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Abstract

Mycobacterium tuberculosis (MTB) causes both acute and chronic infections in humans 

characterized by tolerance to antibiotics and reactivation to cause secondary tuberculosis. These 

characteristics have led to renewed interested in the in vitro pellicle, or biofilm mode of growth, 

where bacteria grow to produce a thick aggregate at the air-liquid interface and exhibit increased 

phenotypic resistance to antibiotics. We infected guinea pigs with the virulent H37Rv strain of 

MTB for 60 days at which point we collected blood. To identify antigenic proteins, membrane 

protein extracts of MTB H37Ra pellicles and shaken cultures grown for 3, 5, or 7 weeks were 

probed with the infected animals’ sera after the proteins were separated by two-dimensional gel 

electrophoresis (2DGE). Antigenic proteins were then identified using MALDI-TOF/TOF mass 

spectrometry peptide mass fingerprinting. Antigenic pellicle proteins were compared across the 

three timepoints to identify those that were produced consistently during pellicle growth. They 

were also compared to those membrane proteins identified from harvested shaken cultures to 

determine pellicle-specific versus universally-expressed proteins. Using this technique we 

identified 44 distinct antigenic proteins, nine of which were pellicle-specific. The sequence of 

antigenic pellicle-specific proteins was checked for sequence conservation across 15 sequenced 

MTB clinical isolates, three other members of the MTB complex, as well as Mycobacterium 

avium and Mycobacterium smegmatis. The antigenic pellicle-specific protein Rv0097 was found 

to have very high sequence conservation within the MTB complex but not with related 

mycobacteria while FabG4 was highly conserved in all mycobacteria analyzed. These conserved 
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pellicle-specific proteins represent targets for the development of future diagnostic tests and 

vaccines.

INTRODUCTION

Mycobacterium tuberculosis (MTB) is the causative agent of tuberculosis (TB) which kills 

1.4 million people and infects 8.7 million per year (2012). MTB is an acid-fast bacilli that 

primarily infects the lungs but can cause disseminated infections in the brain, liver, spleen, 

spine, and other tissues (Tuli, 2007, Palanisamy, et al., 2008, Skerry, et al., 2013). Antibiotic 

treatment necessary for cure of TB lasts 4–6 months and multi-drug resistant MTB strains 

are increasing in prevalence (Hopewell, et al., 2006, Pichugin, et al., 2009, 2012). The only 

vaccine currently used to protect against TB, the bacillus Calmette-Guérin (BCG) vaccine, 

was first administered in 1921 and has a roughly 80% efficacy at preventing childhood 

disseminated TB infections such as TB meningitis but is not effective at preventing adult 

pulmonary TB (Behr, 2002, Liu, et al., 2009). The widespread use of the BCG vaccine in 

TB endemic countries further complicates TB diagnosis by making the common screening 

test, the purified protein derivative (PPD or Mantoux Test) useless because of the cross-

reactivity to PPD generated by the vaccine (Jin, et al., 2010). The global prevalence of 

infection and death associated with TB, plus the poor coverage of the current BCG vaccine, 

requires that we identify new MTB antigens for use in vaccines as well as diagnostic tests 

for TB in BCG vaccinated individuals.

With the advent of rapid genome sequencing, in silico antigen screens have been used to 

predict MTB antigens for new vaccines and diagnostics (Cole, 2002, Chaitra, et al., 2005, 

Ewer, et al., 2006, Zvi, et al., 2008, Wang, et al., 2010, Tang, et al., 2011, Sundaramurthi, et 

al., 2012). Many of these screens have focused on the prediction of CD4 and CD8 T-cell 

epitopes in an effort to discover antigens capable of stimulating a robust cell-mediated 

immune response (Wang, et al., 2010, Tang, et al., 2011, Sundaramurthi, et al., 2012). 

Inevitably these studies either incorporate existing published data demonstrating expression 

of the protein either in vitro or in vivo or require additional testing to verify actual protein 

expression.

In contrast to in silico screens, two-dimensional gel electrophoresis (2DGE) is a classic 

proteomic technique that allows for resolution of individual expressed proteins by separation 

based on each protein’s isoelectric point and molecular weight (Kenrick & Margolis, 1970). 

