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Mycobacterium tuberculosis, the causative agent of tuberculosis, is one of the most 

successful human pathogens. One reason for its success is that M. tuberculosis can 

reside within host macrophages, a cell type that normally functions to phagocytose and 

destroy infectious bacteria. However, M. tuberculosis is able to evade macrophage 

defenses in order to survive for prolonged periods of time. Many intracellular pathogens 

secret virulence factors targeting host membranes and organelles to remodel their 

intracellular environmental niche. I hypothesized that M. tuberculosis secreted proteins 

that target host membranes are vital for M. tuberculosis to adapt to and manipulate the 

host environment for survival. Thus, I characterized nearly 200 secreted proteins from M. 
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tuberculosis for their ability to associate with eukaryotic membranes using a live-dead, 

temperature sensitive yeast screen and to manipulate host trafficking pathways using a 

modified inducible secretion screen. I identified five M. tuberculosis secreted proteins that 

both associated with eukaryotic membranes and altered the host secretory pathway. One 

of these secreted proteins, Mpt64, localized to the endoplasmic reticulum during M. 

tuberculosis infection of murine and human macrophages and impaired the unfolded 

protein response in macrophages. These data highlight the importance of secreted 

proteins in M. tuberculosis pathogenesis and provide a basis for further investigation into 

their molecular mechanisms.  
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CHAPTER ONE 
Introduction and Review of the Literature 

 
 

Mycobacterium tuberculosis 

 

Tuberculosis caused by Mycobacterium tuberculosis (Mtb) is a persistent, global 

epidemic. While the number of deaths due to Mtb fell below 2 million in 2015, there were 

over 9 million new cases [1] and the incidence of multidrug-resistant Mtb is increasing [1], 

highlighting the need for new anti-tuberculosis therapies. In addition, the only currently 

available vaccine, Mycobacterium bovis Bacille-Calmette-Guérin (BCG), is ineffective in 

preventing pulmonary tuberculosis infection [2]. Thus, understanding the intracellular 

survival mechanisms employed by Mtb is vital to developing new anti-tuberculosis 

treatments and vaccines.  

 Mtb is spread through the inhalation of aerosolized droplets that are released in to 

the air when an infected individual coughs or sneezes [3]. The bacteria are ingested by 

resident alveolar macrophages that recognize specific pathogen associated molecular 

patterns (PAMPs) [4, 5]. Following phagocytosis of mycobacteria, infected macrophages 

release pro-inflammatory cytokines that recruit additional immune cells to the lung, 

including neutrophils, naïve monocytes, and dendritic cells (DCs). DCs that have ingested 

Mtb leave the lung and migrate to regional lymph nodes, where they drive induction of the 

adaptive immune response [4]. Therefore, the ability to manipulate the host response to 

infection is vital to Mtb survival.  
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Intracellular survival of M. tuberculosis 

 

Macrophages, phagocytic innate immune cells that are generally competent for bacterial 

killing, represent the primary intracellular niche for Mtb. Some of the antimicrobial 

mechanisms utilized by macrophages include acidification of the phagosome, production 

of reactive oxygen and nitrogen species, fusion of lysosomes to bacteria containing 

phagosomes and autophagy [6-9]. However, despite these robust defenses, Mtb survives 

inside macrophages during its infectious life cycle.  To facilitate its survival Mtb has 

evolved to resist macrophage defenses, either by directly protecting the bacterial cell from 

damage [10-12] or by modulating the macrophage’s ability to shuttle the bacteria through 

the traditional phagolysosome maturation process [13]. In that way, Mtb prevents its 

intracellular compartment from acidifying [14] and fusing [15] with the destructive 

lysosome (Figure 1). Genetic studies have identified several Mtb proteins important for 

remodeling host membrane trafficking [16-18]. For example, Mtb Rv3310 encodes SapM, 

a secreted acid phosphatase [19] that converts phosphatidylinositol 3-phosphate (PI3P) 

to phosphatidylinositol. Loss of PI3P from the phagosome membrane is sufficient to 

prevent fusion of phagosomes with late endosomes [20, 21]. Importantly, many genes 

reported to be important for Mtb survival inside macrophages remain uncharacterized [16, 

17, 22] and the manipulation of the host cell by Mtb remains poorly understood.  

 

Secretion systems of other bacterial pathogens are required for survival 
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The problem of intracellular survival faced by Mtb is also shared by other bacterial 

pathogens, and many of these organisms utilize specialized secretion systems to deliver 

molecules into the host cell to establish a unique intracellular niche [23]. For example, 

some Gram-negative pathogens with both extracellular and intracellular life cycles use 

needle-like machines encoded by Type III Secretion Systems (TTSS) that span the 

bacterial and host cell membranes to inject protein cargo into the host [24-27]. Another 

specialized secretion machine called a Type IV Secretion System is found in Gram-

positive and Gram-negative bacteria and can used by many human and plant pathogens 

such as Legionella pneumophila, Coxiella burnetii and Agrobacterium tumefaciens to 

transport effector proteins that promote bacterial survival [28, 29]. Finally, Mtb encodes 

multiple Type VII secretion systems, discussed below, that are important in pathogenesis 

[30-32]. However, the identity and functions of the Type VII dependent secreted proteins 

remain poorly characterized. Despite structural differences, a common theme is that 

these elaborate secretion systems aid in pathogenesis by delivering virulence proteins 

called “effectors” to the host cell.  

Effectors are proteins that promote bacterial survival by manipulating vital cellular 

processes including signal transduction, vesicular trafficking and the cytoskeleton [33-

35]. Like the secretion systems themselves, the repertoire of effectors expressed by each 

pathogen can differ, adapted specifically for each unique life cycle. However, major 

common characteristics of effectors include that they are targeted to host membranes 

and interact with membrane-associated proteins (Figure 1). Furthermore, some effectors 

can also function by directly modifying membranes. A common target of bacterial 

pathogens is PI3P which is required for the progression of early endosomes to late 
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endosomes and eventually lysosomes [36]. Thus, effector proteins such as VipD and 

SidP from L. pneumophila respectively hydrolyze [37] or dephosphorylate [38] PI3P on 

endosomes to avoid degradation of the bacteria by the lysosome. Interestingly, the PI3 

kinase OpiA from Francisella tularensis enriches PI3P on late endosomes to facilitate 

escape to the cytosol [39]. Similarly, the PM is a common target for bacterial effectors 

from both plant and animal pathogens. Myristoylation of HopZ4 from Pseudomonas 

syringae localizes it to the PM where it inhibits the proteasome and influences the 

secretory pathway [40], whereas the phospholipase ExoU from Pseudomonas 

aeruginosa uses PM-specific PIPs to for localization [41]. Furthermore, PIPs in the PM 

are enzymatic substrates of bacterial proteins to promote invasion such as IpgD from 

Shigella flexneri that hydrolyzes phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) to 

phosphatidylinositol 5-monophosphate (PI5P) leading to membrane blebbing and 

bacterial uptake into host cells [42].  

Many effectors are localized to pathogen-specific vacuolar compartments. For 

example, SifA from Salmonella enterica serovar Typhimurium (S. Typhimurium) is 

prenylated inside the host cell and localizes to the Salmonella containing vacuole (SCV) 

[43]. SifA interacts with SifA kinesin interacting protein (SKIP) to recruit lysosomes to 

maintain SCV membrane integrity and its membrane interaction is vital to Salmonella 

pathogenicity [43, 44]. The Legionella pneumophila Type IV secreted effector SidM is 

anchored to the Legionella containing vacuole and disrupts host vesicle trafficking by 

sequestering and modifying Rab1 [45].  

Organelles central to secretory and signaling events such as the Golgi apparatus, 

ER and mitochondria are often target of effector localization and activity. The S. flexneri 



5 

 

effectors IpaB and IpaJ use distinct mechanisms to disrupt the Golgi network to inhibit 

recycling and secretion of protein cargo [46, 47]. Similarly, the enterohemorrhagic 

Escherichia coli (EHEC) effectors NleA and EspG target the Golgi to inhibit vesicular 

trafficking [48, 49]. Mitochondrial localization of effectors is more rare, but the 

enteropathogenic Escherichia coli protein Map disrupts mitochondrial membrane 

potential [50]. Finally, the vacuoles of intracellular pathogens are trafficked to specific 

localizations such as near the Trans-Golgi network for the SCV and Chlamydia inclusion 

or require membranes from the ER such as L. pneumophila and Brucella abortus [51]. 

Not surprisingly, these processes are carried out by bacterial effector proteins [52-54]. 

Thus, both host membranes themselves and membrane-dependent processes represent 

valuable targets for bacterial effectors [33, 35, 55] as was recently shown for a variety of 

bacterial pathogens [56].  
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Figure 1. Interaction of bacterial pathogens with the host endomembrane system. 
Bacteria can induce invasion of non-phagocytic cells by modulating membrane ruffling 
and actin dynamics. Intracellular bacterial pathogens must avoid fusion of their 
compartments with the lysosome, either by modification of that vacuole as employed by 
M. tuberculosis, S. Typhimurium and L. pneumophila, or escape to the cytosol like S. 
flexneri. Bacteria that have damaged the vacuole or entered the cytoplasm must avoid 
detection by autophagy. Finally, bacteria maintain their vacuoles by manipulating 
intracellular trafficking among the ER, Golgi and endosomes. SCV, Salmonella containing 
vacuole; LCV, Legionella containing vacuole; ER, endoplasmic reticulum; PMA, 
phagosome maturation arrest.  
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M. tuberculosis secretion systems and substrates 

 

The virulence functions of most Mtb secreted proteins are poorly understood. Although 

Mtb does not encode a TTSS, it does contain the conserved general secretion systems 

Sec and Tat [57], an accessory SecA2 system [58], as well as multiple Type VII (also 

called ESX) secretion systems [31]. The ESX-1 system is required for Mtb virulence in 

macrophages and mouse models of infection [30] through modulation of immune 

functions such as induction of Type I interferon via the secreted effectors ESAT-6 (EsxA) 

and CFP-10 (EsxB) [59, 60]. In contrast, the functions of other Esx-1 substrates such as 

EspA, EspB, EspC, PE35, and PPE68 are not well understood [31]. The ESX-3 system 

is required for iron acquisition and is essential for growth in vitro [61]. However, ESX-3 

also secretes iron-independent virulence proteins [62]. For example, EsxH interacts with 

a component of the host endosomal sorting complex required for transport (ESCRT) 

machinery, leading to decreased co-localization of Mtb with lysosomes [63] and inhibition 

of antigen presentation in infected macrophages [64]. In addition, ESX-5 is required for 

the secretion of a majority of the PE/PPE family of proteins [65, 66] and disruption of the 

ESX-5 secretion system [67] or PPE10 [68] leads to attenuation of Mtb virulence in vivo. 

PE/PPE proteins are named for conserved Proline-Glutamate (PE) or Proline-Proline-

Glutamate (PPE) N-terminal motifs and the genes encoding this family of proteins 

comprise 7% of the coding capacity of Mtb [69]. The vast genetic space donated to 

PE/PPE genes originally caused speculation that the proteins participated in 

immunomodulation through antigenic variation, which is still controversial [69, 70]. 

However, a subset of PE/PPE proteins are known to be important for full virulence of Mtb 
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[71, 72]. Finally, the SecA2 system is also required for Mtb growth in macrophages, 

possibly by dampening the host immune response [73]. Substrates of the accessory 

SecA2 system such as the protein kinase PknG and the esterase LipO are also important 

for Mtb virulence by contributing to phagosome maturation arrest (PMA) [16, 21, 74, 75]. 

Although there is still much to uncover, it is clear that the survival of Mtb relies heavily on 

its section systems, and therefore the secreted protein substrates.  

 

Summary of results 

 

Because membrane processes are high value targets of many bacterial effectors [56, 76], 

and Mtb has a large repertoire of secreted proteins of unknown function [77-81], I 

hypothesized that some of the Mtb secreted proteins are membrane-binding effectors 

with virulence activities. To test my hypothesis, I generated a library of 200 secreted 

proteins from Mtb, tested whether they individually bound yeast membranes in a life or 

death assay, and characterized their ability to alter host protein secretion in an inducible 

secretion assay. I also determined the subcellular localization of membrane-binding 

proteins using fluorescence microscopy. By combining data from the cell biological 

screens, I identified five Mtb secreted proteins that localized to eukaryotic membranes 

and disrupted the host secretory pathway in a model system. One protein, Mpt64 

(Rv1980c), localized to the ER during both heterologous expression in HeLa cells and 

Mtb infection of macrophages. Though Mpt64 is a Sec substrate, its access to the 

macrophage cytoplasm was dependent on the ESX-1 secretion system. Although Mpt64 

was not required for virulence of Mtb in either a macrophage or murine model of infection, 
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Mpt64 alone was sufficient to partially inhibit the UPR suggesting a possible role for Mpt64 

in regulating the macrophage response to infection. 
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CHAPTER TWO 
Methodology 

 
MATERIALS AND METHODS 

 
 

Antibodies 

To generate an antibody against native Mpt64, two rabbits were immunized with 

recombinant 6xHIS-tagged Mpt64ΔSP purified from E. coli in incomplete Freund’s 

adjuvant (Pacific Biosciences).  The polyclonal rabbit antibody to Antigen 85 (NR-13800) 

and mouse anti-GroEL2 CS-44 (NR-13813) are from BEI Resources. Chicken (ab94935), 

mouse (ab22683) and rabbit (ab2907) anti-calreticulin were purchased from Abcam and 

anti-GM130 (610822) was purchased from BD Biosciences. Mouse anti-Tom20 F-10 (sc-

17764), Na+/K+-ATPase β1 Antibody M17-P5-F11 (sc-58627) and anti-β-Actin C4 (sc-

47778) were purchased from Santa Cruz. Rabbit anti-Ras (3965S) and rabbit anti-

glucose-6-phosphate dehydrogenase (G6PDH, A9521) were purchased from Cell 

Signaling Technology and Sigma, respectively. Mouse anti-PMP70 CL2524 (MA5-

31368), anti-CHOP 9C8 (MA1-250) and horse radish peroxidase (HRP)-conjugated 

secondary antibodies were purchased from Thermo Scientific. Alexa fluor-conjugated 

secondary antibodies were from Life Technologies.  

 

Molecular Biology 

Unless otherwise stated, all Mtb proteins were cloned from the BEI resources Gateway 

Mtb ORF library using Gateway cloning technology (Life Technologies). The Mpt64 
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truncation mutants were PCR amplified (Table 1) and cloned into pENTR (Life 

Technologies) prior to cloning into subsequent destination vectors.  

 

Bacterial Strains and Growth Conditions 

M. tuberculosis Erdman and mutants were grown in Middlebrook 7H9 broth or on 

Middlebrook 7H11 agar (Difco) supplemented with 10% oleic acid-albumin-dextrose-

catalase (OADC, Remel). Liquid medium was also supplemented with 0.05% Tween 80.  

 

Yeast Strains and Growth Conditions 

The Saccharomyces cerevisiae strain INVSc1 (Invitrogen) was grown at 30°C in histidine 

drop out media (SD/-HIS) or agar plates (Clontech). The construction of cdc25ts was 

previously described [82]. cdc25ts was grown at 25°C in leucine drop out media or agar 

plates (SD/-LEU) (Clontech). Yeast knock out strains ΔFAB1, ΔLSB6 and ΔVPS34 are 

on the S. cerevisiae BY4741 background and were grown in YPD (Difco) prior to 

transformation. The tetracycline off strains (MSS4, PIK1 and STT4, Thermo Scientific) 

are on the genetic background of R1158 and were grown in YPD supplemented with 

300ug/mL G418 (Millipore, 345810) prior to transformation.  

 

Yeast Transformation 

Yeast strains were transformed using a lithium acetate (LiAc) protocol. Yeast were grown 

to high density overnight at the appropriate temperature, shaking. The cultures were 

diluted to an OD600=0.2 in 50mL YPD and allowed to reach mid-log phase. Cells were 

washed, resuspended in 0.1M LiAc and incubated 10 minutes at room temperature. The 
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sample DNA was mixed with an equal volume of pre-boiled Yeastmaker Carrier DNA 

(Clontech). To the DNA was added 100μL yeast and 500μL of a solution of LiAc+PEG 

(40% PEG w/v, 0.1M LiAc). This solution was incubated 30 minutes at 25°C (cdc25ts) or 

30°C with agitation every 10 minutes. DMSO was added and the cells were heat shocked 

at 42°C for 15 minutes. The cells were pelleted, washed in TE (10mM Tris, pH 7.4, 1mM 

EDTA) and resuspended in 500μL TE. The transformed cells were plated on selective 

agar plates and incubated at the appropriate temperature for 2-4 days.  

 

Yeast Screening Assays 

To perform the Ras rescue assay, 3-4 fresh colonies were combined in 30μL SD/-LEU 

and 3μl was spotted onto duplicate plates that were subsequently incubated at either 

25°C or at 37°C for 2 days. 

INVSc1, deletion mutants and tetracycline off yeast were transformed with a 

galactose-inducible vector (p413GALGFP) containing GFP-Mtb fusion proteins and 

selected on SD/-HIS. To induce GFP fusion protein expression in WT and deletion mutant 

strains, yeast were inoculated in 5mL galactose/raffinose (Gal/Raf) base lacking histidine 

(Clontech) and allowed to grow 16-20 hours at 30°C, shaking. Cultures were pelleted, 

resuspended in 3mL Gal/Raf/-HIS and incubated another 4 hours at 30°C, shaking.  Yeast 

were pelleted and resuspended in 30-50μL PBS and immobilized on an agar pad prior to 

visualization. For tetracycline off strains, yeast were inoculated into 5mL SD/-HIS 

supplemented with 300μg/mL G418 and 50μg/mL (PIK1 and STT4) or 300μg/mL (MSS4) 

doxycycline (Millipore, 324385) and incubated overnight at 30°C, shaking. Yeast were 

washed in TE buffer and resuspended in Gal/Raf/-HIS (to induce GFP fusion protein 
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expression) with 300μg/mL G418 and 50ug/mL (PIK1 and STT4) or 300μg/mL (MSS4) 

doxycycline. After overnight incubation, yeast were immobilized on agar pads as above.  

