM IPTG was added and 

the cells were incubated overnight at 28°C.  The cells were then centrifuged at 10,000 

rpm for 1 hour.  
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Preparation of recombinant GroEL2 and GroEL2(cl)  

GroEL2 and GroEL2(cl) (minus the first 12 amino acids), each bearing an in-frame N-

terminal 6XHis-tag were expressed in E.coli BL21 star (DE3). The cell pellet containing 

GroEL2 or GroEL2(cl) was resuspended in binding buffer (20 mM Tris-HCl, 500 mM 

NaCl, 5 mM Imidazole, pH 7.9, 200 µg/ml lysozyme, 1.8 µg/µl DNase) plus protease 

inhibitor cocktail (Santa Cruz Biotechnology, Dallas, TX), sonicated and centrifuged at 

16, 000 x g for 90 min to remove cellular debris and clarify. The soluble fraction was 

added to Ni2+- charged beads in a gravity column. The cell lysate in the gravity column 

was first washed with wash buffer 1 (20 mM Tris-HCl, 500 mM NaCl, 60 mM imidazole, 

pH 7.9) and then wash buffer 2 (10 mM Tris-HCl) to remove residual salts from the 

column. To remove endotoxin, the cell lysate was washed with 0.5% ASB-14 (Millipore, 

Billerica, MA) in 10 mM Tris-HCl. Finally, the lysate was washed with 10 mM Tris-HCl 

to remove any excess detergent. The protein was eluted with 1M imidazole in 10 mM 

Tris-HCl and dialyzed overnight in 1× PBS buffer. The protein was further purified by 

size exclusion chromatography on GE Superdex 75 10/300 GL column. The purified 

protein was then concentrated. The endotoxin levels for each protein were <10 ng-1 ml-1 

mg-1 as determined using LAL Chromogenic endotoxin quantitation kit (Thermo 

Scientific, Rockford, IL).  

Proteins were subjected to SDS-PAGE and visualized as a single band by staining with 

0.05% Coomassie blue R-250. The concentrations of purified proteins were determined 

by Bradford method using bovine serum albumin (BSA) as the standard.  

 

Bacterial strains and media 
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M. tuberculosis H37Rv, the hip1 mutant strain (described previously) [80,81] and M. 

tuberculosis strain expressing GroEL2(cl) were grown at 37°C in Middlebrook 7H9 broth 

or 7H10 supplemented with 10% oleic acid-albumin-dextrose-catalase (OADC) (Becton 

Dickinson, Franklin Lakes, NJ), 0.02 % glycerol, and 0.05% Tween 80 (for broth), with 

the addition of 25 µg/ml kan  (Sigma-Aldrich, St. Louis, MO) for the hip1 mutant, and, 

for complemented strains, 10 µg/ml streptomycin (Sigma-Aldrich, St. Louis, MO) or 50 

µg/ml hygromycin (Roche Diagnostics, Indianapolis, IN) was added. 

 

Construction of mycobacterial plasmids and strains 

Secreted GroEL2(cl)-myc: To express the cleaved form of GroEL2, GroEL2 (cl), the 

groEL2 gene (minus the first 13 amino acids) was amplified from the M. tuberculosis 

genome using forward primer 5’-

ACGCAGCTGGGCCTCGAGCGGGGCTTGAACGCC-3’ and reverse primer 5’-

AGTAAGCTTTCACAGATCTTCTTCAGAAATAAGTTTTTGTTCGAAATCCATGC

CACC-3’ and cloned into the PvuII and HindIII sites of pMV762, downstream of the 

predicted N-terminal signal sequence from M. tuberculosis antigen 85 complex B NH2- 

MTDVSRKIRAWGRRLMIGTAAAVVLPGLVGLAGGAATAGA-OH and an in-frame 

C-terminal Myc tag. 

 

Mice 

All mice were housed under specific pathogen-free conditions in filter- top cages within 

the vivarium at the Yerkes National Primate Center, Emory University, and provided 

with sterile water and food ad libitum. C57BL/6 mice were purchased from The Jackson 
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Laboratory. OTII-transgenic (Tg) mice specific for OVA323–339 peptide originally 

generated in the laboratory of Dr. F. Carbone (University of Melbourne, Melbourne, VIC, 

Australia) were bred at the Yerkes animal facility. 