2DGE has been used to map mycobacterial proteins and to demonstrate differences between 

MTB and BCG. The technique has been applied to MTB in conjunction with mass 

spectrometry to demonstrate differential protein responses to a variety of stressors such as 

heat, reactive oxygen/nitrogen species, or hypoxia. Much of the 2DGE proteomics studies 

on MTB have focused on culture filtrates in order to identify secreted virulence factors or 

diagnostic targets (Nagai, et al., 1991, Naito, et al., 1998, Malen, et al., 2008). One study by 

Florczyk et al. examined the difference between the proteome of shaken and standing 

cultures of BCG Pasteur demonstrating a group of five standing-culture specific proteins 

(Florczyk, et al., 2001). By Western blotting two-dimensional gels using sera from infected 
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hosts, it is further possible to interrogate the humoral immune response to individual 

proteins (Pheiffer, et al., 2005, Zhang, et al., 2012).

Recent work using the in vitro pellicle model of static MTB growth in minimal media has 

led to serious consideration of a potential role for biofilm in tuberculosis. Biofilms are 

bacterial aggregates that grow at phase interfaces (air/liquid in the case of the MTB pellicle), 

elaborate a matrix of some type, and gain resistance to killing by stressors such as antibiotics 

or the host immune system. Bacteria grown in the MTB pellicle have dramatically increased 

survival following treatment with antibiotics compared to the frequently-used shaken culture 

of MTB grown in rich media and supplemented with detergents (Tween-80) to prevent 

MTB’s natural clumping phenotype. Furthermore, this biofilm phenotype can be abolished 

by specific genetic mutations that restore killing by antibiotics to wild-type levels. Lastly 

these pellicle-grown bacteria produce specific mycolic acids in high abundance (Ojha, et al., 

2008, Sambandan, et al., 2013). Furthermore, MTB produces pilli that are critical to biofilm 

formation(Ramsugit, et al., 2013).

The question of the role of MTB pellicle/biofilm in human disease is still under active 

investigation. Tuberculosis has all the hallmarks of a biofilm infection, which has been 

defined as a disease where the bacteria grow on a surface or tissue, are evident as aggregates 

or microcolonies in a matrix, the infection is localized but has the ability to disseminate to 

tissues, and the disease is very difficult to treat with antibiotics (Parsek & Singh, 2003). 

Although capable of existing in an intracellular environment during infection, M. bovis has 

also been shown to grow at the air-tissue interface in vivo. The bacterial aggregates 

produced on the membranes lining tuberculosis lung cavities in cavitary TB are similar to 

the in vitro pellicle mode of growth (Laennec, 1821). Furthermore, TB is well known for its 

ability to lay dormant in foci in the lungs, reactivate, and spread to new sites in the lung or 

other tissues (Gupta, et al., 2012). Lastly, treatment of TB with antibiotics is a prolonged 

affair; bacteria die off at a rapid rate during the first two weeks, but after that a relatively 

resistant group of bacteria persist for months of remaining treatment (Wallis, et al., 1999, 

Jindani, et al., 2003, Sirgel, et al., 2005). These factors together fulfill the criteria for a 

biofilm infection.

This bioifilm mode of growth is important for MTB during infection and especially during 

cavitary TB. In this stage of the disease large numbers of infectious bacteria are produced 

and dispersed in aerosol form (Osler, 1892), so MTB biofilms may play a key role in the 

transmission of TB. When grown as a pellicle, MTB produces greater amounts of the 

virulence factor trehalose dimycolate (TDM, cord factor), which is thought to prevent 

healing of lung cavities (Hunter, et al., 2006). Thus, MTB in the pellicle form mimics an 

extracellular stage of MTB infection that has been largely neglected and is critical for 

transmission (Grosset, 2003) (Orme, 2013).