To screen for calcofluor white sensitivity, yeast expressing GFP-MSP fusion 

proteins under a galactose-inducible promoter were inoculated in 100µL Gal/Raf/-HIS in 

96-well plates and incubated overnight at 30°C, 250rpm. Cultures were back diluted to 

OD600=0.2 in fresh Gal/Raf/-HIS media and allowed to grow 4 hours. Cultures were diluted 

tenfold prior to replica plating on Gal/Raf/-HIS agar containing 0, 20 or 40µg/mL calcofluor 

white (Sigma, F3543) using a pin replicator, or manually by spotting 3µL to each plate. 

Plates were incubated at 30°C for 2-3 days prior to visualization. 

 

Yeast Two Hybrid 

The Matchmaker Gold Yeast Two Hybrid (Y2H) protocols were followed and all reagents 

were purchased from Clontech unless otherwise stated. Mpt64DSP was cloned into the 

bait vector pGBKT7 and transformed into S. cerevisiae Y2H Gold. To mate 4mL of bait 

yeast (1x108cfu/mL) were mixed with 1mL Normalized Mate and Plate Library for 24 hours 

at 30°C and 75rpm. cDNA libraries used were a universal human (630481), HeLa 

(630479), or universal mouse (630483). Primary selection for protein interactions was 

achieved by plating the entire mating on synthetically defined agar lacking leucine and 

tryptophan (DDO) supplemented with x-a-gal (40µg/mL 630463) and Aureobasidin A 

(200ng/mL, 630499) (DDO/X/A). Blue colonies from DDO/X/A plates were individually 

selected and patched on agar plates lacking leucine, tryptophan, histidine and adenine 
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(QDO) supplemented with x-a-gal and Aureobasidin A (QDO/X/A) and subsequently 

segregated by quadrant streaking back on DDO/X/A.  

 To identify protein interaction partners, individual colonies were lysed in 50uL 

zymolase (0.12U/µL, Zymo Research, E1005-A) for 30 minutes at 37°c and genes 

inserted into the prey vector (pGADT7) were PCR amplified using primers flanking the 

cDNA insertion (Table 1). PCR products were purified, sequenced (Table 1) and identified 

by the basic local alignment search tool (BLAST, NCBI).  

 To confirm interactions, directed yeast two hybrid assays were carried out. 

Plasmids were isolated directly from positive colonies by zymolase treatment followed by 

purification through a standard miniprep kit. To enrich, the isolated plasmids were 

transformed into E. coli (Mach-1) and selected for on LB agar containing ampicillin 

(100µg/mL). Then Y2H Gold yeast were co-transformed with the resulting pGADT7 

vectors and Mpt64DSP-pGBKT7 and selected on DDO/X/A and QDO/X/A. Alternatively, 

cDNAs were amplified, cloned into pGADT7 and resultant plasmids were transformed into 

Y187 yeast. To confirm interactions, Y2H Gold containing Mpt64DSP-pGBKT7 (or empty 

vector) were mixed with Y187 containing pGAD constructs in 2x YPD supplemented with 

adenine and incubated 24 hours at 28dC, 150rpm. Interactions were selected for on 

DDO/X and QDO/X/A. 

 

Yeast Lysis and Western Blotting 

Yeast (cdc25ts) were inoculated into 5mL SD/-Leu and incubated overnight at room 

temperature, shaking (250rpm). To lyse, 1.5mL of each culture was centrifuged at 
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14,000rpm for one minute. Each pellet was resuspended in 100μL 2.0M LiAc and 

incubated on ice for five minutes. Samples were centrifuged at 14,000 for one minute to 

pellet, resuspended in 100μL 0.4M NaOH and incubated on ice for five minutes. Samples 

were pelleted as before, resuspended in 75μL 1x SDS Laemmli sample buffer and boiled 

at 100°C for five minutes. Lysates were centrifuged 14,000rpm for one minute to remove 

to debris, separated by SDS- polyacrylamide gel electrophoresis and transferred to 

polyvinylidene difluoride membrane for Western blotting. Fusion proteins were detected 

by rabbit anti-Ras (1:100) and equal loading was confirmed by detection with rabbit anti-

G6PDH (1:10,000). 

 

Cell Culture 

HeLa cells (ATCC CCL-2) were cultured in Dulbecco’s modified Eagle medium (DMEM, 

Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco), 100 I.U./mL penicillin, 

100 μg/mL streptomycin, 292 μg/mL L-glutamine (Corning). RAW267.4 macrophages 

(ATCC TIB-71) were cultured in RPMI 1640 (Gibco) supplemented with 10% heat-

inactivated FBS, 100 I.U./mL penicillin, 100μg/mL streptomycin, 292μg/mL L-glutamine, 

and 10mM HEPES (Hyclone).  

 To isolate primary human macrophages, 50mL of blood from each donor was 

added to an equal volume of PBS then separated by centrifugation over a Ficoll-Paque 

Plus (Sigma, GE17-1440-03) gradient at 750 x g for 20 minutes with no brake. The 

lymphocyte/monocyte layer was collected and incubated 1-2 minutes with 1mL ACK 

lysing buffer (Gibco, A10492-01) to remove red blood cells. The cells were diluted to 50mL 

in PBS and centrifuged 350 x g for 10 minutes at 4°C. The supernatant was removed and 
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cells were washed in 25mL PBS and pelleted at 160 x g for 15 minutes at 4°C. Cells were 

washed again in 25 mL PBS but centrifuged at 300 x g for 10 minutes at 4°C. This final 

pellet was resuspended in 5-10 mL of RPMI 1640 supplemented with 10% human AB 

serum (Corning, 35-060-CI). To differentiate into macrophages, cells were cultured in 

RPMI 1640 supplemented with 10% human AB serum for at least 4 hours to allow for 

attachment. Cells were washed in PBS then replaced with RPMI 1640 +10% human AB 

serum + 50ng/mL human M-CSF (R&D Systems, (R&D Systems, 216-MC-025) for 7 days 

with media changes every 1-2 days. 

 

hGH Release Assay and Quantification 

HeLa cells were plated in 24-well plates to achieve approximately 50,000 cells/well 24h 

prior to transfection. Cells were co-transfected with 1 μg hGH-CAD and 1μg GFP-Mtb 

effector or GFP alone using FuGene 6 (Promega) per manufacturer instructions. Cells 

were transfected 16-18h at 37°C 5% CO2. The transfection media was then aspirated and 

replaced with DMEM containing 2μM D/D Solubilizer (Clontech, 635054) and incubated 

for 2 h at 37°C 5% CO2. The plates were centrifuged at 1500 RPM for 5 minutes to pellet 

debris and the culture supernatants were saved at -80°C prior to hGH quantification. 

 Released hGH was quantified by enzyme-linked immunosorbent assay 

 (ELISA) (Roche, 11585878001). Briefly, samples were thawed on ice and 20μL was 

transferred to each well containing 180μL sample buffer (1:10). The plate was incubated 

1h at 37°C, washed 5 times in 250μL wash buffer and incubated 1h at 37°C with a 

polyclonal antibody to hGH conjugated to digoxigenin (α-hGH-DIG). The plate was 

washed as described and incubated 1 h at 37°C with a polyclonal antibody to digoxigenin 
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conjugated to peroxidase (α-DIG-POD). The plate was washed and developed in 

peroxidase substrate (2,2'-Azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-diammonium 

salt). The absorbance was read on a Biotek plate reader at 405nm.  

 

PIPs strips membrane binding 

6xHIS-Mpt64_24-228 and 6xHIS-Mpt64_24-143 were codon optimized for E. coli prior to 

cloning into pJ401T5 for recombinant protein expression. Protein expression was induced 

in cultures of exponential growth phase bacteria by addition of 1mM isopropyl β-D-1-

thiogalactopyranoside (IPTG). Bacteria were lysed by sonication and proteins were 

purified by cobalt TALON affinity resin per manufacturer’s instructions (Clontech). 

Proteins were dialyzed into Tris buffered saline (20mM Tris, pH 7.4, 150mM NaCl) for use 

in biochemical assays. 

PIPs strips membranes (Invitrogen, P23751) were blocked for one hour at room 

temperature in 3% fatty-acid free bovine serum albumin (BSA)(Sigma, A7030) in TBST. 

Mpt64_24-228 or Mpt64_24-143 was diluted to 1.5ug/mL in 3mL 3% fatty-acid free BSA 

and incubated with the PIP strips for 3h at room temperature with agitation. Membranes 

were washed three times in 3% fatty-acid free BSA prior to incubation with anti-Mpt64 or 

pre-immune serum (1:3,000) overnight at 4°C, with agitation. Membranes were washed 

three times in 3% fatty-acid free BSA then incubated with HRP-conjugated donkey anti-

rabbit (1:2000) for 30 minutes at room temperature. Membranes were washed three times 

before detection of Mpt64 lipid interactions by chemiluminescence. 

 

Transfection and co-localization of MSPs in HeLa cells 
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HeLa cells were transfected overnight with GFP fusion proteins using FuGene 6 

transfection reagent (Roche). Cells were fixed in 4% paraformaldehyde (PFA) for 15 

minutes, washed in PBS and permeabilized in 0.25% Triton X-100 for 3 minutes at room 

temperature or in 100% methanol for 10 minutes at -20°C when using Tom20 antibody. 

Cells were stained with organelle-specific antibodies for 1h at room temperature. 

Antibodies were visualized by secondary antibodies conjugated to Alexa Fluor 594. Cells 

were mounted in ProLong Gold + DAPI (Invitrogen, P36931) and z-stacks were collected 

on an AxioImager M2 microscope (Zeiss).  

 

Sodium/Potassium ATPase pull down 

E. coli lysates containing overexpressed 6xHIS-Mpt64dSP or 6xHIS-MBP were 

incubated with TALON affinity resin for 15 minutes at room temperature to bind 

histidine-tagged proteins. Confluent plates of HEK293T and HeLa cells were lysed in 

wash buffer (50nM NaH2PO4 + 300mM NaCl) with 0.1% Tween 20 and EDTA-free 

protease inhibitor cocktail (Roche, 11836170001). Beads containing 6xHIS-Mpt64dSP 

or 6xHIS-MBP were washed four times in wash buffer then incubated with 1mL cell 

lysates for 20 minutes at room temperature with nutation. Beads were washed 4 times 

in wash buffer and eluted for 15 minutes at room temperature in wash buffer 

supplemented with 300mM imidazole. To better visualize the membrane protein, 

fractions were combined with SDS sample buffer and heated to 70°C for 10 minutes 

prior to separation by SDS-PAGE and Western blotting. Na+/K+-ATPase β1 was used at 

1:500.   
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Detection of CHOP accumulation in macrophages 

RAW267.4 cells stably expressing Mpt64ΔSP under a CMV promoter or control cells 

transduced with an empty lentivirus were seeded in 12-well plates at 5x105 cells/well. To 

induce UPR, culture media was replaced with media supplemented with 50nM 

thapsigargin (Sigma, T9033) or an equal volume of vehicle (DMSO) and cells were 

incubated for 4 hours. Cells were washed twice in PBS and lysed in ice cold RIPA buffer 

supplemented with protease inhibitor tablets (Roche, 11836153001). Lysates (15-25ug) 

were separated by SDS-polyacrylamide gel electrophoresis and transferred to 

polyvinylidene difluoride membrane for Western blotting. Accumulation of CHOP was 

detected by mouse anti-CHOP (1:2000) and band density was normalized to bands 

detected by the loading control mouse anti-Actin (1:3000).  

 

Construction of the Mtb mpt64 deletion mutant and complementation 

An in-frame mpt64 deletion in Mtb was made using mycobacteriophage as previously 

described [83]. Briefly, 500-bp 5’ to the mpt64 start codon and 500-bp 3’ to the mpt64 

stop codon were amplified from Erdman genomic DNA (Table 1) and sequentially cloned 

into the multiple cloning sites of pMSG360HYG. This vector was linearized with AflII and 

DraI (NEB, R0520 and R0129) and transformed into EL350/phAE87 E. coli by 

electroporation. Phagemid DNA was isolated from pooled colonies and transformed into 

M. smegmatis by electroporation. Plaques were isolated and pooled from M. smegmatis 

lawns and high titer phage was produced. Log phase Mtb Erdman was transduced with 

phage at 42°C for 4h. Mutants were selected on 7H11+Hygromycin (100μg/mL). Wild-

type mpt64 and mpt64 lacking its secretion signal were cloned into an integrating vector 
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containing a constitutive promoter (pMV306_MSP), conferring zeocin resistance. The 

MtbΔmpt64 was transformed by electroporation and complements were selected on 7H11 

+ zeocin (25μg /mL). 

To confirm expression and secretion of Mpt64 complements, Mtb strains were 

grown to late-log phase and pelleted by centrifugation. The culture supernatants were 

saved and passed twice through 0.22 μm filters. Bacterial pellets were boiled 30 minutes 

in lysis buffer (50mM Tris, pH 7.4, 150mM NaCl) supplemented with Complete Mini 

protease inhibitor, then subjected to bead beating to lyse the cells. Protein content in 

lysates was determined by Bradford assay. Mpt64 expression in the lysates and culture 

supernatants was detected by Western blotting using a rabbit polyclonal antibody to 

Mpt64 (1:10,000). Equal loading of samples in the lysates and supernatants was 

confirmed by Western blotting with anti-GroEL2 (1:500) and anti-antigen 85 (1:1000) 

respectively. 

 

Infection and co-localization of Mpt64 in macrophages  

Bacteria were washed repeatedly in PBS, then sonicated to create a single cell 

suspension. RAW267.4 cells were infected in DMEM+10% horse serum (Invitrogen 

26050088) at MOI 20:1 with mycobacteria expressing mCherry. Cells were centrifuged at 

1500 rpm for 10 minutes to permit bacterial attachment, then allowed to phagocytose for 

1.5h at 37°C 5% CO2. Cells were fixed after 4 hours post-infection in 4% PFA for 60 

minutes. Cells were permeabilized in 0.25% Triton X-100 for 3 minutes at room 

temperature then blocked in 5% normal donkey serum (Sigma). Mpt64 was detected with 

rabbit anti-Mpt64 antibody (1:500) and an HRP-conjugated goat-anti rabbit secondary 
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antibody (1:1000, Santa Cruz). Antibody signal was amplified by addition of biotinylated 

Tyramide (1:50, PerkinElmer) with detection by Alexa fluor 488-conjugated streptavidin 

(1:250, Jackson Immunoresearch) or Cyanine 5 Tyramide (1:50, PerkinElmer). Z-stack 

slices were acquired with an AxioImager M2 microscope (Zeiss).  

 Primary human macrophages were infected in RPMI + 10% human AB serum at a 

MOI 10:1 with mycobacteria expressing mCherry for 2h at 37°C 5% CO2 to allow for 

phagocytosis. Cells were washed and fixed at 4 hours post-infection in 4% PFA for 45-60 

minutes. Cells were permeabilized in 100% ice cold methanol for 10 minutes at -20°C 

and blocked in 5% normal goat serum (Sigma). Mpt64 was detected with rabbit anti-

Mpt64 antibody (1:500) and an HRP-conjugated donkey-anti rabbit secondary antibody 

(1:500, Thermo Scientific) followed by amplification with cyanine 5 Tyramide (1:50, 

PerkinElmer). Co-localization of Mpt64 with the ER was detected with chicken anti-

calreticulin (1:100), followed by goat anti-chicken-488 (Abcam).  

 

Macrophage infections for CFU 

Primary human macrophages were seeded in low-evaporation 24-well plates at 

approximately 5 x 105 cells/well. Bacteria were washed repeatedly in PBS, then sonicated 

to create a single cell suspension. Macrophages were infected in RPMI + 10% human AB 

serum at MOI 0.1:1. Cells were centrifuged at 1500 rpm for 10 minutes to permit bacterial 

attachment, then allowed to phagocytose for 15 minutes at 37°C 5% CO2. The cells were 

washed in PBS then replaced with RPMI + 10% human AB serum and cells were washed 

every day between time points. The cells were lysed at time zero and subsequent time 
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points in 500μL 0.5% Triton X-100 in PBS. Serial dilutions were plated on 7H11 plates 

and colonies were enumerated after 2-3 weeks.  

 

Infection of macrophages for multiplex ELISA 

RAW267.4 macrophages were seeded into 24-well plate at about 50,000 cells per well. 

Bacteria were washed repeatedly in PBS, then sonicated to create a single cell 

suspension. Cells were infected in DMEM+10% horse serum at MOI 5:1 and allowed to 

phagocytose for 3 hours. Cells were washed and incubated at 37°C, 5% CO2 for 24 hours. 

Supernatants were passed through 0.22µm centrifugal filters twice to sterilize and stored 

at -80°C. A Novex murine 4-plex kit (LMC0003M) was used to quantify cytokines per 

manufacturer’s instructions. Supernatants were diluted 1:20 with sample diluent and 

standards were reconstituted in 50:50 sample diluent:RPMI. ELISAs were analyzed by 

the Luminex MAGPIX machine with xPonent software.  

 For acute infections of primary human macrophages, cells were infected and 

samples collected as above but supernatants were collected 6 hours after the 

phagocytosis step. Cytokines were quantified by a Bio-Rad human 17-plex kit 

(M5000031YV) on undiluted supernatants.  

 

Infection and detection of UPR induction in macrophages 

RAW267.4 cells were seeded in 12-well plates at 3-5 x105 cells/well. Bacteria were 

washed repeatedly in PBS, then sonicated to create a single cell suspension. 

Macrophages were infected in DMEM+10% horse serum at a MOI of 1:1 or 10:1. Cells 
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were centrifuged at 1500 rpm for 10 minutes to permit bacterial attachment, then allowed 

to phagocytose for 15 minutes at 37°C 5% CO2. The cells were washed in PBS then 

replaced with RPMI + 10% FBS or RPMI +10%FBS supplemented with 50nM 

thapsigargin or DMSO for 4 hours. After 4 hours, cells were washed twice in PBS and 

fixed in TRIzol reagent (Life Technologies) for downstream qPCR analysis or lysed in ice 

cold RIPA buffer supplemented with protease inhibitor tablets (Roche) for Western blot 

analysis. Lysates were sterilized by centrifugation through 0.22µM PES filters twice.  

Samples were stored at -20°C prior to Western blotting and -80°C prior to RNA extraction. 

 

Detection of CHOP accumulation in infected macrophages 

Lysates were thawed on ice prior to protein quantification by BCA assay. Lysates (15-

25ug) were separated by SDS-polyacrylamide gel electrophoresis and transferred to 

polyvinylidene difluoride membrane for Western blotting. Accumulation of CHOP was 

detected by mouse anti-CHOP (1:100) and band density was normalized to bands 

detected by the loading control mouse anti-Actin (1:2000).  