 

Dendritic cells and cytokine assays 

For generating murine bone marrow–derived DCs (BMDCs), bone mar- row cells from 

C57BL/6 mice were grown in RPMI 1640 medium (Lonza, Walkersville, MD) with 10% 

heat-inactivated FBS (HyClone, Logan, UT), 2 mM glutamine, 13 2-ME, 10 mM 

HEPES, 1 mM sodium pyruvate, 13 nonessential amino acids, and 20 ng/ml murine 

recombinant GM-CSF (R&D Systems, Minneapolis, MN). Incubations were carried out 

at 37 ̊C with 5% CO2. Fresh medium with GM-CSF was added on days 3 and 6, and cells 

were used on day 7 for all experiments. We routinely obtained ∼75% CD11c+ CD11b+ 

cell purity by flow cytometry. BMDCs were further purified by using magnetic beads 

coupled to CD11c+ mAb and passed through an AutoMACS column as per the 

manufacturer’s instructions, where indicated (Miltenyi Biotec, Auburn, CA). For all 

experiments, cells were maintained throughout in medium containing GM-CSF. For 

infection, BMDCs were plated onto 24-well plates (3x105 per well). Bacteria were 

filtered through 5 micron filters, resuspended in complete medium containing 20 ng/ml 

GM-CSF, and sonicated twice for 5 s each before addition to the adherent monolayers. 

Each bacterial strain was used for infection (in duplicate or triplicate) at a multiplicity of 

infection (MOI) of 5 or as indicated. Infection of BMDCs was carried out for 4 h, after 

which monolayers were washed four times with PBS before replacing with RPMI 1640 

medium containing 20 ng/ml GM-CSF. To determine intracellular CFU, one set of DCs 
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was lysed in PBS containing 0.5% Triton X-100 and plated on 7H10 agar plates 

containing the appropriate antibiotics. Alternatively, BMDCs were infected with heat-

killed M. tuberculosis at an MOI of 5 or as indicated in RPMI medium containing 20 

ng/ml GM- CSF. Cell-free supernatants from DC monolayers were isolated at indicated 

points and assayed for cytokines by ELISA using Duo Set kits for IL-12p40, IL-6, and 

IL-10 (BD Biosciences, San Jose, CA). Assays were carried out according to the 

manufacturers’ instructions. Uninfected BMDCs were used as controls for each 

experiment. 

 

Antigen-specific CD4+ T cell antigen presentation assay 

CD4+ T cells were purified from single-cell suspensions of spleen and lymph nodes from 

6–8 week old OTII-Tg mice using the CD4+ T cell isolation kit and AutoMACS column 

as per the manufacturer’s instructions (Miltenyi Biotec). BMDCs were incubated in 24-

well plates (3x105/well) with 10 mg/ml OVA323–339 peptide for 6 h, washed with PBS, 

and infected with GroEL2, GroEL2(cl) or medium alone for 24 h. Infected DCs were 

washed twice with PBS and co-cultured with Ag-specific CD4+ T cells at a 1:4 ratio for 

72 h. Supernatants collected from these cells were analyzed for IFN-γ (Mabtech, 

Cincinnati, OH) and IL-2 (BD Biosciences) by ELISA according to the manufacturers’ 

instructions. 

 

Flow cytometry  

Murine anti-CD11c allophycocyanin (clone N418) and anti-CD11b FITC (clone M1/70) 

were obtained from BioLegend; anti-CD40 PE (clone 3//23), anti-CD86 PE (clone GL1), 
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and anti–MHC II PE (clone M5/ 114.15.2) were purchased from BD Biosciences. 

Staining for cell-surface markers was done by resuspending ∼1x106 cells in 200 ml PBS 

with 2% FBS containing the antibody mixture. Cells were incubated at 4 ̊C for 30 min 

and then washed with PBS containing 2% FBS. Data were immediately acquired using an 

LSR flow cytometer (BD Biosciences). Data were analyzed with FlowJo software (Tree 

Star, San Carlos, CA). 