For diagnostic purposes, identifying new antigens that stimulate a humoral response allows 

the production of new assays for MTB infection using techniques such as enzyme-linked 

immunosorbant assay (ELISA), indirect fluorescent antibody assay (IFA), or lateral-flow 

assay. However, in terms of protecting the host against MTB the humoral response may play 

a supporting role to cell-mediated immunity.
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Evidence supporting a role for the humoral response in TB has been found in a number of 

different mouse model experiments. MTB infection of B-cell knockout mice had 3–8 fold 

increased counts of CFU compared to wild-type; this increase was reversed after adoptive 

transfer of wild-type B-cells (Vordermeier, et al., 1996). Passive immunization with serum 

from mice inoculated with MTB extracts delivered in liposomes has a significant protective 

effect in a SCID mouse model (Guirado, et al., 2006). Additionally, treatment with 

monoclonal antibodies against the MTB protein TBA61 reduces bacterial loads in mice 

(Lopez, et al., 2009). Monoclonal IgG3 against arabinomannan has also improved survival 

in an endotracheally-infected mouse model and monocloncal IgG1 against the same 

molecule gave protection in a BALB/c mouse model (Teitelbaum, et al., 1998, Hamasur, et 

al., 2004). Mechanisms suggested for how humoral responses could help protect against 

MTB include promoting CMI by allowing antibody-dependent cell-mediate cytotoxicity and 

by boosting the uptake and processing of antigens for T-cell activation (Moore, et al., 2003). 

More recently, it was found that humoral protection was specifically dependent upon the 

glycosylation state of IgG in a murine model of pulmonary TB (Olivares, et al., 2013).

Previously, our group used classic immunoproteomic techniques to show Staphylococcus 

aureus in vitro biofilms stably express a distinct set of proteins (Brady, et al., 2006). A 

group of these biofilm proteins were used to create a multi-subunit vaccine that prevented 

the development of S. aureus osteomyelitis in a rabbit model (Brady, et al., 2011). 

Antibodies against these same antigens were also used as a novel method of 

immunodetection of their cognate proteins in vitro S. aureus biofilms (Brady, et al., 2007).

Using the guinea pig model of aerosol infection and in vitro pellicle model of MTB growth 

we identified a pool of proteins that stimulate a humoral immune response during pulmonary 

infection. Using 2DGE, Western Blotting, and protein identification by Matrix-Assisted 

Laser Desorption Ionization Time-of-Flight Time-of-Flight (MALDI-TOF/TOF) mass 

spectrometry we determined which genes were expressed throughout all three pellicle 

timepoints. We then separated the data into proteins expressed only in the three pellicle 

timepoints (pellicle-specific proteins) and those expressed in the three pellicle timepoints 

and the control shaken culture (referred to as universally expressed proteins). We performed 

additional bioinformatics studies on both pools of proteins to better gauge their usefulness 

for vaccine and diagnostic purposes.

MATERIALS AND METHODS

Reagents and Growth Media

All reagents and bacterial growth media were obtained from Thermo Fisher Scientific, 

Waltham, Massachusetts unless noted otherwise.

Strains

The H37Rv strain of M. tuberculosis (ATCC #25618) was obtained from the Trudeau 

Institute, Saranac Lake, New York. The H37Ra strain of M. tuberculosis (ATCC #25177) 

was obtained from the American Type Culture Catalog, Manassas, Virginia.
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Bacterial Cultures

Mycobacterium tuberculosis H37Ra was acquired from the American Type Culture Catalog 

(ATCC Strain 25177). H37Ra was propagated in liquid 7H9 media with Oleic-Albumin-

Dextrose-Catalase media enrichment (OADC) plus 0.05% Tween-80 and on solid 7H10 

OADC agar. MTB pellicles were grown as previously described (Ojha, et al., 2008), briefly 

25 ml of Sauton’s Media in a 250 ml polystyrene bottle was inoculated with 100 µl of a mid-

log phase MTB culture grown in 7H9 OADC with 0.05% Tween-80. Biofilms were grown 

for three, five, and seven weeks in a 37°C incubator. Control shaken cultures were 

inoculated with 100 µl of the same culture used to inoculate the biofilm cultures into 25 ml 

of Sauton’s media with no Tween-80 added, shaken for two weeks at 180 rpm at 37°C.