 

Preparation of RNA and cDNA for qPCR  

To extract RNA, samples in 1mL TRIzol were mixed with 200uL chloroform and shaken 

vigorously. The phases were separated by centrifugation at 12,000xg at 4dC for 15 

minutes. The aqueous layer was saved and added to 400uL isopropanol. Samples were 

incubated at room temperature for 30 minutes and nucleic acids were pelleted at 

12,000xg for 10 minutes at 4dC. Pellets were washed once in 1mL 75% ethanol. RNA 
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was pelleted at 7,500xg for 10 minutes at 4dC and allowed to dry before reconstitution in 

nuclease free water.   

cDNA was prepared using the iScript Reverse Transcription Supermix kit (Bio-Rad, 

1708841) according to manufacturer’s instructions. Fast SYBR Green Master Mix 

(Thermo Fisher Scientific, 4385612) was used for qPCR. The primers used for qPCR are 

listed in Table 1. Data were analyzed by the DDCT method. 

 

Mouse infections 

Female BALBc mice (The Jackson Laboratory) were infected via aerosol as described 

previously [84]. Briefly, mid-log phase Mtb were washed in PBS repeatedly then sonicated 

to create a single-cell suspension. Bacteria were resuspended to yield an OD600=0.1 in 

PBS. This suspension was transferred to the nebulizer of a GlassCol aerosolization 

chamber calibrated to infect mice with ~100 bacteria per animal. On the day of infection, 

whole lungs were collected from 5 mice per group, homogenized and plated on 7H11 to 

determine initial inoculum. At subsequent time points, the left lung, spleen and left lobe 

of the liver were used to determine CFU, while the right lung was insufflated with 10% 

neutral buffered formalin for histopathology.  

 

Lysozyme pull down 

E. coli lysates containing 6x-histidine (6xHIS) tagged Mpt64 or an unrelated protein Cor 

were incubated with cobalt affinity resin (TALON, Clontech) to bind histidine-tagged 

proteins. After extensive washing, 1mg/mL either hen egg white lysozyme (Fisher 
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Scientific, BP535) or human lysozyme (Sigma, L1667) was flowed over the immobilized 

beads and incubated 5 minutes. Beads were washed two more times before proteins 

were eluted with 300mM imidazole.  

 

Mtb genomic DNA isolation 

Late exponential phase Mtb was collected by centrifugation and washed once in PBS. 

Pellets were boiled 20-30 minutes to sterilize. Pellets were washed once in GTE (25mM 

Tris, pH 8.0; 10mM EDTA; 50mM glucose) and incubated overnight in lysozyme solution 

(10mg/mL in GTE) at 37°C. Samples were incubated in 10% SDS and 10mg/mL 

proteinase K for 40 minutes at 55°C followed by incubation in NaCl  and CTAB (2.4M 

NaCl, 274mM cetrimonium bromide (Sigma, H9151)) at 60°C for 10 minutes. Genomic 

DNA was then isolated using a phenol-chloroform extraction followed by ethanol 

precipitation.  

 

Extraction of apolar lipids and PDIM analysis 

Log phage Mtb or MtbΔmpt64 were synchronized to OD600=0.2 in 7H9 supplemented with 

0.01% Tween 80 and grown 24 hours. Bacteria were collected by centrifugation at 

1,600xg for 10 minutes, resuspended in 1mL 15% isopropanol and transferred to a glass 

tube containing 5mL chloroform: methanol (17:1, v/v) and incubated 24 hours at room 

temperature. Samples were centrifuged at 1,600xg for five minutes and the apolar lipids 

were collected from the bottom, organic layer and dried. Apolar lipids were resuspended 

in 1.5mL 100% methanol. Tween 80 was removed by addition of cobalt/thiocyanate 

solution and vortexed. Remaining lipids were extracted by addition of 4mL hexane. After 
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centrifugation the organic layer was saved and the aqueous layer was re-extracted with 

4mL hexane. Both hexane fractions were combined, dried and resuspended in 1mL 

chloroform: methanol (2:1, v/v). PDIM standard was similarly resuspended. PDIM 

standard, or apolar lipids extracted from Mtb or MtbΔmpt64 were infused into an AbSciex 

TripleTOF 5600/5600+ mass spectrometer. Samples were analyzed in the positive mode. 

 

Statistical analysis  

Statistical analysis was performed using GraphPad Prism software. For in vitro studies, 

one-tailed Analysis of Variance (ANOVA) tests were used for experiments with multiple 

comparisons using Dunnett’s test. For experiments with single comparisons, two-tailed 

unpaired student’s t-test was used. For experiments containing samples with non-normal 

distributions such as in vivo CFU measurements and area of lung inflammation the 

Kruskal-Wallis non-parametric test was used with Dunn’s correction for multiple 

comparison. Analysis of survival studies was performed by Kaplan-Meier test. 

 

Ethics Statement 

Primary human macrophages were isolated from buffy coats from anonymous donors 

provided by a local blood bank (Carter Bloodcare). This study was reviewed by the UT 

Southwestern Institutional Review Board and deemed to be exempt. 

Animal experiments were reviewed and approved by the Institutional Animal Care and 

Use Committee at the University of Texas Southwestern (protocol #2017-102086) and 

followed the Eighth Edition of the Guide for the Care and Use of Laboratory Animals. The 
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University of Texas Southwestern is accredited by American Association for Accreditation 

of Laboratory Animal Care (AAALAC). 

 
Table 1. Primers used in this study. DNA primers are listed in 5’ to 3’ orientation. Primers 
paired together are labeled F for forward and R for reverse. Non-contiguous primer pairs 
are listed in the last column.  

 

 

Yeast Two Hybrid Analysis
Name Sequence Use
CES084 CTATTCGATGATGAAGATACCCCACCAAACCC  PCR and sequencing upstream MCS pGADT7
CES085 GTGAACTTGCGGGGTTTTTCAGTATCTACGAT  PCR and sequencing downstream MCS pGADT7
Mpt64 Truncation Analysis
Name Sequence Use Pairs With
CES005-F 5' caccgcgcccaagacctactg Mpt64 lacking signal peptide CES005-R
CES005-R 5' ctaggccagcatcgagtcgatc Mpt64 full length
CES013-R 5' gattggcttgcgataggcctg Mpt64 N-terminal domain (Truncate at amino acid 143) CES005-F
CES014-F 5' caccacctatgacacgctgtggcag Mpt64 C-terminal domain (Begins at amino acid 144) CES005-R
mpt64 Knock Out Construction
Name Sequence Use
CES109-F 5' cttCTCGAGccaccgcgaatacacctgcg mpt64 5' flank with XhoI
CES109-R 5' gggAAGCTTgtcgaaattcctccgggagtagtttgcagcac mpt64 5' flank with HindIII
CES110-F 5' cttTCTAGAactcgcgaggaccgcgcggt mpt64 3' flank with XbaI
CES110-R 5' gaaGGTACCcaacaccccccaagcgatgg mpt64 3' flank with KpnI
mpt64 Complementation
Name Sequence Use Pairs With
CES114-F 5' cttTCTAGAgtgcgcatcaagatcttcatgctgg mpt64 with XbaI
CES114-R 5' gaaGAATTCctaggccagcatcgagtcgatcg mpt64 with EcoRI
CES115-F 5' cttTCTAGAgcgcccaagacctactg mpt64 lacking signal peptide with XbaI CES114-R
Unfolded Protein Response qPCR
Name Sequence Use
Actin-F 5' GCAAGTGCTTCTAGGCGGAC Amplifies murine gene
Actin-R 5' AAGAAAGGGTGTAAAACGCAGC Amplifies murine gene
BiP-F 5' TTCAGCCAATTATCAGCAAACTCT Amplifies murine gene
BiP-R 5' TTTTCTGATGTATCCTCTTCACCAGT Amplifies murine gene
CHOP-F 5' CCACCACACCTGAAAGCAGAA Amplifies murine gene
CHOP-R 5' AGGTGAAAGGCAGGGACTCA Amplifies murine gene
sXbp1-F 5' CTGAGTCCGAATCAGGTGCAG Amplifies murine gene
sXbp1-R 5' GTCCATGGGAAGATGTTCTGG Amplifies murine gene
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CHAPTER THREE 
Results 

 
IDENTIFICATION AND SCREENING OF MYCOBACTERIAL SECRETED PROTEINS 

 
Introduction 

 

Lipids, membrane-bound proteins and membrane-dependent processes are targets of 

bacterial pathogens 

The lipid bilayers of the PM and subcellular organelles are distinct in curvature, 

asymmetry, and fluidity. These attributes are modulated, in part, by the lipid composition 

of each membrane. The formation of stable microdomains (lipid rafts), the binding of 

adaptor molecules directly to membrane lipids, as well as the conversion of resident lipids 

to second messenger molecules are all vital to signaling events from the PM [85]. In 

immune cells, the lipid second messengers created by phospholipase Cg (PL 

Cg) can mediate the respiratory burst, cell migration and Toll-like receptor (TLR) signaling 

[85, 86]. Cellular cargo is transported within cells and to the extracellular space in dynamic 

vesicular trafficking pathways through intimate lipid-protein interactions [87, 88]. Lipid 

composition and curvature are vital to the formation of isolation membranes during the 

early stages of autophagy as well as autophagosome-lysosome fusion [89]. Finally, these 

events are governed by the non-homogenous distribution of phosphatidylinositol 

phosphates (PIPs) among different organelles [36]. 

Both host membranes themselves and membrane-dependent processes 

represent valuable targets for bacterial effectors [33, 35, 55] as was recently shown for a 
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variety of bacterial pathogens [56]. Indeed, Mtb is known to target and manipulate 

trafficking pathways through incompletely understood mechanisms [63, 90, 91] and Mtb 

secreted proteins can exploit PM signaling from the pattern recognition receptor TLR2 

[92-94]. Considering the large repertoire of Mtb secreted proteins of unknown function 

[77-81], I hypothesized that some of the Mtb secreted proteins are membrane-binding 

effectors with virulence activities.  

 I used published literature to guide directed identification of putative effectors from 

Mtb with an emphasis on proteins that may interact with membranes and that are 

important for Mtb pathogenesis. I performed four cell-biological screens to characterize 

mycobacterial secreted proteins: Ras rescue assay for membrane binding, 

immunofluorescence for subcellular localization, calcofluor white for alterations in yeast 

vesicular trafficking and hGH release assay for alterations in mammalian vesicular 

trafficking. By combining data from the cell biological screens, I identified five Mtb 

secreted proteins that localized to eukaryotic membranes and disrupted the host 

secretory pathway in a model system. 

 

Results 

 

Categorization of putative effector-like proteins from Mtb  

Through the analysis of published datasets, I identified Mtb proteins that may function as 

secreted effectors (Appendix A). For simplicity, I define these putative effectors as 

Mycobacterial secreted proteins (MSPs), as this encompasses proteins that may be 

secreted to the mycobacterial surface, into the exoproteome (i.e. the extracellular milieu), 
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or delivered into the host cell [95-98].  I used the following criteria to assemble a library 

of MSPs: 1) Mtb proteins identified via unbiased proteomic approaches that are either in 

the cell wall or the exoproteome  [78-81, 99, 100], 2) Mtb proteins known to be involved 

in manipulation of host vesicular trafficking pathways, such as ones that induce 

mammalian cell entry (MCE) [101-103] or phagosome maturation arrest [16, 17, 104], 3) 

a subset of PE/PPE proteins and proteins related to those encoded by Type VII (ESX-1) 

loci [67, 70, 105], and 4) proteins involved in virulence, ranging from defined to unknown 

functions [22, 106-109]. I then used Gateway recombination cloning to subclone MSPs 

from the freely available Mtb ORFome Gateway compatible library (BEI) into destination 

vectors for a variety of subsequent assays. The comprehensive list of MSPs is shown in 

Appendix A.  

 

Mtb encodes secreted proteins that interact with eukaryotic membranes 

To identify membrane binding Mtb proteins, I used a system that leverages the signal 

transduction of the essential yeast GTPase Ras to promote growth and division [110]. 

Ras is lipidated at a unique sequence called the CaaX box that promotes its localization 

to the plasma membrane, where it can be activated by Cdc25, a guanine nucleotide 

exchange factor [82, 110]. In a yeast strain with a temperature sensitive CDC25 allele, 

yeast can only grow at the permissive temperature (25°C) but not the restrictive 

temperature (37°C) because Ras activation requires interaction with Cdc25. 

Heterologous expression of a non-lipidated, constitutively-active Ras whose activity is 

independent of Cdc25 (Rasmut) can rescue yeast growth at the restrictive temperature 

when Ras is recruited to intracellular membranes by fusion to a membrane binding protein 
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(Figure 2A). This system has been used to successfully identify membrane binding 

effectors from Gram negative pathogens [56]. To identify membrane-localizing proteins 

from Mtb, I subcloned MSPs into a destination vector for yeast expression that generates 

an in-frame fusion of the MSP to Rasmut. I transformed S. cerevisiae cdc25ts [56, 110] 

individually with each of the 200 MSP fused to Rasmut and incubated them at both 

permissive and restrictive temperatures (Figure 2B). Shown are 20 examples of yeast 

growth at 25°C and 37°C when expressing individual Rasmut-MSP fusion proteins. All 

strains grew when incubated at 25°C. However, at the restrictive temperature only some 

yeast strains were rescued. For example, I observed yeast growth rescue in yeast 

expressing a Rasmut fusion to SapM (Rv3310), as expected due to its PI3P phosphatase 

activity [19, 21], but not for yeast expressing Rasmut to the protein tyrosine phosphatase 

PtpA (Rv2234)[91, 111] which did not grow at 37°C (Figure 2B). I identified 52 Mtb 

proteins that rescued S. cerevisiae cdc25ts growth at the restrictive temperature (Figures 

2B and 2C and Appendix B). 

I confirmed expression of the Rasmut-MSP fusion proteins by Western blotting 

(Figure 2D). In addition, I determined the membrane localization of each MSP by 

fluorescence microscopy of GFP-MSP fusion proteins in yeast (Figure 2E). It has been 

established that Ras can function from membranes other than the plasma membrane 

[112, 113] and Rasmut maintains this function [56]. Thus, using fluorescence microscopy 

I observed GFP-MSP fusion proteins localizing to distinct subcellular compartments 

including vacuoles, ER and plasma membrane (Figure 2E). Together these results show 

that 25% of the MSPs tested could associate with the membranes of a variety of 

organelles in S. cerevisiae. 
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Figure 2. M. tuberculosis secreted proteins interact with yeast membranes. (A) Ras 
rescue assay schematic. (B) S. cerevisiae (cdc25ts) transformed with Mtb protein fusions 
to Rasmut, duplicate plated and incubated 48-72 h at the permissive (25°C) and restrictive 
(37°C) temperatures. Shown are representative images of 20 yeast strains from one 
experiment. (C) Summary results of Ras rescue screen. (D) Western blot of lysates from 
yeast transformed with the indicated fusion proteins and probed with anti-Ras or anti-
G6PDH antibodies. Rasmut fusion proteins are marked by white or black asterisks. PLC 
(phospholipase C) and DYN (dynamin) are fusions to Rasmut known to be membrane 
associated (PLC) or cytoplasmic (DYN). Shown is one experiment of a total of three. (E) 
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Representative fluorescence microscopy of S. cerevisiae (INVSc1) transformed with 
GFP-MSP fusion proteins. Images are representative of three independent experiments. 
Scale bars are 3μm. 
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Subcellular localization of membrane-localizing MSPs 

 While many cellular processes are conserved in eukaryotes, humans represent 

the primary natural host for Mtb. Therefore, to confirm that MSPs that rescued S. 

cerevisiae cdc25ts growth at 37°C also bound mammalian membranes and to determine 

their subcellular localization in human cells, I transiently transfected HeLa cells with 

vectors for constitutive expression of GFP-MSP fusion proteins and then used 

fluorescence microscopy with co-localization markers to identify the specific membrane 

to which each MSP localized (Figure 3A). I identified GFP-MSP fusion proteins that 

localized to a variety of subcellular compartments including the ER, Golgi, mitochondria 

and peroxisomes (Figures 3A and 3B). The largest proportion of the GFP-MSP fusion 

proteins expressed in human cells co-localized with the ER marker calreticulin (Figure 

3B). In yeast, I observed a similar number of GFP-Mtb fusion proteins which localized to 

compact, punctate structures (data not shown). Although there was only moderate 

overlap in the subcellular localization identified between yeast and HeLa cells (Figure 3B), 

I was able to verify that the proteins identified by the Ras rescue assay are localized to 

membranous organelles in human cells.  
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Figure 3. Host subcellular localization of membrane-binding MSP. (A) Fluorescent images 
of HeLa cells transfected with the indicated GFP-MSP fusion proteins (green) and stained 
with antibodies (red) to calreticulin (ER), GM-130 (Golgi), Tom20 (Mitochondria) or 
PMP70 (Peroxisomes). Images are representative of two independent experiments. Ten 
fields of about five cells each were observed for co-localization. Scale bars are 5μm. (B) 
Comparison of the organelle localization of MSP expressed in yeast and HeLa cells.   
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Mycobacterial secreted proteins do not affect yeast sensitivity to calcofluor white 

Calcofluor white is a fluorescent dye that binds to chitin, a major polymer of yeast cell 

walls. Binding of calcofluor white to chitin prevents its assembly into macromolecular 

structures, ultimately disrupting the stability of the cell wall and yeast viability [114]. Thus, 

changes in chitin levels lead to concomitant changes in calcofluor white sensitivity [114, 