 

Statistical analysis 

The statistical significance of data was analyzed using the Student’s unpaired t-test 

(GraphPad Prism 5.0a). Data are shown as mean ±S.D. of one representative experiment 

from three independent experiments. 
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Figure 1. Differential stimulation of proinflammatory cytokine production from dendritic 

cells by GroEL2 and GroEL2(cl). Production of IL-6 and IL-12 by C57BL/6 bone 

marrow derived dendritic cells (BMDCs) 24 hours after stimulation with GroEL2 or 

GroEL2(cl). Data are shown as mean ±S.D. of one representative experiment from three 

independent experiments. *, P < 0.05; **, P < 0.01. 

	  

 

 

 

 

 

 

 

 

 

 

 

 



	   111	  

Figure 2. Enhanced surface expression of CD40 and CD86 in the presence of full-length 

GroEL2. C57BL/6 bone marrow-derived dendritic cells (BMDCs) were stimulated with 

GroEL2 or GroEL2(cl) for 24 hours and analyzed for cell surface expression of each 

surface marker. Data are shown as mean ±S.D. of one representative experiment from 

three independent experiments. *, P < 0.05; **, P < 0.01
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Figure 3. Proteolysis of GroEL2 modulates the antigen presentation capacity of dendritic 

cells. (A) Overview of the experimental setup. Bone marrow-derived dendritic cells 

(BMDCs) were pulsed with OVA323-339 peptide for 6 hours and then stimulated with 

either GroEL2 or GroEL2(cl) for 24 hours. Then, these DCs were co-cultured with 

antigen-specific TCR-Tg CD4+ T cells and assayed for antigen presentation by IL-2 and 

IFN-γ ELISA. (B) Cell-free supernatants were collected after 72 hours and assayed for 

IL-2 and IFN-γ by ELISA. Data are shown as mean ±S.D. of one representative 

experiment from three independent experiments. *, P < 0.05; **, P < 0.01. 
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Figure 4. Expression of secreted GroEL2(cl) in hip1 mutant restores wild type levels of 

proinflammatory cytokine responses in dendritic cells. Production of IL-6 and IL-12 by 

C57BL/6 bone marrow derived dendritic cells (BMDCs) 24 hours after infection with 

wild type, hip1 mutant, and hip1 mutant complemented with GroEL2(cl). Data are shown 

as mean ±S.D. of one representative experiment from three independent experiments.	  

*, P < 0.05; **, P < 0.01. 

 

 

 

 

 

 

 

 

 

 

 



	   115	  

Chapter 4 

Discussion 
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Mycobacterium tuberculosis is a highly infectious human pathogen that has evolved 

multiple strategies to evade host immune defenses and promote disease. Current efforts to 

combat tuberculosis disease include the development of new, more effective therapeutics 

and vaccines. Conceptually, these largely depend on a better understanding of the 

mechanisms driving M. tuberculosis evasion of host defenses and immune response 

modulation. Therefore, the last few years have seen a definite increase in efforts to gather 

insights about the mechanisms driving M. tuberculosis modulation of host immunity.  

 

The huge success of M. tuberculosis as a pathogen can be largely attributed to its ability 

to subvert host innate and adaptive immune responses. The introduction of this 

dissertation work reviewed some of the mechanisms employed by M. tuberculosis to 

evade host immunity. We specifically outlined the importance of M. tuberculosis-derived 

cell surface-associated and extracellularly released components in immune modulation. 

While a substantial body of published work demonstrates the involvement of these 

bacterial factors in pathogenesis, the molecular basis for their activity is largely unknown. 

 

In this dissertation work, we outlined our insights about the involvement of the M. 

tuberculosis protease Hip1 and one of its physiological substrates in immune modulation. 

In Chapter 2, we provided key mechanistic insight into the molecular and biochemical 

basis for Hip1 function. We showed that Hip1 is a serine protease with activity against 

protein and peptide substrates. Importantly, we also showed that the M. tuberculosis 

protein GroEL2 is a direct substrate of Hip1 protease activity. Further, we identified a 

specific serine protease inhibitor capable of inhibiting GroEL2 cleavage by Hip1. We 
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also showed that Hip1 cleaves GroEL2 within the N-terminus of the protein (Arg12 and 

Gly13), releasing a peptide fragment. Currently, specific cleavage site preferences of Hip1 

remain unclear. This is a question we propose to explore in our future investigations as it 

might provide valuable insight about the identity of additional Hip1 binding partners and 

substrates.  