Fluorescence In-Situ Hybridization

MTB pellicle was collected, placed on Gold Plus slides and heat fixed on a hotplate for 10 

minutes. Slides were then immersed in 95% ethanol for 10 minutes. MTB smears were 

treated with a mild acid hydrolysis followed by dual mutanolysin (5,000 U/ml) and 

lysozyme (10 mg/ml) treatment. The MTB smears were then treated with hybridization 

solution (50% v/v Formamide, 10% wt/v Dextran Sulfate, 0.1% wt/v Sodium 

Pyrophosphate, 0.2% wt/v Polyvinylpyrrolidone, 0.2% wt/v Ficoll 400, 0.1% v/v Triton 

X-100, 0.005 M Disodium EDTA, 0.01 M NaCl) containing 1 nm/ml of the relevant FISH 

probe and/or 1 µg/ml DAPI for 90 minutes. They were then treat with a wash solution (0.005 

M Tris, 0.015 M NaCl, 0.1% v/v Triton X-100) for 30 minutes. The slides were air-dried 

and mounted using VectaShield mounting solution (Vector Labs, Burlingame, California).

Bacterial Membrane Protein Isolation

H37Ra pellicle biofilms were collected at three, five, and seven week timepoints and shaken 

cultures after two weeks (late-log stage based on growth curves) by the addition of 20% 

Tween-80 to a final concentration of 0.05% Tween-80, 10% sodium azide to a final 

concentration of 0.02%, and 25× concentrated Roche complete, EDTA-free protease 

inhibitor to a final concentration of 1×. Each MTB sample was centrifuged at 4000 ×g for 15 

minutes at 4°C. The pellet was washed twice in PBS with 0.05% Tween-80 and 1× Roche 

complete, EDTA-free protease inhibitors and resuspended in Mycobacterial Lysis Buffer (50 

mM Tris, pH 7.4, 10 mM MgCl2, 0.02% w/v sodium azide) with 1× complete, EDTA-free 

protease inhibitor. Bacteria were then lysed using 0.1 mm zirconia beads (BioSpec Products 

Bartlesville, Oklahoma) and a Fastprep FP120 bead beater (Thermo Fisher Scientific, 

Waltham, Massachusetts) then centrifuged at 15,000 ×g at 4°C for 10 min and the 

supernatant was removed. The supernatant was centrifuged again at 23,000 ×g at 4°C for 30 

minutes, then ultracentrifuged at 150,000 ×g for 1 hour at 4°C to recover the membrane 

vesicles. Vesicles were resuspended in nanopure water and protein concentration was 

established using the modified Lowry method.

Two-Dimensional Gel Electrophoresis

Perform as previously described (Brady, et al., 2006). Briefly, an aliquot of 100 µg of 

membrane protein for each biofilm and shaken culture timepoint was precipitated using the 

Perfect Focus protein cleanup kit (G-Biosciences, St. Louis, Missouri) and resolubilized in 
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250 µl of Urea-Thiourea-CHAPS buffer which was used to rehydrate pH 3–10 linear 

immobilized pH gradient gel strips (GE Healthcare, Pittsburgh, PA).The rehydrated strips 

were subjected to isoelectric focusing then loaded onto a Criterion precast 12.5% 

polyacrylamide gel (Biorad Life Science, Hercules, California) covered with an agarose 

sealing gel, and run at 120 V for and 1.5 h. Proteins were visualized by terminal staining 

with Sypro Ruby protein stain (Biorad Life Science, Hercules, California) and imaged under 

UV light. Each timepoint sample was subjected to the process in triplicate.

Experimental infection with M. tuberculosis

Female outbred Hartley guinea pigs [~500 g] were purchased from Charles River 

Laboratories (North Wilmington, MA) and held in a Biosafety Level III animal laboratory. 

Culture stocks of M. tuberculosis strain H37Rv collected at mid-log phase of growth in 

Proskauer-Beck liquid medium containing 0.05% Tween-80 and frozen at −80°C. Thawed 

aliquots were diluted to 1 × 106 CFU/ml in double-distilled sterile water and delivered by 

low-dose aerosol infection using a Madison chamber aerosol generation device calibrated to 

deliver approximately 20 bacilli to each animal.