115]. For example, deletions in proteins from the ESCRT complexes involved in 

multivesicular body formation and vacuole sorting lead to hyper-resistance (Dvps20) or 

hyper-sensitivity (Dvta1 and Dvps60) to calcofluor white depending on the stage of sorting 

they carry out (Figure 4A)[115]. To determine if MSP could alter yeast sensitivity to 

calcofluor white as an indicator of vesicular trafficking alterations, I compared the growth 

of yeast expressing GFP-MSP fusion proteins on agar plates in the presence or absence 

of calcofluor white. As shown in Figure 4B, all yeast, with a few exceptions (circles), were 

able to grow equally on both the control plate and plates containing 20 or 40µg/mL 

calcofluor white. Some yeast did not grow well on either condition (white boxes), likely 

due to poor growth under the high throughput screening conditions or inconstant 

application of cells to the agar plates (Figure 4B). Indeed, when I repeated these 

experiments manually spotting the yeast to reduce growth variability, I observed no 

differences in calcofluor white sensitivity and thus was unable to make any conclusions 

about the effects of MSP expression on yeast cell wall stability.  
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Figure 4. Mycobacterial secreted proteins do not alter yeast sensitivity to calcofluor white. 
(A) Wild type (BY4741) S. cerevisiae or deletion mutants in ESCRT components were 
duplicate plated on YPD or YPD containing 20 or 40µg/mL calcofluor white  in tenfold 
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dilutions and incubated 48-72 hours at 30°C. (B) Wild type S. cerevisiae transformed with 
Mtb protein fusions to GFP under a galactose inducible promoter were diluted 1:10 then 
duplicate plated on induction plates with and without calcofluor white and incubated 48-
72 hours at 30°C. Shown are representative images of 42 yeast strains from one 
experiment. The red box indicates untransformed wild type yeast. White boxes indicate 
yeast strains that did not grow under these conditions. White circles show examples of 
yeast strains that were sensitive to calcofluor white.   
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A subset of mycobacterial secreted proteins alters eukaryotic vesicular transport 

To determine if Mtb proteins can broadly affect the host vesicular trafficking pathways in 

mammalian cells as an indicator of interaction with membranes, I took advantage of the 

reverse dimerization system [116]. In this system, a protein detectable by ELISA is 

sequestered in the ER by fusion to a conditional aggregation domain (CAD). Addition of 

a solubilization molecule that disrupts the CAD then frees the fusion protein for trafficking 

and release into the extracellular space. I used a fusion of human growth hormone (hGH) 

to the CAD domain of the ligand-reversible crosslinking protein, FKBP F36M. Thus, hGH 

can be quantified in cell supernatants by ELISA after addition of the small molecular, D/D 

Solubilizer (Figure 5A) [48, 116]. Another advantage of this system is that it permits 

determination of the impact of expressed proteins on vesicular trafficking events 

independent of the bacterial effect on host innate immune responses. I transfected HeLa 

cells expressing hGH-CAD with each MSP individually, a negative control protein (GFP), 

or an EHEC effector (EspG) that inhibits vesicular trafficking by promoting the tethering 

of vesicles to the Golgi apparatus [48, 117]. When I treated transfected cells with D/D 

Solubilizer, I observed increased, decreased and normal hGH release (Figure 5B and 

Appendix A). Using a cut-off of normalized hGH release below 0.25 or above 1.75, I 

identified 18 proteins that decreased hGH release and 11 proteins that increased hGH 

release as compared to the GFP control (Figure 5C and Appendix C). Next I compared 

the MSPs that altered host vesicular trafficking to those that bound eukaryotic 

membranes, and identified five proteins with overlapping activities: Rv0594, Rv1646, 

Rv1810, Rv1980c and Rv2075 (Figure 5D). During expression in HeLa cells, all but one 

protein localized to the ER and all five proteins reduced hGH release (Figure 5E).  
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Figure 5. M. tuberculosis secreted proteins alter hGH secretion (A) Inducible secretion 
assay schematic. (B) Supernatant hGH ELISA from HeLa cells transfected overnight with 
hGH-CAD and either GFP or GFP-MSP fusion proteins prior to addition of drug to allow 
for hGH release. hGH release by GFP-MSP transfected cells was normalized to hGH 
release of cells transfected with GFP alone. hGH release was measured once for the 
entire group of GFP-MSP transfections. (C) Summary of results from inducible secretion 
screen. (D) Venn diagram of MSP that are membrane-localized, alter host secretion, or 
both. (E) Table summarizing the membrane localization and degree of hGH secretion in 
cells transfected with the five overlapping proteins from D.  
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Discussion 

Numerous efforts have been undertaken to identify Mtb secreted proteins, from 

lipoproteins that are incorporated into the cell wall, to virulence factors that reach the 

extracellular environment such as ESAT-6 [77-79]. However, little is known about the 

function of this “exoproteome” as a whole. Here I took a systematic approach towards 

characterizing host-dependent interactions of a collated list of Mtb proteins. I created a 

library of 200 putative secreted proteins and then through a series of cell biological 

screens characterized these MSPs for their ability to bind eukaryotic membranes, their 

subcellular localization and their ability to modulate release of a model substrate.  

I identified some MSPs that rescued yeast growth in the Ras rescue assay but 

localized to the cytoplasm when expressed as GFP fusions in HeLa cells. These 

proteins represent either false positives from the Ras rescue assay or proteins that do 

associate with lipids whose abundance is sufficient in yeast but not HeLa cells. In 

contrast, because I only confirmed subcellular localization of positive hits from the 

screen, I cannot predict the number of false negatives that were missed. While yeast 

represent a good model system with many conserved pathways to humans, it is likely 

that not all Mtb host molecular targets are present [118]. 

The vast majority of MSPs localized to the ER when expressed in HeLa cells. 

Whether this localization reflects the importance of modulating ER function for Mtb 

survival cannot be determined directly, as that would require significant resources to raise 

protein specific antibodies against individual proteins in order to determine the localization 

of each untagged, endogenous, secreted protein during infection. It is possible that some 

of the observed localizations represent false positives, as overexpression of Mtb proteins 
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with signal sequences results in aberrant ER localization in 293T cells [119].  

Alternatively, because the microscopy and co-localization was performed in the absence 

of infection, ER localization could represent not false positives but false targeting of Mtb 

proteins due to low abundance of their protein or lipid targets under basal conditions.   

Although I did not identify any MSP that affected calcofluor white sensitivity in 

yeast, this was likely due to the technical limitations of the experiment. Growing the yeast 

in 96-well plates to perform the assay under high-throughput conditions led to inconsistent 

yeast growth and possibly inconsistent expression of the GFP-MSP fusion proteins. 

Instead, I used an inducible secretion assay to indirectly assess the effects of MSP 

expression on host vesicular trafficking, as this was successful to characterize effectors 

from E. coli [48]. I identified 18 MSP that decreased hGH release. An obvious 

physiological effect of inhibiting secretion in host macrophages would be to prevent 

cytokine secretion. However, I also identified 11 proteins that increased hGH release. It 

may be that increased hGH release is a readout for gross rearrangements to vesicular 

trafficking routes or capacity by MSP.  

Finally, five proteins were identified in both the Ras rescue assay and the hGH 

release assay. Interestingly, all decreased hGH release and all but one localized to the 

ER, emphasizing the importance of the ER in coordinating important cellular processes 

including protein secretion. Although all five proteins are of unknown function, several 

have published virulence qualities, such as Mce2F (Rv0594) which was isolated from Mtb 

-infected mice and Rv1810 which is required for virulence of Mtb in non-human primates 

which supports that the screens enriched for putative effector proteins. 
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CHAPTER FOUR 
Results 

 
CHARACTERIZATION OF MPT64 MEMBRANE BINDING AND VIRULENCE 

FUNCTIONS 

 
Introduction 

 

In the previous chapter, I identified five proteins that localize to eukaryotic membranes 

and reduced hGH release. I chose to focus on the characterization of one of these 

proteins, Mpt64, because it is a secreted protein that is highly antigenic and can be used 

to diagnose human tuberculosis infection [120, 121]. Furthermore, mpt64 is a component 

of the region of difference 2 (RD2) locus, one of the genomic regions deleted during 

attenuation of the M. bovis BCG vaccine strain [122]. Loss of RD2 from Mtb attenuates 

its virulence, and complementation with a three gene cluster that includes mpt64 can 

partially restore virulence [123]. Interestingly, Mpt64 has been incorporated into subunit 

vaccines tested for their efficacy in animal models [124, 125]  despite the fact that its 

function in Mtb pathogenesis remains unknown. 

Mpt64 localized to the ER, an organelle that is at the nexus of multiple cellular 

processes including protein and lipid synthesis, cargo secretion and calcium signaling 

[126]. Coupled with its ability to decrease hGH release, these characteristics led me to 

hypothesize that Mpt64 is a candidate effector protein from Mtb. I endeavored to confirm 

this hypothesis by characterizing the mechanism of Mpt64 membrane interaction, the 

subcellular localization of Mpt64 during infection and the effect of Mpt64 on host cell 
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physiology. Finally, I sought to understand if loss of mpt64 from Mtb could explain the 

attenuation of the RD2 deletion strain.  Thus, I used combined tools described in Chapter 

3 such as the Ras rescue assay and fluorescence microscopy with new assays including 

yeast two hybrid, PIPs strips, and bacterial pathogenesis.  

 

Results 

 

Mpt64 does not interact with lysozyme from two species 

Mpt64 is a 25kDa protein with a predicted signal peptidase 1 cleavage site between amino 

acids 23 and 24, such that the mature, secreted form of the protein starts at amino acid 

24 [79, 80, 127]. While the solution structure of Mpt64 was previously solved [128], the 

structure does not align to a known catalytic domain but does contain a domain of 

unknown function (DUF3298). This domain is also present in the lysozyme-binding anti 

sigma factor RsiV [129]. Despite structural homology between Mpt64 and RsiV (Figure 

6A) [130], there is little primary sequence homology. To determine if Mpt64 binds 

lysozyme, I purified recombinant Mpt64 from E. coli and tested binding to human or hen 

egg white lysozyme in an in vitro pull-down assay [129]. Using this assay I was unable to 

demonstrate lysozyme binding by Mpt64 as most lysozyme was lost in the wash fraction 

and there was no enrichment of lysozyme during elution of Mpt64 or the control protein, 

Cor (Figure 6B).  
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Figure 6. Recombinant Mpt64 does not interact with lysozyme. (A) Sequence and 
secondary structure alignment of Mpt64 and B. subtilis RsiV (template) performed by 
Phyre2 software (http://www.sbg.bio.ic.ac.uk/phyre2/). The Mpt64 DUF3298 is indicated 
by a red line above the Mpt64 amino acid numbering. (B) Mpt64 (M) or an unrelated 
protein Cor (C) were immobilized on cobalt beads and hen egg white (HEW) or human 
lysozyme (HuLYZ) was incubated with these or beads alone (B) for five minutes. After 
washes, proteins were eluted with 300mM imidazole.  
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Mpt64 N-terminus is important for ER localization and inhibition of vesicular trafficking 

I next used the solution structure to guide truncation analysis of Mpt64 in order to identify 

the membrane binding sequences of Mpt64 (Figure 7A and Figure 7B). S. cerevisiae 

cdc25ts expressing a fusion of Rasmut with either full length Mpt64, mature Mpt64 lacking 

its predicted signal peptide or the N-terminal half of Mpt64 also lacking the signal peptide 

(Mpt64_24-143) were able to grow at 37°C, whereas S. cerevisiae cdc25ts expressing 

Rasmut fused to the C-terminal half of Mpt64 (Mpt64_144-228) could not (Figure 78C). I 

detected expression of Rasmut fusions of full length Mpt64 and mature Mpt64 by Western 

blot. In contrast, I could not detect Rasmut fusions of Mpt64_24-143 or Mpt64_144-228 

despite the fact that the Mpt64_24-143 fusion rescued yeast growth, suggesting that 

expression of Mpt64_24-143 below the limit of detection by Western blot was still 

sufficient to rescue yeast growth (Figure 7D). However, I could not determine whether the 

C-terminal domain plays a role in membrane binding because I was unable to 

demonstrate stable fusion protein expression in yeast.  

Finally, I sought to determine if the N-terminal portion of Mpt64 was also sufficient 

to inhibit hGH release using the hGH-CAD assay. I co-transfected HeLa cells with 

plasmids for expression of hGH-CAD and Mpt64 truncation alleles and determined their 

ability to inhibit hGH release in the presence of drug. Similar to the Ras rescue assay, full 

length, mature and Mpt64_24-143 inhibited hGH release compared to the GFP control. 

In contrast, co-transfection of Mpt64_144-228 with hGH-CAD had no effect on its release 

(Figure 7E). These data suggest that the ability of Mpt64 to bind membranes and to inhibit 

host vesicular trafficking in vitro is dependent on the N-terminus of the protein.  
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Figure 7. hGH release inhibition is dependent on membrane localization of Mpt64. (A) 
Solution structure of Mpt64. PDB 2hhi. (B) Schematic of Mpt64 truncations, colored to 
match solution structure in A. SP, signal peptide. (C) Full length Mpt64 or protein 
truncations expressed in the Ras rescue assay. Shown is one of two independent 
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experiments. (D) Western blot of lysates from cdc25ts yeast expressing Rasmut fusion 
proteins to Mpt64 or Mpt64 truncations. Blots were probed with rabbit anti-Ras, anti-
Mpt64 or anti-G6PDH antibodies. Control protein bands are marked by a white asterisk 
and Mpt64 truncations are marked by a black asterisk. Image is representative of three 
experiments. (E) ELISA results of hGH in supernatants of cells co-expressing full length 
Mpt64, Mpt64 truncations or controls. Data are one representative experiment plotted as 
box and whiskers from two (Mpt64_24-143, Mpt64_144-228) or four (Mpt64, Mpt64_24-
228) total experiments. *p=0.02 by ANOVA with Dunnett’s multiple comparisons test.  
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Mpt64 ER localization depends on its N-terminus  

As full-length Mpt64 localized to the ER in yeast and HeLa cells (Figures 2 and 5), I next 

tested the impact of Mpt64 truncations on ER localization. First, I determined the 

phenotypic localization of Mpt64 truncations expressed as GFP fusions in yeast using 

fluorescence microscopy. Mpt64_1-228 and Mpt64_24-228 localized in a ring indicative 

of the ER [131, 132](Figure 8A). In contrast Mpt64_144-228, which did not rescue yeast 

growth in the Ras Rescue assay (Figure 7C), was diffuse throughout the yeast cell (Figure 

8A). Interestingly, Mpt64_24-143 localized to bright puncta within the cells (Figure 8A). 

To confirm the N-terminal dependence of Mpt64 localization, I transfected HeLa cells with 

GFP fusions to each Mpt64 truncation or GFP alone and assayed for co-localization with 

calreticulin through immunofluorescence microscopy. While full length Mpt64, mature 

Mp64 and Mpt64_24-143 co-localized with calreticulin, GFP did not (Figure 8B). 

Mpt64_144-228 localized to a bright aggregate that did not co-localize with calreticulin, 

suggesting the C-terminus of Mpt64 is misfolded and/or unstable when expressed on its 

own. These results demonstrate that Mpt64 localizes to the ER during exogenous 

expression in both yeast and mammalian cells and the N-terminal 143 amino acids are 

sufficient to mediate subcellular localization of Mpt64 to the ER.  
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Figure 8. Mpt64 localizes to the endoplasmic reticulum during heterologous expression 
in yeast and HeLa cells. (A) Immunofluorescence (top panels) and bright field overlay 
(bottom panels) images of S. cerevisiae transformed with GFP fusion proteins to Mpt64 
truncations. Images are representative of three independent experiments. Scale bars are 
3 μm. (B) HeLa cells transfected overnight with GFP alone (green) or GFP-Mpt64 fusion 
proteins (green) and stained for ER localization with anti-calreticulin antibody (red). Nuclei 
are stained with DAPI (blue). Images are representative of two independent experiments. 
Ten fields of about five cells each were observed for co-localization. Scale bars are 10 
μm.  
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Probing Mpt64 protein-protein interactions through yeast two hybrid 

Because I had originally identified Mpt64 in a screen for membrane-binding and 

subsequently confirmed it localized to the ER, I wanted to determine if the Mpt64 

subcellular localization of Mpt64 depends on a host protein-interacting partner. To that 

end, I performed a Y2H using mature Mpt64 (Mpt64DSP) as bait against three separate 

cDNA prey libraries. After stringent selection, I sequenced the cDNA inserts of over 100 

colonies. Independent of the prey library source (universal human, HeLa or universal 

mouse), three predominant proteins emerged as possible Mpt64-binding proteins. The 

three proteins were the sodium/potassium ATPase, beta chain 1 or 3 (ATPaseb1 or b3) 

or phosphoglucomutase 1 (PGM1). To eliminate the possibility that these cDNAs were 

capable of auto-activation of the GAL4 promoter, I purified the plasmids directly from 

colonies that arose after selection and co-transformed them with control vectors into the 

yeast strain, Y2H Gold, which encodes several selectable genetic markers under the 

GAL4 promoter. While yeast transformed with both empty vectors or Mpt64SDP—or its 

ortholog Rv3036c—co-transformed with an empty prey (EP) vector did not survive 

selection (Figure 9A, 1-3), the three cDNA prey vectors, ATPaseb1 ATPaseb3 and 

PGM1, did survive selection when co-transformed with the empty bait (EB) vectors and 

were able to convert x-a -gal causing the colonies to turn blue (Figure 9A, 4-6). This 

suggests that the interactions identified could be false positives.  

To better understand if Mpt64 interacts directly with ATPaseb1, ATPaseb3 or 

PGM1, I cloned each gene into the prey vector pGADT7, transformed Y187 yeast with 

the resulting constructs or appropriate controls and performed a mating with bait yeast. 
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After mating, the yeast were spotted on DDO/X to select for both plasmids. The mated 

yeast were duplicate spotted on QDO/X/A to select for all possible markers under the 

GAL4 promoter. When I mated yeast with an empty vector in one or both strains the 

resulting colonies were able to grow on DDO/X but not on QDO/X/A (Figure 9B, left 

column). I also mated yeast containing proteins that are known to interact, p53 and TA, 

which survived selection on QDO/X/A and turned blue, as expected (Figure 9B, left 

column). I then mated yeast containing Mpt64DSP bait with the EP vector or ATPaseb1, 

ATPaseb3 or PGM1 prey. I also performed the opposite mating with the EB vector and 

ATPaseb1, ATPaseb3 or PGM1 prey and assessed growth on DDO/X and QDO/X/A. I 

observed white colonies on DDO/X in the yeast mating between the EB and PGM1 prey, 

which did not survive on QDO/X/A (Figure 9B, right column). However, when Mpt64DSP 

was mated with the EP vector or ATPaseb1 and ATPaseb3 were mated with an EB vector, 

the colonies on DDO/X were faintly blue. More concerning, the mating between EB and 

ATPaseb1 was able to grow very slightly on QDO/X/A media (Figure 9B, right column). 