 

Interestingly, our findings contributed a previously unappreciated outcome of GroEL2 

proteolysis.  Specifically, we showed that, at steady state, GroEL2 is a multimer, and 

Hip1 cleaves GroEL2 multimer to release GroEL2 monomer. Building upon these 

mechanistic insights, we subsequently discovered a role for GroEL2 in modulating the 

host macrophage response during infection with M. tuberculosis. Further, we report that 

GroEL2 also modulates the innate-adaptive axis at the DC-T cell interface.  In summary, 

our dissertation work identifies and provides insight on a novel and mechanistically 

intriguing approach to immune modulation by M. tuberculosis.  

 

It is important to place our findings in the broader context of bacterial pathogenesis and 

note that chaperone-like proteins from multiple pathogens have been shown to be 

important for virulence [119,141-143]. For instance, in Plasmodium falciparum, the heat 

shock protein 70 is thought to play an essential role in parasite survival and virulence 

inside the host. Interestingly, Hsp70 is being investigated as a target for designing 

potential anti-malarial drugs. Also, the Hsp60 protein from Histoplasma capsularum, the 

causative agent of histoplasmosis in humans, is an immunodominant antigen important 

for the adaptation to temperature stress. In Staphylococcus aureus (S. aureus), the heat 
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shock cognate protein 70 plays a role in the internalization mechanism of S. aureus, 

thereby promoting successful infection. Further, virulence of Enterococcus faecalis is 

linked to ClpB, a chaperone-like protein. Members of the Clp family of family of proteins 

have also been linked to the tight regulation of virulence genes in Listeria monocytogenes 

[119]. Overall, these findings underscore the increasingly appreciated role of chaperone-

like proteins as immunomodulatory bacterial effectors and their role in survival and 

virulence of multiple bacterial pathogens.  

 

In Mycobacterium tuberculosis, the findings that GroEL2 can rapidly modulate host 

immunity via cytokine production intriguingly lend promise to GroEL2 as a target in 

immunotherapeutic anti-tuberculosis vaccines. So far, one line of investigation pursued 

by some groups involves the use of full-length GroEL2 in a subunit vaccine which 

generated a strong proliferative T-cell response during infection [144]. In other efforts, a 

DNA vaccine expressing full-length GroEL2 was developed for delivery via the liposome 

route [145,146]. Intriguingly, the vaccine provided protection in mice, comparable to that 

granted by the BCG vaccine, demonstrating the potential use of GroEL2 in vaccine 

development [145]. Importantly, all of these studies involve use of the full-length 

GroEL2 protein and never the cleaved form of GroEL2. Our studies suggest that GroEL2 

cleaved is a yet unexplored, important, biologically relevant M. tuberculosis effector 

molecule, certainly worthy of investigation along the same lines. We are very interested 

in pursuing this line of investigation ourselves and very curious about our future findings. 

We propose to begin by teasing out and clarifying the biological role of the cleaved 

GroEL2 protein during infection in vivo, in the mouse model of infection. 
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Previously published data from our group showed that mice infected with the hip1 mutant 

of M. tuberculosis have enhanced innate and adaptive immune responses, and mild lung 

pathology with small and few granulomatous lesions, despite high bacterial burdens in 

their lungs [80]. Considering the importance of GroEL2 proteolysis in Hip1-driven 

immune modulation, we hypothesize that cleavage of GroEL2 is a key contributor to the 

pathogenic immune response in vivo. We propose to test this hypothesis by using the 

C57BL/6 mouse model of infection. We will utilize our previously obtained hip1 mutant 

complemented with GroEL2(cl) strain of M. tuberculosis along with reference wild type 

and hip1 mutant strains to investigate the effect of GroEL2 proteolysis on host immunity 

and pathogenesis. Deriving from our previous experience with M. tuberculosis infection 

in mice, we propose to perform our analysis at time points when disease severity and 

pathology between groups can be clearly compared. Furthermore, we propose to 

phenotypically and functionally characterize specific cell types comprising the innate and 

adaptive immune responses to wild type, hip1 mutant and complemented strains in mice.  