2D Western Blots

Two-Dimensional gels were run as described and then equilibrated in semi-dry transfer 

buffer (48mM Tris, 39 mM Glycine, 0.0375% SDS, 20% methanol) for 10 min. Immobilon 

P membranes (From where) were activated in 100% methanol for 5–10 s, equilibrated in 

ultrafiltered distilled water for 2 min, and equilibrated in semi-dry transfer buffer for 5–10 

min. Semi-dry transfer was conducted using the Bio-Rad Trans-Blot SD Semi-Dry 

Electrophoretic Transfer Cell as per manufacturer’s instructions (Biorad Life Science, 

Hercules, California) for 30 min at 20 V. Following transfer the gel was removed and 

stained with Sypro Ruby while the membrane was incubated in 5% milk Tris-Buffered 

Saline plus 0.05% Tween-20 (TBS-T) overnight at 4°C. The blot was then incubated with a 

1:10 dilution of day 60 TB-infected guinea pig serum again overnight at 4°C. The blot was 

then washed twice and the secondary antibody, a horseradish peroxidase labeled anti-Guinea 

Pig IgG (Ref # 61–4620, Life Technologies, Grand Island, New York) was used at a 1:2000 

dilution in 5% milk TBST buffer and incubated 1 hour at room-temperature. The blot was 

then washed and visualized using Super-Signal West Pico-Chemiluminescent Substrate 

according to manufacturer’s instructions (Thermo Fisher Scientific, Waltham, 

Massachusetts).

Mass Spectrometry

Gel spots of interest were excised and equilibrated in 100 µl of 50 mM ammonium 

bicarbonate buffer (pH 8.0, 25mM), washed in 100 µl of water, and incubated twice in 100 

µl of acetonitrile for 5 min. Acentonitrile was removed and the samples were then placed in 

a speedvac for 45 min to remove any excess solvent. 20 mg Trypsin (Promega Corp, 

Fitchburg, Wisconsin) was dissolved in 2 ml of 25 mM, pH 8.0 ammonium bicarbonate and 

10 µl were added to each gel spot and incubated at 37°C for 6 h. After digestion, 1 µl of 

sample solution was spotted directly onto a MALDI target plate and allowed to dry. 1 µl of 
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alpha-cyano-4-hydroxycinnamic acid (Aldrich Chemical Co.) matrix solution (50:50 

acetonitrile/water at 5 mg/ml) was then applied on the sample spot and allowed to dry.

MALDI TOF/TOF mass spectrometry was used to analyze the samples and determine 

protein identification. Data were acquired with an AB Sciex TOF/TOF™ 5800. AB Sciex 

software package included TOF/TOF Series Explorer software (v. 4.1.0) with Oracle 

Database Schema Version (v. 4.0.0), Data Version (4.0.5) to acquire both MS and MS/MS 

spectral data. The instrument was operated in positive ion reflectron mode, mass range was 

850 – 3000 Da, and the focus mass was set at 1700 Da. For MS data, 800 laser shots were 

acquired and averaged from each sample spot. Automatic external calibration was 

performed using a peptide mixture with reference masses 904.468, 1296.685, 1570.677, and 

2465.199. Mass spectrometry peak filtering included the following parameters: minimum 

S/N filter = 5, mass exclusion list tolerance = 0.5 Da, and mass exclusion list for common 

trypsin and keratin-containing compounds.

Following MALDI MS analysis, MALDI MS/MS was performed on the top 10 most 

abundant ions from each sample spot. A 1kV positive ion MS/MS method was used to 

acquire data under post-source decay (PSD) conditions. The instrument precursor average 

selection window was +/− 3 Da. For MS/MS data, 1000 laser shots were acquired and 

averaged from each sample spot. Automatic external calibration was performed using 

reference fragment masses 175.120, 684.347, 813.389, 1056.475, and 1441.634 (from 

precursor mass 1570.670). For MS/MS peak filtering, the minimum S/N filter = 5.