Finally, the matings between Mpt64DSP and ATPaseb1 or ATPaseb3 resulted in blue 

colonies that survived on QDO/X/A whereas the directed mating between Mpt64DSP and 

PGM1 did not (Figure 9B, right column). These results suggest that Mpt64DSP does not 

interact directly with PGM1 but may be able to interact with ATPaseb1 and ATPaseb3.  

Due to possible autoactivation, I wanted to confirm the interaction of Mpt64DSP 

with ATPaseb1 biochemically. To that end, I expressed recombinant 6xHIS-Mpt64DSP or 

6XHIS-MBP in E. coli and immobilized the proteins on cobalt beads. Next, I incubated the 

immobilized proteins with lysates from HEK293T or HeLa cells which both express the 
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sodium/potassium ATPaseb1 (Figure 9C, WCL). After washing away excess protein, I 

eluted the 6xHIS-tagged proteins from the beads with imidazole and separated the 

fractions on SDS-PAGE followed by Western blotting for ATPaseb1. I observed that most 

of the ATPaseb1 was in the fraction that did not bind to the beads (FT) and the fraction 

that did elute with the 6xHIS-tagged proteins was equal between 6xHIS-Mpt64DSP and 

the control protein 6XHIS-MBP (Figure 9C). From this, I concluded that 6xHIS-Mpt64DSP 

does not interact with native ATPaseb1 from HEK293T or HeLa cells, suggesting all 

results from theY2H were false positives. 
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Figure 9. Mpt64 does not interact with the sodium/potassium ATPase beta chain. (A) 
Quadrant streaks of Y2H Gold yeast co-transformed with combinations of bait and prey 
vectors and plated on DDO/X/A. 1, EB+EP; 2, Mpt64DSP+EP; 3, Rv3036cDSP+EP; 4, 
EB+ ATPaseb1; 5, EB+ ATPaseb3; 6, EB+PGM1. (B) Directed matings of Y2H Gold yeast 
carrying bait vectors with Y187 yeast carrying prey vectors and selected on DDO/X/A or 
QDO/X/A. Images are from one of two separate matings (C). Western blots detecting 
ATPaseb1 or Mpt64 in whole cell lysates (WCL) or fractions of a pull-down experiment. 
Representative of two independent experiments. EB, empty bait vector; EP, empty prey 
vector; FT, flow through; W1, wash 1; W2, wash 2.  
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Mpt64 interacts with phosphatidylinositol phosphates in vitro 

Because I was unable to identify a protein binding partner through Y2H, I next 

hypothesized that Mpt64 interacts with lipids to localize to the ER. To test if Mpt64 could 

interact with lipids directly, I expressed and purified recombinant Mpt64 and Mpt64 

variants from E. coli (Appendix D) and tested their ability to bind unique lipid species in 

vitro using membranes spotted with lipids. Recombinant Mpt64_24-228 bound 

phosphatidylinositol 4-phosphate (PI4P), phosphatidylinositol 5-phosphate (PI5P), 

phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] and phosphatidylinositol (3,4,5)-

trisphosphate [PI(3,4,5)P3]  on PIP strips membranes (Figure 10A). Similarly, 

recombinant Mpt64_24-143, the N-terminal portion of the protein, also bound PI4P and 

PI5P with additional binding to PI3P, PI(3,4)P2 and phosphatidylserine (Figure 10A). 

However, interaction with PI(4,5)P2 and PI(3,4,5)P3 was weak, suggesting that the C-

terminal region of Mpt64 modifies its interactions with host phospholipids. I was unable to 

test PIP binding by Mpt64_144-228 because its expression in E. coli was weak and the 

protein was insoluble after purification using similar conditions for Mpt64_24-228 and 

Mpt64_24-143. 

 

Mpt64 ER localization in yeast is dependent on PI3P and PI(3,5)P2 

Based on the results from the PIP strips (Figure 10A), and to further characterize the lipid 

binding of Mpt64 in vivo, I took advantage of yeast strains mutated in 

phosphotidylinositide (PI) kinases that either lack or have reduced levels of specific 

phosphatidylinositol phosphates (PIPs) (Figure 10B). Because PIPs are geographically 

restricted within cells and their position-specific phosphorylation patterns can function as 
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organelle-specific markers to recruit proteins to areas with unique membrane constituents 

[56, 133, 134], inactivation of yeast PI-kinases causes mislocalization of bacterial 

effectors that need such PIP interactions for appropriate membrane targeting [56] (Figure 

10C). I inhibited expression of each yeast PI-kinase gene either by isogenic knockout of 

the non-essential PI-kinase gene (VPS34, FAB1, and LSB6) or by doxycycline-mediated 

(Dox) repression of TetO7-promoter alleles of essential PI-kinase genes (PIK1, STT4, and 

MSS4). I optimized repression conditions for the TetO7-promoter alleles by monitoring the 

distribution of the PI4P-specific binding protein Osh2, which shuttles between the plasma 

membrane and Golgi apparatus upon depletion of the essential PI4-kinases PIK1 and 

STT4, respectively (Figure 10D) [56, 135, 136]. Dox-mediated loss of PIK1 and STT4 

expression led to Osh2 redistribution to the plasma membrane (PM) or Golgi, 

respectively, as previously reported [56]. As a further control for the isogenic deletion 

strains, I observed that deletion of LSB6 and VPS34 along with Dox-mediated loss of 

MSS4 and PIK1 caused relocalization of the S. Typhimurium effector SopA from the PM 

to internal puncta, consistent with its affinity for several PIP isoforms [56]. Using this 

assay, Mpt64 relocalized from the ER to the PM and internal puncta in the absence of 

VPS34 and FAB1 (Figure 10D). As these strains lack PI3P and PI(3,5)P2, and because 

the VPS34 strain lacks both PIPs while the FAB1 strain lacks only PI(3,5)P2, I conclude 

that recruitment of Mpt64 to the ER in yeast is likely dependent on PI(3,5)P2. Though the 

PIP strips (Figure 10A) showed strong binding to PI4P, I would propose that the failure to 

relocalize in yeast lacking various PI-kinases that produce PI4P (i.e. LSB6, PIK1 and 

STT4) is due to their redundancy. Taken together, the data indicate that Mpt64 interacts 

with PIPs in vitro and in vivo to facilitate its localization to the ER. 
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Figure 10. Mpt64 binds phosphatidylinositol phosphates to mediate its ER localization (A) 
PIPs strips membranes incubated with recombinant Mpt64_24-228 or Mpt64_24-143. 
Binding of Mpt64 to lipids was detected by incubation with α-Mpt64 or pre-immune serum. 
Abbreviations indicate specific lipids as follows: LPA, lysophosphatidic acid; LPC, 
lysophosphatidylcholine; PI, phosphatidylinositol; PI3P, phosphatidylinositol-3-
phopshate; 5, PI4P, phosphatidylinositol-4-phopshate; PI5P, phosphatidylinositol-5-
phopshate; PE, phosphatidylethanolamine; PC, phosphatidylcholine; S1P, sphingosine 
1-phosophate; PI(3,4)P2, phosphatidylinositol-3,4-bisphosphate; PI(3,5)P2, 
phosphatidylinositol-3,5-bisphosphate; PI(4,5)P2, phosphatidylinositol-4,5-bisphosphate; 
PI(3,4,5)P3, phosphatidylinositol-3,4,5-trisphosphate; PA, phosphatidic acid; PS, 
phosphatidylserine. Images are representative of two (Mpt64_24-143) or four (Mpt64_24-
228) independent experiments. (B) PIP synthesis is regulated by six PI-kinases in yeast 
by the indicated pathways. (C) Design of the PI kinase experiment. Representative results 
for Osh2, a PI4P binding protein. Doxycycline repression of a PI kinase (PIK1 and STT4 
are shown) depletes the PIP, causing loss of localization of proteins that have a 
membrane localization governed by PI4P (i.e. Osh2). (D) Localization of GFP-Osh2 (a 
known PI4P binding protein), GFP-SopA (a promiscuous PIP binding protein) or GFP-
Mpt64 in wild-type S. cerevisiae cells and the six PI kinase yeast strains. Images are 
representative of two (FAB1, LSB6, VPS34) or three (MSS4, PIK1, STT4) independent 
experiments.  
 

 

 

 

 

 

 

 

 

 

 

 

 



61 

 

Secreted Mpt64 localizes to the ER during infection 

Although I observed Mpt64 localization to the ER in yeast (Figure 2E and Figure 8A) and 

HeLa cells (Figure 8B), I wanted to determine if endogenous, untagged Mpt64 localizes 

to the ER during an Mtb infection of macrophages. To that end, I infected mouse 

RAW267.4 macrophages with mCherry-labeled Mtb at a MOI of 20:1 and fixed cells at 

various time points after infection. I used a rabbit polyclonal antibody raised against 

recombinant, mature Mpt64 protein to track Mpt64 secretion from Mtb into macrophages 

using immunofluorescence microscopy. Of note, this antibody was generated without 

complete Freund’s adjuvant in order to avoid any cross-reactivity against Mtb antigens 

generated by the use of this adjuvant. As little as four hours after infection, endogenous 

Mpt64 was detected in both the cytoplasm and ER of host cells (Figure 11A, upper 

panels). When I infected macrophages with MtbΔeccD1, a strain that is deficient in ESX-

1 secretion [66, 137], and does not result in communication between the phagosome and 

cytoplasm [30, 59, 60, 138-140], Mpt64 appeared to be secreted but trapped adjacent to 

the bacteria (Figure 11A, lower panels), suggesting that it could not escape the 

phagosome. Importantly, Mpt64 was detected in the culture filtrate prepared from 

MtbΔeccD1 (Appendix E). Thus, although Mpt64 is likely secreted from Mtb by the 

canonical Sec-dependent pathway, its access to the macrophage cytoplasm and other 

targets in the cell was dependent on the Type VII secretion system.  

In order to better understand the role of Mpt64 in Mtb virulence, I used 

mycobacteriophage [83, 141, 142] to introduce the hygromycin resistance cassette into 

the mpt64 gene to create an in-frame deletion (Figure 11B). I confirmed disruption of 

mpt64 by PCR (Appendix E) and loss of Mpt64 by the absence of protein on Western blot 
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(Figure 11C). To confirm that there are no pleotropic effects of this mutant in downstream 

experiments, I complemented MtbΔmpt64 with either full length mpt64 

(MtbΔmpt64::mpt64) or mpt64 lacking its signal peptide (MtbΔmpt64::mpt64-NS) under 

the control of the constitutive mycobacterial strong promoter [143]. Both complemented 

strains expressed Mpt64 but only full-length Mpt64 (MtbΔmpt64::mpt64) could be 

detected in the supernatant of cultures, confirming that deletion of the signal peptide 

inhibits Mpt64 secretion from Mtb (Figure 11C). Furthermore, the MtbΔmpt64::mpt64 

strain had modestly higher expression of Mpt64 compared to wild-type Mtb by western 

blot, consistent with the use of a strong constitutive promoter for complementation. All 

four strains grew equally under axenic growth conditions (Appendix E), and we confirmed 

that both Mtb and MtbΔmpt64 produced phthiocerol dimycocerosate by mass 

spectrometry (Appendix E).  

To test if secreted Mpt64 localizes to the ER during infection, I assessed its 

colocalization with calreticulin in RAW267.4 cells using confocal immunofluorescence 

microscopy. When I infected RAW267.4 macrophages, the Mpt64 signal in Mtb infected 

macrophages co-localized with calreticulin, confirming the subcellular localization of 

Mpt64 secreted during infection (Figures 11D and 11E and Appendix F). However, this 

co-localization was lost in cells infected with MtbΔmpt64::mpt64-NS bacteria (Figures 

11D and 11F and Appendix F). As a control for antibody specificity, no Mpt64 was 

detected in macrophages infected with MtbΔmpt64 mutant bacteria (Figure 11D and 

Appendix F). From these data, I can confirm that the signal peptide of Mpt64 is sufficient 

for the protein’s secretion in vivo and is required (with concerted action of the Type VII 

secretion system) for Mpt64 to localize to the ER during infection. 
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Figure 11. Mpt64 ER localization is ESX1-dependant during M. tuberculosis infection of 
macrophages. (A) RAW267.4 murine macrophages were infected with mCherry-
expressing (red) WT (upper panels) or MtbΔeccD1 (lower panels) for 4 hours at a MOI 
20:1. Cells were fixed and stained for Mpt64 (green) and nuclei (blue). Scale bars are 
5μm. (B) Schematic detailing in-frame deletion of mpt64 by insertion of a hygromycin 
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resistance gene. (C) Representative Western blot from one of three experiments 
detecting expression of Mpt64, Ag85 and GroEL2 in either the lysate of the cell pellet (P) 
or culture supernatant (S) of four Mtb strains. (D) RAW267.4 macrophages were infected 
with the indicated strains of mCherry-expressing (cyan) Mtb for 4 hours at a MOI 20:1. 
Cells were fixed and stained for Mpt64 (red), calreticulin (green) and nuclei (blue). Images 
in (E) and (F) correspond to box 1 and box 2, respectively. Scale bars are 10μm. (E) 
Enlarged image from box 1 in (D) of an Mtb-infected macrophage stained for Mpt64, 
calreticulin and DAPI. Insets show an area of Mpt64-calreticulin co-localization. Scale 
bars are 5μm. (F) Enlarged image from box 2 in (D) of macrophages infected with 
MtbΔMpt64::Mpt64-NS and stained for Mpt64, calreticulin and DAPI. Insets show Mpt64 
localization in relation to bacteria. Scale bars are 5 μm. Images in A and D-F are 
representative of one of three experiments. Ten fields of about five cells each were 
observed for co-localization. 
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Mpt64 does not inhibit cytokine secretion during macrophage infection 

Secretion of cytokines is an important macrophage response to Mtb infection [144, 145]. 

Since I confirmed that Mpt64 is secreted into host macrophages, and Mpt64 could inhibit 

the release of hGH in HeLa cells, I hypothesized that Mpt64 could function to inhibit 

cytokine secretion during infection. To test this hypothesis, I infected RAW267.4 for 24 

hours or primary human macrophages for 6 hours and measured cytokines in the 

supernatant of cells using multiplexed ELISAs. I quantified murine TNF-a, GM-CSF and 

IL-6 in the supernatants of RAW267.4 cells (Figure 12A) and human TNF-a, MIP-1b (also 

called CCL4) and IL-8 in the supernatants of primary macrophages (Figure 12B). If Mpt64 

inhibited cytokine secretion, I would expect more cytokines released by cells infected with 

the Mpt64 deletion strain. However, I measured lower levels of cytokines from cells 

infected with MtbΔmpt64, regardless of the cell type or cytokine measured (Figures 12A 

and 12B). In all cases the differences in cytokines measured between wild type and 

MtbΔmpt64-infected cells was not statistically significant. From these data I concluded 

that Mpt64 does not affect cytokine secretion during infection. Interestingly, I observed 

that cytokine secretion increased in cells infected with MtbΔmpt64::mpt64 compared to 

wild type. Again, this difference was not statistically significant, but it may be indicative of 

the immunogenic properties of Mpt64 as the complemented strain produces slightly more 

Mpt64 than wild type (Figure 11C).  
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Figure 12. Mpt64 does not inhibit cytokine secretion in macrophages (A) Cytokines 
measured from supernatants of RAW267.4 cells infected with the indicated strains at MOI 
5:1 for 24 hours. One representative of two independent experiments. (B) Cytokines 
measured from supernatants of primary human macrophages infected with the indicated 
strains at MOI 5:1 for 6 hours. One experiment of 4 biological replicates.  
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Mpt64 inhibits the unfolded protein response 

ER stress and the UPR have recently been associated with Mtb infection and 

pathogenesis [146-148]. Because I found that Mpt64 localizes to the ER during infection, 

I hypothesized that it might regulate the UPR. To test if Mpt64 was sufficient on its own 

to impact the UPR, I stably transduced murine RAW267.4 cells with empty lentivirus or a 

lentivirus with Mpt64 under the control of a CMV promoter and induced the UPR by 

treating with thapsigargin, a known UPR activator [149]. In the presence of thapsigargin, 

I detected robust accumulation of the UPR-activated transcription factor CCAAT-

enhancer-binding protein homologous protein (CHOP), a protein whose expression is low 

under non-stressed conditions but high in the setting of ER stress [149](Figure 13A). 

Expression of Mpt64 resulted in a 75% reduction in CHOP compared to control cells, 

indicating that Mpt64 alone could inhibit the UPR (Figure 13B). 
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Figure 13. Mpt64 inhibits the unfolded protein response (A) RAW267.4 cells stably 
transduced with empty lentivirus or lentivirus expressing Mpt64ΔSP under control of the 
CMV promoter were treated with DMSO or thapsigargin (50 nM) for 4 hours and CHOP 
protein accumulation detected by Western blot. (B) Quantitative densitometry analysis of 
the Western blot in (A). One experiment representative of >3 experiments.  
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Mpt64 contributes to the Mtb modulation of the unfolded protein response during infection 

To further test if Mpt64 could impact the UPR in the setting of Mtb infection, I infected 

mouse RAW267.4 macrophages with wild type Mtb or MtbΔmpt64 and assayed for 

accumulation of the protein CHOP by Western blot (Figure 14A). After 4 hours, infection 

of RAW267.4 cells by either Mtb strain alone was insufficient to induce the UPR to levels 

of uninfected cells treated with thapsigargin (Figure 14A and 14B) consistent with 

previous data [146, 147]. To better understand the role of Mpt64 in modulating the UPR 

during infection, I repeated the infection of RAW267.4 cells with Mtb or MtbΔmpt64 but 

added thapsigargin during the 4 hour incubation. In this case, CHOP protein accumulated 

in all cells treated with thapsigargin compared to DMSO (Figure 14C), but there was no 

significant difference in relative protein levels between cells infected with Mtb or 

MtbΔmpt64 (Figure 14D). Therefore, I infected RAW267.4 cells with Mtb, MtbΔmpt64, 

MtbΔmpt64::mpt64 and MtbΔmpt64::mpt64-NS in the presence of thapsigargin and 

measured expression levels of CHOP, the ER chaperone immunoglobulin heavy-chain-

binding protein (BiP; also known as GRP78) and the spliced variant of the transcription 

factor X-box binding protein 1 (Xbp-1) by quantitative PCR as transcription of these genes 

is increased after ER stress [149]. As expected, stimulation of either uninfected or infected 

cells with thapsigargin resulted in transcriptional upregulation of CHOP, BiP and spliced 

Xbp-1 (Figure 14E). RAW267.4 cells infected with MtbΔmpt64 trended toward increased 

expression of CHOP and sXbp-1 compared to cells infected with Mtb, but these changes 

were not statistically significant.  
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Figure 14. Mpt64 contributes to the Mtb modulation of the unfolded protein response 
during infection (A) RAW267.4 cells were infected with Mtb, Mtbdmpt64 at a MOI 1:1 or 
uninfected cells were treated with DMSO or thapsigargin (50 nM) for 4 hours and CHOP 
protein accumulation was detected by Western blot. (B) Quantitative densitometry 
analysis of the Western blots in (A). One experiment representative of 2 experiments. (C) 
RAW267.4 cells were infected with Mtb, Mtbdmpt64 at a MOI 10:1 or left uninfected in 
the presence of DMSO or thapsigargin (50 nM) for 4 hours and CHOP protein 
accumulation was detected by Western blot. (D) Quantitative densitometry analysis of the 
Western blots in (C). Relative gene expression of BiP, CHOP and sXbp-1 from RAW267.4 
cells infected as in (C). 
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Mpt64 contributes to early Mtb growth after aerosol infection of mice. 