 

While GroEL2 is an important component of the function of Hip1, it is unlikely to be the 

only substrate of Hip1 activity. As outlined in Chapter 1, the scope of Hip1 activity is 

quite broad as evidenced by the varied phenotypes of the hip1 mutant M. tuberculosis 

strain. While we are interested in investigating a possible involvement of GroEL2 in 

these phenotypes, we also envision that other, yet unidentified, Hip1 substrates may play 

contributing roles. Furthermore, given the close association between the Rv2223c and 

Hip1 proteases (unpublished data, Erica Bizzell, Jyothi Rengarajan), another likely 

possibility is that they share targets with important biological roles during infection. We 
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propose future studies to identify the larger landscape of Hip1 interacting partners and 

substrates via pull-down experiments as well as protein-protein association assays. 

Specifically, to pull down candidate targets of Hip1, we can utilize our already 

engineered M. tuberculosis strains over-expressing conveniently-tagged wild type Hip1 

and catalytically inactive Hip1(S228A). Alternatively, there is value in using purified 

recombinant Hip1 and Hip1(S228A) as “baits” to capture substrates from M. tuberculosis 

cultures. Yet another screen we have successfully applied before and can use in these 

investigations is based on protein-protein associations. This Mycobacteria-specific 

protein fragment complementation assay allows us to identify candidate targets in a 

physiological setting, using the model organism Mycobacterium smegmatis. We believe a 

combination of such efforts will provide insight into other Hip1 binding partners and 

targets and can also be applied to investigations of Rv2223c to help us understand the 

interplay between these two important M. tuberculosis proteases. Moreover, given its cell 

envelope localization, it is possible that Hip1 may in fact cleave host-derived substrates. 

To explore such interactions, we can use similar biochemical approaches in infected 

macrophages to attempt to pull down bound host proteins.  

 

While this dissertation work presents focused findings about Hip1 and its substrate 

GroEL2, it is also suggestive of the importance of the extracellular M. tuberculosis 

protease Rv2223c. Because Hip1 and Rv2223c (52% seq ID) are part of a putative 

operon, it is likely they experience similar regulatory mechanisms governing their 

expression during M. tuberculosis growth. In addition, both Hip1 and Rv2223c are α/β 

hydrolase family members and show similarity to the TPP B (SlpD) and TPP C (SlpE) 
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proteases from Streptomyces lividans. Interestingly, our preliminary data suggests that 

Hip1 and Rv2223c share substrates and may work in conjunction to regulate pathogenesis 

(unpublished data, Erica Bizzell, Jyothi Rengarajan). Therefore, Rv2223 might share 

Hip1 functions during infection as well as act independently to promote virulence. 

Interestingly, because Rv2223c is secreted extracellularly from M. tuberculosis, it would 

be perfectly positioned to target both M. tuberculosis-derived factors and host substrates 

to promote pathogenesis via its proteolytic activity. We are actively investigating the role 

of the extracellularly secreted Rv2223c and the interplay between Hip1 and Rv2223c 

during infection.   

 

Importantly, our studies have relevance for efforts to improve treatment options for 

complex infectious diseases such as tuberculosis. Specifically, our findings lend 

credibility to a strategy involving inhibition of Hip1 as part of adjunctive immunotherapy 

to tuberculosis. 

 

The current treatment of tuberculosis consists of an extremely lengthy and arduous 

chemotherapy regimen. This standard treatment has remained essentially unchanged for 

decades in the absence of any breakthroughs that could allow decreasing either the 

duration or the number of administered antibiotics. Patients are prescribed a cocktail of 

four anti-tuberculosis drugs for six to nine months and even confined if considered highly 

infectious. Because these drugs have very unpleasant and intolerable side effects, 

interrupted treatment is very common, frequently leading to the development of multi-

drug resistance. At this stage, even fewer treatment options are available and the 
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roadblock to successful resolution is even more challenging to overcome. These 

unfavorable outcomes are largely attributed to the ability of M. tuberculosis to persist 

within the host even in the presence of bactericidal / bacteriostatic stress.  