AB Sciex Protein Pilot™ software (v. 4.0.8085) was used in conjunction with MASCOT to 

search the respective protein database using both MS and MS/MS spectral data for protein 

identification. Protein match probabilities were determined using expectation values and/or 

MASCOT protein scores. For protein identification, the M. tuberculosis taxonomy was 

searched in the NCBI protein database. Other parameters included the following: selecting 

the enzyme as trypsin; maximum missed cleavages = 2; fixed modifications included 

carbamidomethyl (C) for 2-D gel analyses only; variable modifications included oxidation 

(M); precursor tolerance was set at 0.5 Da; MS/MS fragment tolerance was set at 0.5 Da; 

mass = monoisotopic; and peptide charges were only considered as +1. The significance of a 

protein match, based on both the peptide mass fingerprint (PMF) in the first MS and the 

MS/MS data from several precursor ions, is based on expectation values; each protein match 

is accompanied by an expectation value. The expectation value is the number of matches 

with equal or better scores that are expected to occur by chance alone. The default 

significance threshold is p<0.05, so an expectation value of 0.05 is considered to be on this 

threshold. We used a more stringent threshold of 10−3 for protein identification.

Bioinformatics

Protein functional information was obtained from TubercuList (http://tuberculist.epfl.ch/). 

Information on homology was obtained through the use of BLAST or by accessing structural 

information at the Protein Data Bank (PDB). Additional information was obtained from 

primary literature. Gene sequences obtained from NCBI and analyzed for conservation using 

tBLASTn to determine protein identity percentages across 15 sequenced MTB strains 
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(http://blast.ncbi.nlm.nih.gov/). We predicted the proteins’ secondary structure using Phyre2 

(Kelley & Sternberg, 2009) the results are viewable in Table S2.

RESULTS

MTB in vitro pellicle membrane proteins are antigenic

MTB H37Ra pellicles from 3, 5, or 7 weeks in vitro culture was compared to a control 

shaken culture of H37Ra grown for 2 weeks. Pellicles grown in minimal media for 5 weeks 

demonstrated robust aggregation macroscopically (Fig. 1A) and microscopically as 

examined by confocal microscopy following FISH staining of 16S rRNA (Fig. 1B). Bacteria 

were mechanically lysed and total membrane protein was obtained by differential 

centrifugation. Protein samples were assayed and 100 µg of sample was precipitated to 

remove impurities. Protein in each sample was separated by 2DGE in triplicate and 

transferred to membranes (Fig. 2a, b, c). Western blotting of the membranes of the separated 

and transferred 3, 5, and 7 week pellicle protein samples identified a number of antigenic 

proteins. 35, 37, and 29 distinct antigenic proteins spots from 3, 5, and 7-week pellicle two-

dimensional gels respectively, were analyzed by MALDI-TOF/TOF mass spectrometry to 

determine protein identities. This yielded a list of 44 distinct antigenic proteins expressed 

over the three timepoints, which were compared to two-dimensional gels of 2-week shaken 

culture H37Ra to determine the temporary expression pattern of the proteins (table 1). Of the 

44 identified proteins 43 had previously been showed to fractionate into the total membrane 

fraction of MTB (Lew, et al., 2011).

A subset of antigenic proteins is specific to pellicle

In order to identify the subset of antigenic proteins that were specifically produced in the 

three pellicle timepoints but not during planktonic shaken growth, we performed 

comparisons of gels at all timepoints to identify proteins that were expressed during all three 

pellicle timepoints but not in the shaken control culture as previously described(Brady, et 

al., 2006). We identified 9 proteins that were pellicle-specific in their expression, 30 that 

were universally expressed, and 5 that did not fall into either class (Table 1). The universally 

expressed protein class contained a number of housekeeping genes including the glycolysis 

protein enolase, six ribosomal proteins, and the chaperone GroEl2. Also expressed at all 

timepoints was the adhesin heparin-binding hemaglutinin A (HbhA) and the unknown 

function proteins TB31.7 and 35kD antigen.