Because Mpt64 is part of the Mtb RD2 locus that partially accounts for the attenuation of 

Mtb [123], and my data indicating that Mpt64 may function as a secreted effector that 

modulates the UPR, I investigated the role of Mpt64 in Mtb virulence in a murine model 

of infection. I infected BALB/c mice via aerosol with a low bacterial inoculum (~50-100 

CFU Mtb) and collected lungs at various time points to determine CFU and 

histopathology. I compared the infections of four strains: wild type Mtb, MtbΔmpt64, 

MtbΔmpt64::mpt64 and MtbΔmpt64::mpt64-NS (described in Figure 11). While all mice 

received equal numbers of bacteria between the four strains at day 0, there were one-

third fewer Mtb isolated from lungs of mice infected with the MtbΔmpt64 mutant compared 

to wild type at 21 days (mean CFU wild type Mtb 2.7x106 vs  MtbΔmpt64  1.7x106, p=0.07) 

and 42 days (mean CFU wild type Mtb 5.0x105 vs  MtbΔmpt64  3.4x105) post infection. 

Though these effect sizes were modest and consistent for both time points, they did not 

meet statistical significance at an alpha of P < 0.05. By 42 days post-infection I observed 

statistically significant decrease in the CFU isolated from lungs of mice infected with the 

MtbΔmpt64::mpt64-NS strain (mean CFU wild type Mtb 5.0x105 vs  MtbΔmpt64::mpt64-

NS  1.8x105, p=0.001) (Figure 15A). At these time points, I also observed a reduction in 

the area of inflammation in hematoxylin and eosin (H&E) stained lungs of mice infected 

with MtbΔmpt64::mpt64-NS compared to wild type. (Figures 15B and 15D). Despite 

modest reductions in CFU in the lungs of mice infected with mutant bacteria, there was 

no impact on mouse survival (Figure 15C). 
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Figure 15. Mpt64 contributes to early Mtb growth after aerosol infection of mice (A) 
Bacterial burden in lungs of mice 0, 7, 21 and 42 days after aerosol infection with indicated 
Mtb strains. Results are a combination of three independent experiments, n=25 mice total 
per group. Horizontal bar indicates the geometric mean. p values are determined by 
nonparametric Kruskal-Wallis analysis. (B) Representative images of H&E stained lungs 
at 42 days post-infection with the indicated strains of Mtb. Scale bars, 2mm. (C) Ten mice 
per group were monitored for survival. There were no significant differences in survival 
rates between groups by Kaplan–Meier analysis. (D) Quantitation of lung inflammation of 
mice infected with indicated Mtb strains. Measurement was determined using ImageJ 
software (NIH). Bars are colored as in (A). Results are the mean ±SEM for three animals 
per group. *p<0.02 by Kruskal-Wallis test.  
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Mpt64 localized to the ER in primary human macrophages but is dispensable for Mtb 

survival 

Finally, I assessed whether the localization of Mpt64 in human cells is similar to that in 

murine macrophages. To that end, I infected primary human monocyte-derived 

macrophages with mCherry-expressing WT Mtb or MtbΔeccD1 and stained for Mpt64. 

Consistent with our data in RAW267.4 cells (Figure 11A) Mpt64 localization to extra-

phagosomal sites in primary human macrophages was dependent on the Type VII 

Secretion System (Figure 16A). I then infected primary human macrophages with WT 

Mtb, MtbΔmpt64, MtbΔmpt64::mpt64 or MtbΔmpt64::mpt64-NS and determined the co-

localization of Mpt64 with calreticulin by fluorescence microscopy (Figure 16B and 

Appendix G). At 4 hours post infection, I detected co-localization of Mpt64 with calreticulin 

in cells infected with WT Mtb and MtbΔmpt64::mpt64 but not in cells infected with 

MtbΔmpt64 or MtbΔmpt64::mpt64-NS (Figure 16B).  

To better understand the contribution of Mpt64 in the context of human Mtb 

infection, I determined the growth of wild type Mtb, MtbΔmpt64, MtbΔmpt64::mpt64, 

MtbΔmpt64::mpt64-NS, and MtbΔeccD1 as a control for attenuation in primary monocyte-

derived human macrophages during acute infection. I recovered CFU from cells directly 

after infection (Day 0) and one and three days post infection (Figure 16C). I observed 

significant donor-to-donor variability both in the ability to restrict intracellular Mtb 

replication (compare the growth of WT Mtb between representative donor 1 and donor 2) 

and the relative growth of MtbΔmpt64, MtbΔmpt64::mpt64, MtbΔmpt64::mpt64-NS in 

various donors. Thus, while in some donors the CFU at day 3 post-infection of strains 

lacking mpt64 was modestly but not statistically significantly lower compared to WT Mtb 
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(i.e. donor 1), in other donors there was no impact on the presence or absence of mpt64 

(i.e. donor 2). Thus, in this acute primary human macrophage infection model, the 

presence of Mpt64 appeared to be dispensable for Mtb survival. 
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Figure 16. Mpt64 localization and impact on survival in primary human macrophages (A) 
Primary human monocyte-derived macrophages were infected with mCherry-expressing 
(red) Mtb or MtbΔeccD1 for 4 hours at a MOI 10:1. Cells were fixed and stained for Mpt64 
(green). Scale bars are 5μm. (B) Primary human monocyte-derived macrophages were 
infected with the indicated strains of mCherry-expressing Mtb for 4 hours at a MOI 10:1. 
Cells were fixed and stained for Mpt64 (red) and calreticulin (green). Nuclei are stained 
blue. Scale bars are 5 μm. Images in A and B are representative of three independent 
experiments. Ten fields of about five cells each were observed for co-localization. (C) 
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CFU recovered from primary human macrophages from two independent donors infected 
with Mtb, MtbΔmpt64, MtbΔmpt64::mpt64, MtbΔmpt64::mpt64-NS or  MtbΔeccD1 at 
indicated time points. Each point represents a biologic replicate at each time point per 
strain and the bars indicate the mean with standard error. Two donors of 4 are shown. 
*p=0.02 by Kruskal-Wallis test with Dunn’s correction for multiple comparisons.  
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Discussion 

 

The ability of Mpt64 to localize to the ER could occur through a host protein interaction or 

through direct lipid binding. Although I identified ATPaseb1 and ATPaseb3 as interacting 

partners of Mpt64DSP through Y2H, I also observed false activation of the Y2H reporters 

which made it difficult to interpret the results. Indeed, I was unable to confirm the 

interaction of Mpt64DSP with ATPaseb1 through biochemical studies. While Y2H has 

been used to identify protein binding partners between Mtb proteins [138, 150], it may not 

be as robust in identifying host-interacting proteins. Also, the technical limitations of 

standard Y2H, such as the requirement of both proteins to interact in the nucleus may not 

be ideal for studies with membrane-localized proteins like Mpt64 [151]. A more direct 

method, such as immunoprecipitation followed by mass spectrometry (IP-MS) may 

uncover protein-protein interactions since it can be performed within eukaryotic cells and 

with cross-linking to preserve transient interactions. However, my data using PIPs strips 

and PI kinase loss of function yeast suggests that Mpt64 could directly interact with 

charged lipids. Since changes in PIP levels in the loss of function yeast can also affect 

localization and activity of host proteins, I cannot rule out that Mpt64 has a host protein 

interacting partner.  

Although an enzymatic activity for Mpt64 could not be deduced from its structure, 

I was able to demonstrate that the N-terminus of Mpt64 was sufficient to mediate 

membrane binding, interaction with PIPs and inhibition of vesicular trafficking. Mature 

Mpt64 was also able to inhibit the UPR in the setting of thapsigargin-induced ER stress 
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in macrophages. Since ER stress has been observed in vivo during Mtb infection, and ER 

stress is known to activate autophagy and apoptosis [152], the ability of Mpt64 to 

downregulate the UPR may allow Mtb to fine-tune the host response in order to provide 

a long-term replicative niche. Indeed, Mpt64 staining of human tuberculosis granulomas 

is negatively correlated with apoptosis markers [153], which is in agreement with my data 

in that decreased UPR would also lead to a decrease in apoptosis.  

GFP-Mpt64 localized to the ER in both yeast and mammalian cells. Additionally, 

endogenous Mpt64 localized to the ER during Mtb infection of macrophages, suggesting 

that the observed localization of Mpt64 is not an artifact of heterologous over-expression. 

Mpt64 did not co-localize with the ER after infection with a Mtb Type VII secretion system 

mutant underscoring the importance of the phagosome disrupting properties of the ESX-

1 system in establishing communication with the host cell [96]. This ESX-1 dependent 

mechanism of cytoplasmic access is similar to the route taken by the autotransporter-like 

protein tuberculosis necrotizing toxin (TNT) [154, 155]. Thus, my data strengthen the 

argument that the Type VII secretion system facilitates access of non-ESX-1 substrates 

beyond the phagosome and into the host cell.  

While I was able to measure decreased hGH from HeLa cells overexpressing 

Mpt64 and decreased UPR from macrophages overexpressing Mpt64, I did not observe 

similar phenotypic effects in macrophages infected with Mtb or the mpt64 deletion strain. 

Neither the subtle changes in cytokine secretion nor UPR marker activation were 

significantly different between Mtb and MtbDmpt64. Although I was able to detect changes 

in CHOP protein accumulation when Mpt64 was overexpressed, Western blotting may 
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not be sensitive enough to detect changes in the complex system of an infection where 

levels of Mpt64 in the host are expected to be lower. Furthermore, it may be that cultured, 

naive macrophages are a poor substitute for the environment Mtb normally experiences 

during infection of the human host. I did not collect serum or lung homogenates to 

measure cytokines during the murine infections. Perhaps subtle changes in cytokine 

profiles would be revealed from such an experiment. Furthermore, it is possible that one 

or more of the other Mtb secreted proteins I identified, including the 27 proteins that also 

localized to the ER are able to perform a redundant function to that of Mpt64 during 

macrophage infections. In a similar vein, whereas L. pneumophila encodes over 300 

effectors, individual L. pneumophila effector deletion mutants are not defective for growth 

in cells or mice [156, 157]. Indeed, a L. pneumophila strain in which 11 effectors that 

function to inhibit protein translation are deleted is still able to inhibit host protein 

translation, though a mutant in the Type IV secretion machine itself cannot [158], 

indicating remarkable redundancy in effector activity. Thus, future work disrupting multiple 

Mtb MSPs simultaneously will help address this issue. 
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CHAPTER FIVE 
Conclusions and Recommendations 

 
DISCUSSION OF RESULTS 

 

Identification and screening of mycobacterial secreted proteins 

The cohort of 200 MSPs I generated was large but not necessarily exhaustive (Appendix 

A). This is likely a result of the criteria to which I constrained the library. As a result, I may 

have excluded ORFs with no protein characterization. For example, the 76 PE/PPE genes 

I included represent less than half (45%) of the total number of PE/PPE genes in the Mtb 

genome [69] because many are not identified in secreted fractions by conventional mass 

spectrometry sequencing analysis due to an absence of trypsin sites [159]. However, the 

direct approach allowed me to curate the library to include proteins likely to interact with 

membranes and have important roles in Mtb virulence. In the end, I identified 5 proteins 

of unknown function that have intriguing properties as potential Mtb effectors.   

Recently, similar studies used unbiased approaches to identify secreted proteins 

with virulence functions. For example, Penn et al. first identified secreted proteins by 

mass spectrometry, then purified each individually in the presence of a macrophage 

lysate to create a human-Mtb protein-protein interactome [119]. In doing so they identified 

a novel function of LpqN. In addition, a recent technology called EXIT identified 593 Mtb 

proteins secreted during intravenous infection of mice including 38 proteins that are 

significantly enriched only during in vivo infection as compared to growth on 7H10 agar, 

suggesting a virulence function for these proteins [98]. Of the 200 MSPs I characterized, 

51 overlap with those identified by EXIT and of the 51 overlapping proteins, 25 are 
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membrane associated in our study. These studies emphasize that host membranes and 

membrane proteins can be targets of Mtb secreted proteins. Integrating my dataset with 

others like the ones described above may reveal novel Mtb protein interactions or 

functions.   

I found 52 Mtb proteins that associated with eukaryotic membranes, representing 

nearly 25% of the total screened. When the membrane association of type III and type IV 

effectors from several Gram negative pathogens was explored, about 30% of effectors 

screened also associated with eukaryotic membranes [56]. While my data are in 

agreement with this value, pathogens that replicate intracellularly in vacuoles had even 

higher numbers of membrane-associated effectors [56]. This suggests that there may be 

additional secreted virulence proteins from Mtb that associate with the host membranes 

than my screen identified. Indeed, while I corroborated previously known membrane-

interacting proteins such as the SecA2-secreted PI3P phosphatase SapM [20, 21], the 

Rac1-binding protein Ndk [160] and the cholesterol-binding Mce4A [161], I failed to 

identify others such as LipY which hydrolyzes extracellular lipids [162] and the ESX1 

substrate ESAT-6, whose ability to directly interact with the phagosomal membrane [163, 

164] has recently been questioned [96, 165].  

When I assessed the subcellular localization of MSP in HeLa cells, I observed that 

most localized to the ER. However, I was unable to identify the localization of some 

membrane-binding MSPs either due to low transfection efficiency or failure to co-localize 

with the organelle-specific markers tested. The latter possibility suggests MSPs could 

potentially localize to distinct microdomains of the organelles we tested [166] to harder to 

define membrane species such as those along the endosomal pathways or to the 



82 

 

transient membrane contact sites between organelles used to transfer lipids and proteins 

in a fusion independent process [36]. Moreover, I was able to identify a number of proteins 

that localized to other non-ER organelles such as the mitochondria and Golgi. This variety 

of localizations suggests that Mtb secretes proteins to target organelle-distinct processes 

across the cell. Indeed, since both autophagy [167, 168] and apoptosis [169] have critical 

roles in the outcome of Mtb infection, engagement by Mtb of high-value targets such as 

the ER, Golgi and mitochondria - organelles vital to cellular regulation of vesicular 

trafficking, autophagy and apoptosis - with its entire secreted effector armament such as 

the membrane-binding MSPs identified here likely allows Mtb to tightly control the host 

response to facilitate successful infection. 

 

Characterization of Mpt64 membrane binding and virulence functions 

The differential accumulation of individual PIP species in organelle membranes that 

facilitates appropriate localization of host proteins can be hijacked by bacterial effector 

proteins for their localization and activity [55, 170]. Similarly, Mpt64 bound several PIPs 

in vitro with the most prominent interactions being with the monophosphotidylinositols 

PI3P, PI4P and PI5P. Furthermore, the ER localization of Mpt64 in yeast changed when 

the PIP kinases generating PI3P and PI(3,5)P were deleted, suggesting that its function 

in vivo is connected to its ability to interact with membrane PIPs. While PI3P is mainly 

detected in endosomes and autophagosomes [171], PI3P has also been identified at 

specialized ER sites called omegasomes where a dynamic exchange of PI3P-positive 

vesicles and ER occurs, allowing for assembly of autophagy proteins and expansion of 

autophagosome membranes, leading to initiation of autophagosome formation [172]. The 
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major pools of PI4P are at the PM and the Golgi [173], but it has an established role in 

mediating protein trafficking from ER exit sites [174, 175] and can be transferred from the 

PM or Golgi to the ER at membrane contact sites to regulate PI4P levels [36]. Less is 

known about PI5P as its basal level is only about 1% of PI4P [176]. However, PI5P is 

increased during bacterial infection and other stresses, and can be found throughout the 

cell, including the ER [176] and on lipid droplets that arise from the ER [177]. Similarly 

PI(3,5)P2 is in low abundance but levels are elevated by stress such as hyperosmotic 

shock in yeast [178]. Conserved functions of PI(3,5)P2 from yeast to mammals include 

regulation of autophagy and retrograde trafficking, activation of some ion channels, and 

cargo sorting into multivesicular bodies [178]. Although the relative contribution of binding 

to individual PIPs to the activity of Mpt64 remains unknown, the subcellular localization 

of Mpt64 at the ER may result from its interaction with the monophosphotidylinositols 

PI3P, PI4P and PI5P in addition to PI(3,5)P2. Interaction with organelle and activity-

specific PIPs could allow Mpt64 to interfere with ER to Golgi trafficking to prevent release 

of the model substrate hGH and also to inhibit the UPR. Further experiments to confirm 

the direct interaction of Mpt64 with PIPs and to understand the specificity of Mpt64 for 

specific PIPs in vivo may give better insight to its molecular mechanism.  

Disruption of the RD2 locus in Mtb H37Rv leads to decreased bacterial burdens in 

the lungs and spleen of aerosol-infected mice at 3 weeks after infection [123]. As Mpt64 

is within the RD2 locus, I hypothesized that the single, in-frame deletion of Mpt64 might 

explain the attenuation phenotype of the RD2 mutant. Though I did not perform a head-

to-head comparison of an MtbΔRD2 strain versus my MtbΔmpt64 strain on the Erdman 

genetic background, I did observe modestly decreased bacterial burdens of MtbΔmpt64 
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compared to WT Mtb in the lungs of mice at 3 weeks post-infection. Although this 

decrease was not statistically significant and was not associated with a survival defect, it 

suggests that Mpt64 may contribute to the virulence of the RD2 region. Other genes 

located in the RD2 locus that were not complemented in the RD2 survival study [123] 

such pe_pgrs35 (Rv1983) and cfp21 (Rv1984) may also contribute alongside mpt64 to 

the virulence defect observed in RD2 deletions. 