 

For these reasons, there is urgent need for the development of shorter, more efficacious 

treatment regimens. Adjunctive therapies administered in conjunction with existing 

antibiotics are an attractive approach to shortening treatment duration. Such therapies 

have the potential to accelerate both clearance of M. tuberculosis bacilli and sterilization.  

In their application, adjunctive therapies may consist of host-directed therapies to target 

specific cellular pathways required for M. tuberculosis survival as well as therapies that 

target disease-promoting pathogen-specific factors. Overall, we see huge promise in a 

strategy that involves manipulation of host immunity to provide more favorable in vivo 

immune milieu for antimicrobial agents, thereby leading to increased bacterial clearance 

after anti-tuberculosis treatment. We propose a conceptually novel approach to 

tuberculosis treatment - inhibition of the immunomodulatory M. tuberculosis Hip1 

protease as a way to enhance treatment response and improve anti-tuberculosis 

chemotherapy.   

 

In pursuing this hypothesis, we want to establish the characteristics of the Hip1 three-

dimensional structure, as it will provide crucial information about the design of small 

molecule inhibitors. We pursued this goal in close collaboration with Dr. Petsko and Dr. 

Ringe at Brandeis University, and we are very excited about a recent momentous 

breakthrough in these efforts. The Ringe and Petsko groups have crystallized the protein 
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and determined its three-dimensional structure (unpublished data, manuscript in 

preparation). The Hip1 structure is consistent with our previous predictions (outlined in 

Chapter 1), but also reveals several intriguing features suggesting that Hip1 constitutes a 

novel, yet uncharacterized family of enzymes. This key achievement constitutes a huge 

stride on our way to develop candidate Hip1 inhibitors. Our recent insights about Hip1 

and its physiological substrate make such efforts possible and provide a focused 

experimental framework for their execution. Specifically, we envision that an inhibitor 

screen based on readout of GroEL2 proteolysis is prone to identify and select for the most 

promising candidates, these most likely to be successful during infection. In our efforts, 

we do not commit to the above avenue only, as other more general approaches involving 

the use of synthetic substrates hold considerable merit as well.   

 

In order to assess the effect of Hip1 inhibition during anti-tuberculosis therapy, we 

propose to use the mouse model of infection with M. tuberculosis. To model the 

therapeutic situation in which adjunctive immune therapy is administered in conjunction 

with antibiotic therapy, we propose the following strategy. We propose to infect C57BL/6 

mice and inhibit Hip1 activity at both acute and chronic stages of infection in an effort to 

mimic various aspects of human tuberculosis infection. In this setting, we will primarily 

monitor clearance rates of bacteria from lungs and spleens of mice and compare these 

across all experimental and control groups. However, we are also interested in and 

invested in pursuing more detailed analysis of the phenotypic and functional features of 

host immunity (both innate and adaptive) in response to infection with M. tuberculosis 

lacking Hip1 activity. 
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In addition to these inhibitor-oriented studies, we also envision deletion of hip1 in BCG 

has potential to improve BCG vaccine efficacy. So far, the majority of efforts directed to 

improving the existing BCG vaccine have focused on engineering BCG to express 

immunodominant M. tuberculosis antigens, while very few studies have taken the 

opposite approach of deletion of specific genes in BCG. Our insights on the activity of 

the immunomodulatory protease Hip1 provide the basis for a novel concept to augment 

innate and adaptive immunity to M. tuberculosis by deletion of a key immune evasion 

gene. 

 

In the tuberculosis field, the full range of mechanisms and strategies employed by M. 

tuberculosis to evade and subvert host immunity is a significant area of interest. Many 

groups, including ours, have approached this question via genome-wide studies. In most 

cases, the outcome of such studies is invaluably enhanced by more focused follow-up 

investigations centered on specific bacterial mutants and bacterial effectors. By following 

this sequence of efforts, our group is now providing highly important and invaluable 

insight into how M. tuberculosis modulates host immunity, thereby also informing the 

design of more efficacious vaccines and immunotherapies for tuberculosis.  
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