When I infected mice with MtbΔmpt64::mpt64-NS, a strain of Mtb that still 

expresses Mpt64 but cannot secrete it into the host cell, I recovered fewer CFU compared 

to WT from the lungs of MtbΔmpt64::mpt64-NS infected mice. I hypothesize that this 

strain suffers from two detrimental consequences. First, blocking Mpt64 secretion 

prevents it from exerting its function in the host. Second, non-secreted Mpt64 can still be 

cross-presented to the adaptive immune system [179], thus leading to a cell mediated 

immune response against Mpt64. This observation is consistent with data that both 

human patients with active tuberculosis and their PPD positive contacts have T-cell 

responses to Mpt64 [180] and T-cell reactive Mpt64 epitopes have been mapped [181]. 

Furthermore, Mpt64 staining is observed in granulomas of infected individuals [153, 182]. 

Thus, Mpt64 is highly immunogenic during human infection with Mtb and suggests an 

evolutionary tradeoff between the effector function of Mpt64 and its antigenicity. When I 

explored the importance of Mpt64 in human disease, I observed that Mpt64 secreted from 

wild type bacteria localized to the ER of infected human monocyte-derived macrophages, 

though a mutant in mpt64 did not have a consistent defect in survival within macrophages. 

Future work on other mycobacterial, secreted, ER-binding proteins may ultimately reveal 

functional redundancy with Mpt64 important for the virulence of Mtb.  
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DISCUSSION OF CONTINUING EXPERIMENTS 

 

Characterization of MSPs through novel screening 

 

High resolution subcellular localization 

While fluorescence microscopy was useful to gather basic localization information about 

the MSP, including using known resident organelle proteins to confirm colocalization, the 

resolution of light microscopy is limited. Correlative light and electron microscopy (CLEM) 

is a powerful tool that combines brightfield, fluorescence and electron microscopy of the 

same sample, providing levels of detail unattainable from the individual procedures alone 

[183]. Thus, localization of proteins of interest such as MSP that have unassigned 

localizations, can be assessed by the combination of fluorescence and electron 

microscopy in microinjected or transfected cells [183, 184]. The addition of immunogold 

labeling to electron microscopy procedures can confirm definitively the localization of 

proteins of interest. Furthermore, perturbations to organelle structure would be 

observable by electron microscopy. Having high resolution information about the 

localization of other MSP from my study could help design future experiments with the 

goal of determining their function in pathogenesis.  

 

Using model organisms to uncover MSP interaction with conserved pathways 

My study used the model organism S. cerevisiae for several phenotypic experiments 

including to identify membrane-binding and mis-localization after PI kinase loss of 
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function. Similarly, yeast were used for the calcofluor white assay and Y2H. Though the 

results from the latter two assays were less promising, all four experiments highlight the 

usefulness of yeast as a screening tool. Genetic conservation, genetic tools, the quick 

doubling time of yeast and the variety of selectable markers allow for robust screening 

methods [118].  Thus, the yeast tools used to characterize Mpt64 like Y2H and PI kinase 

loss of function can be broadly applied to any other MSP of interest rather easily. 

Moreover, new yeast screens could be optimized to dissect the interaction of MSP with 

conserved cellular pathways such as using the membrane specific dye FM 4-64 to probe 

endosome transport and vacuole function [185] or the already well-established tools to 

study autophagy activation [186, 187].  

 

Organelle-specific assays to assess MSP function 

As I suggested above, the subcellular localization of MSP could be used to direct 

organelle-specific experiments. For example, preliminary experiments by colleagues in 

the lab have focused on the four MSP that localized to the mitochondria by characterizing 

perturbations in mitochondrial homeostasis and DNA release. The latter result could add 

to the growing appreciation for the purpose of IFN-I activation during Mtb infection [188].  

 

Unbiased approaches to uncover the function of Mpt64 

 

The molecular function or activity of Mpt64 remains elusive. The identification of a host-

protein interacting partner may give insight to how Mpt64 inhibits the UPR and release of 

a model substrate in cultured cells. Since I can produce soluble recombinant protein, it 
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would be possible to reproduce the methods recently used to identify host interacting 

partners of Mtb secreted proteins [119]. Alternatively, expressing Mpt64 in a mammalian 

cell would allow direct immunoprecipitation of Mpt64 with interacting partners.  

 Transcriptional analysis of infected cells was successful in identifying that ESX-1 

is required for Mtb activation of the cytosolic surveillance pathway [59]. RNA sequencing 

of infected cells in response to MtbDmpt64 compared to wild type Mtb or the MtbDmpt64 

complementation strains could uncover a pathway affected by Mpt64 during macrophage 

infection.  
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APPENDIX A 
Characterization of Mycobacterial Secreted Proteins 

 
 
Table 2. Characterization of mycobacterial secreted proteins. Proteins are listed in order 
of their corresponding gene open reading frame (ORF). The ability of the proteins to 
rescue yeast growth at 37°C is listed as Yes or No. The normalized hGH release is 
reported. ND, not determined. 

 
 
 
 
 

ORF Name Description Ras Rescue hGH Release
Rv0096 PPE1 PPE family protein No 1.179
Rv0109 PE_PGRS1 PE-PGRS family protein No 0.465
Rv0129 FbpC Secreted antigen 85C No 1.895
Rv0151 PE1 PE family protein No 0.044
Rv0153c ptbB Phosphotyrosine protein phosphatase No 1.206
Rv0159 PE3 PE family protein No 1.706
Rv0160c PE4 PE family protein No 0.127
Rv0164 TB18.5 T-cell antigen No 1.662
Rv0170 Mce1B Mce-family protein Yes 0.663
Rv0171 Mce1C Mce-family protein No 0.368
Rv0172 Mce1D Mce-family protein No ND
Rv0175 Rv0175 Probable conserved MCE-related protein Yes 0.408
Rv0176 Rv0176 Probable conserved MCE-related protein No ND
Rv0177 Rv0177 Probable conserved MCE-related protein Yes 0.896
Rv0178 Rv0178 Probable conserved MCE-related protein Yes 0.485
Rv0183 Rv0183 Exported monoacylglycerol lipase No 0.734
Rv0199 Rv0199 MCE1-related protein No 0.384
Rv0201c Rv0201c conserved hypothetical Yes ND
Rv0249c Rv0249c Succinate dehydrogenase membrane anchor subunitYes 0.296
Rv0256c PPE2 PPE family protein Yes 1.016
Rv0282 eccA3 ESX-3 AAA ATPase No 0.408
Rv0283 eccB3 ESX-3 secretion-associated protein Yes 0.44
Rv0285 PE5 PE family protein No 0.054
Rv0287 EsxG ESAT-6 like protein No 0.893
Rv0288 EsxH Low molecular weight protein antigen 7 No 0.578
Rv0289 espG3 ESX-3 secretion-associated protein No 0.456
Rv0290 eccD3 ESX-3 secretion-associated protein Yes 0.315
Rv0291 mycP3 subtilisin-like protease mycosin No 0.599
Rv0292 EccE3 ESX-3 secretion-associated protein No 0.769
Rv0325 Rv0325 No 0.45
Rv0335 PE6 PE family protein No 0.066
Rv0387c Rv0387c No ND
Rv0453 PPE11 PPE family protein No 1.428
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ORF Name Description Ras Rescue hGH Release
Rv0096 PPE1 PPE family protein No 1.179
Rv0109 PE_PGRS1 PE-PGRS family protein No 0.465
Rv0129 FbpC Secreted antigen 85C No 1.895
Rv0151 PE1 PE family protein No 0.044
Rv0153c ptbB Phosphotyrosine protein phosphatase No 1.206
Rv0159 PE3 PE family protein No 1.706
Rv0160c PE4 PE family protein No 0.127
Rv0164 TB18.5 T-cell antigen No 1.662
Rv0170 Mce1B Mce-family protein Yes 0.663
Rv0171 Mce1C Mce-family protein No 0.368
Rv0172 Mce1D Mce-family protein No ND
Rv0175 Rv0175 Probable conserved MCE-related protein Yes 0.408
Rv0176 Rv0176 Probable conserved MCE-related protein No ND
Rv0177 Rv0177 Probable conserved MCE-related protein Yes 0.896
Rv0178 Rv0178 Probable conserved MCE-related protein Yes 0.485
Rv0183 Rv0183 Exported monoacylglycerol lipase No 0.734
Rv0199 Rv0199 MCE1-related protein No 0.384
Rv0201c Rv0201c conserved hypothetical Yes ND
Rv0249c Rv0249c Succinate dehydrogenase membrane anchor subunitYes 0.296
Rv0256c PPE2 PPE family protein Yes 1.016
Rv0282 eccA3 ESX-3 AAA ATPase No 0.408
Rv0283 eccB3 ESX-3 secretion-associated protein Yes 0.44
Rv0285 PE5 PE family protein No 0.054
Rv0287 EsxG ESAT-6 like protein No 0.893
Rv0288 EsxH Low molecular weight protein antigen 7 No 0.578
Rv0289 espG3 ESX-3 secretion-associated protein No 0.456
Rv0290 eccD3 ESX-3 secretion-associated protein Yes 0.315
Rv0291 mycP3 subtilisin-like protease mycosin No 0.599
Rv0292 EccE3 ESX-3 secretion-associated protein No 0.769
Rv0325 Rv0325 No 0.45
Rv0335 PE6 PE family protein No 0.066
Rv0387c Rv0387c No ND
Rv0453 PPE11 PPE family protein No 1.428

Rv0470c pcaA cyclopropane mycolic acid synthase No 0.45

Rv0481c Rv0481c conserved hypothetical No 0.652

Rv0589 Mce2A Mce-family protein Yes 0.889

Rv0590 Mce2B Mce-family protein Yes 0.376

Rv0590A Rv0590A Mce associated protein No 0.599

Rv0591 Mce2C Mce-family protein No 0.83

Rv0592 Mce2D Mce-family protein No 1.09

Rv0594 Mce2F Mce-family protein Yes 0.194

Rv0754 PE_PGRS11 PE-PGRS family protein No 0.561

Rv0774c Rv0774c an iron stress-inducible esterase No 0.368

Rv0787 Rv0787 conserved hypothetical, secreted Yes 1.022

Rv0878 PPE13 PPE family protein No 0.798

Rv0888 SpmT Sphingomyelinase No 0.779

Rv0915 PPE14 PPE family protein No 0.665

Rv0916 PE7 PE family protein No ND

Rv0928 pstS3 phosphate-binding lipoprotein No ND

Rv0986 Rv0986 ABC transporter No 0.841

Rv1037c EsxI ESAT-6 like protein No 0.74

Rv1039 PPE15 mycobacterial perilipin-1 (MPER1) No ND

Rv1040 PE8 PE family protein No ND

Rv1088 PE9 PE family protein No 0.044

Rv1089 PE10 PE family protein No 0.052

Rv1093 glyA1 serine hydroxymethyltransferase No 1.003

Rv1168c PPE17 PPE family protein No 0.603

Rv1172c PE12 PE family protein Yes 0.271

Rv1174c TB8.4 Low molecular weight T-cell antigen No 0.683

Rv1196 PPE18 PPE family protein Yes 0.875

Rv1197 EsxK ESAT-6 like protein Yes 0.982

Rv1214c PE14 PE family protein No 0.436

Rv1357c Rv1357c c-di-GMP phosphodiesterase No 0.738

Rv1426c LipO esterase No 0.923

Rv1430 PE16 esterase No 0.277

Rv1503c Rv1503c predicted TDP-4-oxo-6-deoxy-D-glucose transaminaseNo 1.137

Rv1504c Rv1504c Conserved hypothetical protein No 1.08

Rv1505c Rv1505c putative acyltransferase No 1.835

Rv1506c Rv1506c putative methyltransferase No 1.18

Rv1646 PE17 PE family protein Yes 0.191

Rv1729c Rv1729c Possible S-adenosylmethionine-dependent methyltransferaseNo 1.196

Rv1768 PE_PGRS31 PE-PGRS family protein Yes 1.136

Rv1787 PPE25 PPE family protein Yes 0.774
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ORF Name Description Ras Rescue hGH Release
Rv0096 PPE1 PPE family protein No 1.179
Rv0109 PE_PGRS1 PE-PGRS family protein No 0.465
Rv0129 FbpC Secreted antigen 85C No 1.895
Rv0151 PE1 PE family protein No 0.044
Rv0153c ptbB Phosphotyrosine protein phosphatase No 1.206
Rv0159 PE3 PE family protein No 1.706
Rv0160c PE4 PE family protein No 0.127
Rv0164 TB18.5 T-cell antigen No 1.662
Rv0170 Mce1B Mce-family protein Yes 0.663
Rv0171 Mce1C Mce-family protein No 0.368
Rv0172 Mce1D Mce-family protein No ND
Rv0175 Rv0175 Probable conserved MCE-related protein Yes 0.408
Rv0176 Rv0176 Probable conserved MCE-related protein No ND
Rv0177 Rv0177 Probable conserved MCE-related protein Yes 0.896
Rv0178 Rv0178 Probable conserved MCE-related protein Yes 0.485
Rv0183 Rv0183 Exported monoacylglycerol lipase No 0.734
Rv0199 Rv0199 MCE1-related protein No 0.384
Rv0201c Rv0201c conserved hypothetical Yes ND
Rv0249c Rv0249c Succinate dehydrogenase membrane anchor subunitYes 0.296
Rv0256c PPE2 PPE family protein Yes 1.016
Rv0282 eccA3 ESX-3 AAA ATPase No 0.408
Rv0283 eccB3 ESX-3 secretion-associated protein Yes 0.44
Rv0285 PE5 PE family protein No 0.054
Rv0287 EsxG ESAT-6 like protein No 0.893
Rv0288 EsxH Low molecular weight protein antigen 7 No 0.578
Rv0289 espG3 ESX-3 secretion-associated protein No 0.456
Rv0290 eccD3 ESX-3 secretion-associated protein Yes 0.315
Rv0291 mycP3 subtilisin-like protease mycosin No 0.599
Rv0292 EccE3 ESX-3 secretion-associated protein No 0.769
Rv0325 Rv0325 No 0.45
Rv0335 PE6 PE family protein No 0.066
Rv0387c Rv0387c No ND
Rv0453 PPE11 PPE family protein No 1.428

Rv1789 PPE26 PPE family protein No 0.844
Rv1790 PPE27 PPE family protein No 0.922
Rv1791 PE19 PE family protein No 0.569
Rv1793 EsxN ESAT-6 like protein No 1.619
Rv1800 PPE28 PPE family protein No 1.817
Rv1801 PPE29 PPE family protein No 1.988
Rv1804c Rv1804c conserved hypothetical No 1.99
Rv1806 PE20 PE family protein No 0.471
Rv1807 PPE31 PPE family protein Yes ND
Rv1809 PPE33 PPE family protein No ND
Rv1810 Rv1810 conserved hypothetical Yes 0.203
Rv1815 Rv1815 conserved hypothetical, secreted No 0.226
Rv1886 fbpB Secreted antigen 85B No ND
Rv1887 Rv1887 conserved hypothetical, secreted No 0.339
Rv1891 Rv1891 conserved hypothetical, secreted No 0.562
Rv1926c Mpt63 Immunogenic protein Mpt63 Yes 0.47
Rv1966 Mce3A Mce-family protein Yes 0.8098
Rv1967 Mce3B Mce-family protein No 0.558
Rv1968 Mce3C Mce-family protein Yes ND
Rv1969 Mce3D Mce-family protein Yes 0.27
Rv1980c Mpt64 Immunogenic protein Mpt64 Yes 0.072
Rv1983 PE_PGRS35 PE-PGRS family protein No 0.79
Rv1984c Cfp21 Probable cutinase with esterase and lipolytic activityNo ND
Rv2075c Rv2075c conserved hypothetical protein Yes 0.28
Rv2099c PE21 PE family protein No 1.274
Rv2107 PE22 PE family protein No 0.271
Rv2108 PPE36 PPE family protein, heme binding No ND
Rv2140c TB18.6 conserved protein No 0.223
Rv2190c Rv2190c possibly involved in cell wall maintenance and compositionYes 0.414
Rv2206 Rv2206 Yes 0.465
Rv2223c CaeB Proable exported carboxylesterase No 0.229
Rv2232 ptkA Protein tyrosine kinase No 0.217
Rv2234 ptpA Tyr phosphatase No 0.223
Rv2295 Rv2295 Conserved hypothetical protein, cysteine-rich proteinYes 0.214
Rv2301 Cut2 Probable cutinase No 0.284
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ORF Name Description Ras Rescue hGH Release
Rv0096 PPE1 PPE family protein No 1.179
Rv0109 PE_PGRS1 PE-PGRS family protein No 0.465
Rv0129 FbpC Secreted antigen 85C No 1.895
Rv0151 PE1 PE family protein No 0.044
Rv0153c ptbB Phosphotyrosine protein phosphatase No 1.206
Rv0159 PE3 PE family protein No 1.706
Rv0160c PE4 PE family protein No 0.127
Rv0164 TB18.5 T-cell antigen No 1.662
Rv0170 Mce1B Mce-family protein Yes 0.663
Rv0171 Mce1C Mce-family protein No 0.368
Rv0172 Mce1D Mce-family protein No ND
Rv0175 Rv0175 Probable conserved MCE-related protein Yes 0.408
Rv0176 Rv0176 Probable conserved MCE-related protein No ND
Rv0177 Rv0177 Probable conserved MCE-related protein Yes 0.896
Rv0178 Rv0178 Probable conserved MCE-related protein Yes 0.485
Rv0183 Rv0183 Exported monoacylglycerol lipase No 0.734
Rv0199 Rv0199 MCE1-related protein No 0.384
Rv0201c Rv0201c conserved hypothetical Yes ND
Rv0249c Rv0249c Succinate dehydrogenase membrane anchor subunitYes 0.296
Rv0256c PPE2 PPE family protein Yes 1.016
Rv0282 eccA3 ESX-3 AAA ATPase No 0.408
Rv0283 eccB3 ESX-3 secretion-associated protein Yes 0.44
Rv0285 PE5 PE family protein No 0.054
Rv0287 EsxG ESAT-6 like protein No 0.893
Rv0288 EsxH Low molecular weight protein antigen 7 No 0.578
Rv0289 espG3 ESX-3 secretion-associated protein No 0.456
Rv0290 eccD3 ESX-3 secretion-associated protein Yes 0.315
Rv0291 mycP3 subtilisin-like protease mycosin No 0.599
Rv0292 EccE3 ESX-3 secretion-associated protein No 0.769
Rv0325 Rv0325 No 0.45
Rv0335 PE6 PE family protein No 0.066
Rv0387c Rv0387c No ND
Rv0453 PPE11 PPE family protein No 1.428

Rv2328 PE23 PE family protein No 0.804
Rv2340c PE_PGRS39 PE-PGRS family protein No 0.321
Rv2346c esxO ESAT-6 like protein No 0.556
Rv2349c PlcC Probable phospholipase C 3 No 0.707
Rv2350c PlcB Membrane-associated phospholipase C 2 No 0.228
Rv2351c PlcA Membrane-associated phospholipase C 1 No 1.195
Rv2352c PPE38 PPE family protein No 1.755
Rv2353c PPE39 PPE family protein Yes ND
Rv2356c PPE40 PPE family protein No 0.681
Rv2371 PE_PGRS40 PE-PGRS family protein No 0.359
Rv2376 CFP2 Low molecular weight antigen No 0.235
Rv2401 Rv2401 conserved hypothetical protein No 0.3134
Rv2408 PE24 PE family protein No 1.136
Rv2416c EIS aminoglycoside acetyltransferase No 1.084
Rv2430c PPE41 PPE family protein No 2.989
Rv2431c PE25 PE family protein No 0.365
Rv2445c ndkA secreted nucleoside diphosphate kinase Yes 0.416
Rv2469c Rv2469c conserved hypothetical protein No 1.044
Rv2519 PE26 PE family protein No 0.73
Rv2548 vapC19 possible toxin Yes 0.5
Rv2608 PPE42 PPE family protein No 1.559
Rv2615c PE_PGRS45 PE-PGRS family protein Yes 0.799
Rv2693c Rv2693c Probable conserved integral membrane alanine and leucine rich proteinNo 0.334
Rv2768c PPE43 PPE family protein No 3.67
Rv2770c PPE44 PPE family protein No 2.061
Rv2875 Mpt70 Major secreted immunogenic protein No 0.833
Rv2878c Mpt53 Soluble secreted antigen, possible dsb Yes 0.526
Rv2892c PPE45 PPE family protein No 0.844
Rv2930 fadD26 DIM biosynthesis Yes 0.395
Rv2941 fadD28 DIM biosynthesis No 0.535
Rv3004 CFP6 Low molecular weight protein antigen 6 No 0.982
Rv3022A PE29 PE family protein No 0.635
Rv3022c PPE48 PPE family protein No 0.933
Rv3036c TB22.2 nonlipolytic hydrolase Yes 1.596
Rv3097c PE_PGRS63 lipY triacylglycerol lipase No 0.851
Rv3110 moaB1 Probable pterin-4-alpha-carbinolamine dehydrataseNo 0.711
Rv3111 moaC1 Involved in the biosynthesis of molybdopterin Yes 0.614
Rv3112 moaD1 Involved in molybdenum cofactor biosynthesis No 0.886
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ORF Name Description Ras Rescue hGH Release
Rv0096 PPE1 PPE family protein No 1.179
Rv0109 PE_PGRS1 PE-PGRS family protein No 0.465
Rv0129 FbpC Secreted antigen 85C No 1.895
Rv0151 PE1 PE family protein No 0.044
Rv0153c ptbB Phosphotyrosine protein phosphatase No 1.206
Rv0159 PE3 PE family protein No 1.706
Rv0160c PE4 PE family protein No 0.127
Rv0164 TB18.5 T-cell antigen No 1.662
Rv0170 Mce1B Mce-family protein Yes 0.663
Rv0171 Mce1C Mce-family protein No 0.368
Rv0172 Mce1D Mce-family protein No ND
Rv0175 Rv0175 Probable conserved MCE-related protein Yes 0.408
Rv0176 Rv0176 Probable conserved MCE-related protein No ND
Rv0177 Rv0177 Probable conserved MCE-related protein Yes 0.896
Rv0178 Rv0178 Probable conserved MCE-related protein Yes 0.485
Rv0183 Rv0183 Exported monoacylglycerol lipase No 0.734
Rv0199 Rv0199 MCE1-related protein No 0.384
Rv0201c Rv0201c conserved hypothetical Yes ND
Rv0249c Rv0249c Succinate dehydrogenase membrane anchor subunitYes 0.296
Rv0256c PPE2 PPE family protein Yes 1.016
Rv0282 eccA3 ESX-3 AAA ATPase No 0.408
Rv0283 eccB3 ESX-3 secretion-associated protein Yes 0.44
Rv0285 PE5 PE family protein No 0.054
Rv0287 EsxG ESAT-6 like protein No 0.893
Rv0288 EsxH Low molecular weight protein antigen 7 No 0.578
Rv0289 espG3 ESX-3 secretion-associated protein No 0.456
Rv0290 eccD3 ESX-3 secretion-associated protein Yes 0.315
Rv0291 mycP3 subtilisin-like protease mycosin No 0.599
Rv0292 EccE3 ESX-3 secretion-associated protein No 0.769
Rv0325 Rv0325 No 0.45
Rv0335 PE6 PE family protein No 0.066
Rv0387c Rv0387c No ND
Rv0453 PPE11 PPE family protein No 1.428

Rv3125c PPE49 PPE family protein Yes 1.112
Rv3135 PPE50 PPE family protein No 1.402
Rv3136 PPE51 PPE family protein No 1.168
Rv3206c moeB1 molybdopterin synthase sulphurylase No 0.623
Rv3310 SapM acid phosphatase Yes 0.386
Rv3377c Rv3377c Required for production of diterpenoid isotuberculosinol No 0.816
Rv3378c Rv3378c Diterpene synthase, produces isotuberculosinol No 0.331
Rv3425 PPE57 PPE family protein No 1.894
Rv3426 PPE58 PPE family protein No 1.458
Rv3429 PPE59 PPE family protein No 2.307
Rv3477 PE31 PE family protein No 0.513
Rv3483c Rv3483c No ND
Rv3491 Rv3491 Yes 0.519
Rv3493c Rv3493c Mce4 associated protein Yes 0.321
Rv3496c Mce4D Mce-family protein No 0.658
Rv3497c Mce4C Mce-family protein No ND
Rv3498c Mce4B Mce-family protein Yes 0.541
Rv3499c Mce4A Mce-family protein Yes 1.21
Rv3527 Rv3527 No 0.571
Rv3532 PPE61 PPE family protein No ND
Rv3533c PPE62 PPE family protein Yes ND
Rv3539 PPE63 PPE family protein No 0.978
Rv3558 PPE64 PPE family protein No ND
Rv3587 Rv3587 Yes 0.368
Rv3590c PE_PGRS58 PE-PGRS family protein Yes 0.29
Rv3621c PPE65 PPE family protein No 1.134
Rv3653 PE_PGRS61 PE-PGRS family protein No 0.308
Rv3668 Rv3668 serine protease Yes 0.259
Rv3705c Rv3705c No 0.373
Rv3707c Rv3707c conserved hypothetical protein No 0.259
Rv3738c PPE66 PPE family protein Yes 1.123
Rv3739 PPE67 PPE family protein No 0.765
Rv3746 PE34 PE family protein No 0.655
Rv3802c Culp6 cell wall lipase Yes 0.646
Rv3804 fbpA mycolyl transferase, antigen 85A No ND
Rv3810 pirG No 0.401
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ORF Name Description Ras Rescue hGH Release
Rv0096 PPE1 PPE family protein No 1.179
Rv0109 PE_PGRS1 PE-PGRS family protein No 0.465
Rv0129 FbpC Secreted antigen 85C No 1.895
Rv0151 PE1 PE family protein No 0.044
Rv0153c ptbB Phosphotyrosine protein phosphatase No 1.206
Rv0159 PE3 PE family protein No 1.706
Rv0160c PE4 PE family protein No 0.127
Rv0164 TB18.5 T-cell antigen No 1.662
Rv0170 Mce1B Mce-family protein Yes 0.663
Rv0171 Mce1C Mce-family protein No 0.368
Rv0172 Mce1D Mce-family protein No ND
Rv0175 Rv0175 Probable conserved MCE-related protein Yes 0.408
Rv0176 Rv0176 Probable conserved MCE-related protein No ND
Rv0177 Rv0177 Probable conserved MCE-related protein Yes 0.896
Rv0178 Rv0178 Probable conserved MCE-related protein Yes 0.485
Rv0183 Rv0183 Exported monoacylglycerol lipase No 0.734
Rv0199 Rv0199 MCE1-related protein No 0.384
Rv0201c Rv0201c conserved hypothetical Yes ND
Rv0249c Rv0249c Succinate dehydrogenase membrane anchor subunitYes 0.296
Rv0256c PPE2 PPE family protein Yes 1.016
Rv0282 eccA3 ESX-3 AAA ATPase No 0.408
Rv0283 eccB3 ESX-3 secretion-associated protein Yes 0.44
Rv0285 PE5 PE family protein No 0.054
Rv0287 EsxG ESAT-6 like protein No 0.893
Rv0288 EsxH Low molecular weight protein antigen 7 No 0.578
Rv0289 espG3 ESX-3 secretion-associated protein No 0.456
Rv0290 eccD3 ESX-3 secretion-associated protein Yes 0.315
Rv0291 mycP3 subtilisin-like protease mycosin No 0.599
Rv0292 EccE3 ESX-3 secretion-associated protein No 0.769
Rv0325 Rv0325 No 0.45
Rv0335 PE6 PE family protein No 0.066
Rv0387c Rv0387c No ND
Rv0453 PPE11 PPE family protein No 1.428

Rv3811 csp No 0.448
Rv3812 PE_PGRS62 PE-PGRS family protein Yes 0.344
Rv3864 EspE ESX-1 secretion-associated protein Yes 0.853
Rv3865 EspF ESX-1 secretion-associated protein Yes 0.316
Rv3871 eccCb1 ESX conserved component No 0.378
Rv3872 PE35 PE family protein No 0.561
Rv3873 PPE68 PPE family protein No 0.293
Rv3874 CFP-10 10 kDa culture filtrate antigen EsxB No 0.425
Rv3875 ESAT-6 6 kDa early secretory antigenic target No 1.288
Rv3881c EspB Secreted ESX-1 substrate protein B No 0.274
Rv3887c eccD2 ESX conserved component No 0.547
Rv3892c PPE69 PPE family protein No 1.246
Rv3899c Rv3899c Conserved hypothetical protein Yes 0.533
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APPENDIX B 
Summary of Hits from the Ras rescue assay 

 
Table 3. Mtb proteins that rescued yeast growth in Ras Rescue Assay. Proteins are 
listed in order of their corresponding gene open reading frame (ORF).  
ORF Name Description 
Rv0170 Mce1B Mce-family protein 
Rv0175 Rv0175 Probable conserved MCE-related protein 
Rv0177 Rv0177 Probable conserved MCE-related protein 
Rv0178 Rv0178 Probable conserved MCE-related protein 
Rv0201c Rv0201c conserved hypothetical 
Rv0249c Rv0249c Succinate dehydrogenase membrane anchor subunit 
Rv0283 eccB3 ESX-3 secretion-associated protein 
Rv0290 eccD3 ESX-3 secretion-associated protein 
Rv0589 Mce2A Mce-family protein 
Rv0590 Mce2B Mce-family protein 
Rv0594 Mce2F Mce-family protein 
Rv0787 Rv0787 conserved hypothetical, secreted 
Rv1172c PE12 PE family protein 
Rv1196 PPE18 PPE family protein  
Rv1197 EsxK ESAT-6 like protein 
Rv1646 PE17 PE family protein 
Rv1768 PE_PGRS31 PE-PGRS family protein 
Rv1787 PPE25 PPE family protein  
Rv1807 PPE31 PPE family protein  
Rv1810 Rv1810 conserved hypothetical 
Rv1926c Mpt63 Immunogenic protein Mpt63 
Rv1966 Mce3A Mce-family protein 
Rv1968 Mce3C Mce-family protein 
Rv1969 Mce3D Mce-family protein 
Rv1980c Mpt64 Immunogenic protein Mpt64 
Rv2075c Rv2075c conserved hypothetical protein 

Rv2190c Rv2190c 
possibly involved in cell wall maintenance and 
composition 

Rv2206 Rv2206   
Rv2295 Rv2295 Conserved hypothetical protein, cysteine-rich protein 
Rv2353c PPE39 PPE family protein  
Rv2445c ndkA secreted nucleoside diphosphate kinase 
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Rv2548 vapC19 possible toxin 
Rv2615c PE_PGRS45 PE-PGRS family protein 
Rv2878c Mpt53 Soluble secreted antigen, possible dsb 
Rv2930 fadD26 DIM biosynthesis 
Rv3036c TB22.2 nonlipolytic hydrolase 
Rv3111 moaC1 Involved in the biosynthesis of molybdopterin 
Rv3125c PPE49 PPE family protein 
Rv3310 SapM acid phosphatase 
Rv3491 Rv3491   
Rv3493c Rv3493c Mce4 associated protein  
Rv3498c Mce4B Mce-family protein 
Rv3499c Mce4A Mce-family protein 
Rv3533c PPE62 PPE family protein 
Rv3587 Rv3587   
Rv3590c PE_PGRS58 PE-PGRS family protein 
Rv3668 Rv3668 serine protease 
Rv3738c PPE66 PPE family protein 
Rv3802c Culp6 cell wall lipase 
Rv3812 PE_PGRS62 PE-PGRS family protein 
Rv3864 EspE ESX-1 secretion-associated protein 
Rv3899c Rv3899c Conserved hypothetical protein 
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APPENDIX C 
Summary of Hits from the hGH Release Assay 

 
Table 4. Mtb proteins that exceeded cut-offs in hGH release assay. Proteins are listed in 
order of their corresponding gene open reading frame (ORF). The normalized hGH 
released from cells expressing each protein is listed in the final column. Red text 
indicates proteins that were identified in both the Ras rescue assay and the hGH 
release assay. 

ORF Name Description 
hGH 
Release 

Rv0129 FbpC Secreted antigen 85C 1.895 
Rv0151 PE1 PE family protein 0.044 
Rv0160c PE4 PE family protein 0.127 
Rv0285 PE5 PE family protein 0.054 
Rv0335 PE6 PE family protein 0.066 
Rv0594 Mce2F Mce-family protein 0.194 
Rv1088 PE9 PE family protein 0.044 
Rv1089 PE10 PE family protein 0.052 
Rv1505c Rv1505c putative acyltransferase 1.835 
Rv1646 PE17 PE family protein 0.191 
Rv1800 PPE28 PPE family protein  1.817 
Rv1801 PPE29 PPE family protein  1.988 
Rv1804c Rv1804c conserved hypothetical 1.99 
Rv1810 Rv1810 conserved hypothetical 0.203 
Rv1815 Rv1815 conserved hypothetical, secreted 0.226 
Rv1980c Mpt64 Immunogenic protein Mpt64 0.072 
Rv2140c TB18.6 conserved protein 0.223 
Rv2223c CaeB Probable exported carboxylesterase 0.229 
Rv2232 ptkA Protein tyrosine kinase 0.217 
Rv2234 ptpA Tyr phosphatase 0.223 

Rv2295 Rv2295 
Conserved hypothetical protein, cysteine-rich 
protein 0.214 

Rv2350c PlcB Membrane-associated phospholipase C 2  0.228 
Rv2352c PPE38 PPE family protein 1.755 
Rv2376 CFP2 Low molecular weight antigen 0.235 
Rv2430c PPE41 PPE family protein 2.989 
Rv2768c PPE43 PPE family protein 3.67 
Rv2770c PPE44 PPE family protein 2.061 
Rv3425 PPE57 PPE family protein 1.894 
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Rv3429 PPE59 PPE family protein 2.307 
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APPENDIX D 
Purification of Recombinant Mpt64 

 

 
Figure 17. Expression and purification of recombinant Mpt64 truncations. (A) Detection 
of recombinant Mpt64 protein expression by PAGE followed by Coomassie Brilliant Blue 
stain. (B) Detection of recombinant Mpt64 protein expression in E. coli whole cell lysates 
by Western blot. Mpt64_24-228 (ΔSP), Mpt64_24-143 (NT), Mpt64_144-228 (CT) were 
detected by anti-Mpt64.  
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APPENDIX E 
Characterization of Mpt64 Deletion Mutant 

 

 
Figure 18. Construction and phenotypic analysis of MtbΔmpt64. (A) Western blot 
detecting expression of Mpt64, Ag85 and GroEL2 in either the lysate of the cell pellet (P) 
or culture supernatant (S) of wild type Mtb or MtbΔeccD1. (B) Detection of hygromycin 
resistance cassette insertion in place of mpt64. Genomic DNA from wild type Mtb or 
MtbΔmpt64 was amplified by polymerase chain reaction and products were analyzed by 
agarose gel electrophoresis. (C) Growth of Mtb, MtbΔmpt64, MtbΔMpt64::mpt64 and 
MtbΔmpt64::mpt64-NS in 7H9 measured by optical density at 600nm. (D) PDIM standard 
or apolar lipid extracts from Mtb or MtbΔmpt64 were analyzed on an AbSciex TripleTOF 
5600/5600+ mass spectrometer.  
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APPENDIX F 
Localization of Mpt64 in Murine Macrophages 

 

 
 
Figure 19. Secreted Mpt64 co-localizes with calreticulin in murine macrophages. 
RAW267.4 murine macrophages were infected with the indicated strains of mCherry 
expressing Mtb (cyan) for four hours and subsequently stained for Mpt64 (red) and 
calreticulin (green). Nuclei are stained in blue. Scale bars are 10μm.
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APPENDIX G 
Localization of Mpt64 in Primary Human Macrophages 

 
 

  
 
Figure 20. Secreted Mpt64 co-localizes with calreticulin in human macrophages. 
Primary human macrophages were infected with the indicated strains of mCherry 
expressing Mtb (cyan) or left uninfected for four hours prior to fixation and staining for 
Mpt64 (red) and calreticulin (green). Scale bars are 5μm.
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