Pellicle specific antigenic proteins are highly conserved

The nine pellicle-specific proteins primary amino acid sequence was compared to 15 

sequenced strains of MTB (see Table S2) as well as Mycobacterium bovis AF2122197, 

Mycobacterium africanum GMO41182, Mycobacterium canetti CIPT 140070008, 

Mycobacterium smegmatis mc2 155, and Mycobacterium avium 104 using the tBLASTn 

which uses the Basic Local Alignment Search Tool (BLAST) to compare a protein sequence 

to a translated genome(Camacho, et al., 2009). The percent identity (Fig. 3) demonstrates 

the extreme conservation of the protein sequences among the members of the 

Mycobacterium tuberculosis complex (MTB, M. africanum, M. bovis, M. canetti) and the 

lower degree of conservation with the related pathogen M. avium or the nonpathogenic M. 
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smegmatis. Rv0097 in particular show high average conservation in the MTB complex 

(98%) but relatively low sequence conservation in both M. avium (25%) and M. smegmatis 

(26%). FabG4 (Rv0242c) displayed a high average degree of conservation among the MTB 

complex (99%) and with M. avium (90%) and M. smegmatis (83%).

DISCUSSION

A large number of published studies have attempted to identify new TB diagnostic 

biomarkers in an effort to detect and combat the large worldwide burden of TB. This work 

represents a novel approach by utilizing the host antibody response to detect those antigens 

unique to the pellicle mode of growth that are expressed in vivo. By combining this model of 

extracellular MTB growth with proven techniques of 2DGE and Western Blotting along 

with MALDI-TOF/TOF protein identification, we were able to identify 44 antigenic proteins 

expressed in this model. Out of the 44 antigenic proteins we identified nine that were 

specifically expressed in the pellicle mode of growth compared to the control shaken 

culture. The identification of humoral antigens for development as diagnostic biomarkers is 

advantageous since it allows for a variety of rapid diagnostic tests to be performed on easily 

isolated serum.

While none of the pellicle-specific proteins identified have well-characterized functions, 

several existing studies in combination with bioinformatics data shed some light on possible 

functions for these proteins in MTB pathogenesis. The fork-head domain containing protein 

FhaA (Rv0020c) has been structurally characterized and is highly similar by BLAST to 

proteins in Mycobacterium leprae, Rhodococcus spp. and close mycobacterial relatives 

Amycolicicoccus (Fig. S2) (Roumestand, et al., 2011). Current models of this protein’s 

function describe it as a signal transducer that, when activated by a sensor of peptidoglycan, 

mediates the repression of more peptidoglycan synthesis (Gee, et al., 2012). This repression 

would be expected in the nutrient-deprived pellicle and granuloma since macromolecular 

synthesis is inhibited.

Another pellicle-specific protein, Rv0097 was expressed preferentially in the three pellicle 

time-point compared to shaking culture and was highly (98%) conserved within the MTB 

complex. However, only 25% amino acid sequence similarity was found when compared to 

M. avium and M. smegmatis. Disruption of Rv0097 in M. bovis (Mb0100) has been shown to 

abolish production of phthiocerol (PDIM), a lipid virulence factor that protects MTB against 

nitric oxide-dependent killing in macrophages (Rousseau, et al., 2004, Hotter, et al., 2005, 

Astarie-Dequeker, et al., 2009). Considering the large amounts of nitric oxide produced by 

granuloma macrophages in mycobacterial infections, increased expression of Rv0097 might 

allow for more PDIM production to protect bacteria from this host response (Ehlers, et al., 

1999). This protein seems to be conserved among other virulent mycobacteria including M. 

marinum, M. ulcerans, and M. leprae but also shares considerable identity with tuarine 

dioxygenases in a large number of bacteria species.

CeoB (Rv2691) is a TrkA homolog and the trk potassium uptake system is a medium-

affinity system for potassium uptake (Cholo, et al., 2006). CeoB was noted for its ability to 

complement the E. coli oxyR mutant, which is susceptible to the antitubercular drug 
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isoniazid unlike wild type E. coli. When CeoB and its homolog oxyR were transformed into 

the mutant, it regained its natural resistance (Chen & Bishai, 1998). The most common 

mutations leading to isoniazid residence in clinical isolates of MTB are those of the enzyme 

KatG, which activates the isoniazid pro-drug (Zhang, et al., 1992, Cade, et al., 2010). Other 

gene mutations have been identified including kasA, ndh, ahpC, and inhA (Rindi, et al., 

2005). Besides low metabolic rates, it is possible that increased expression of CeoB could be 

responsible for part of the phenotypic resistance to isoniazid displayed by MTB biofilms 

(Ojha, et al., 2008). CeoB is present in many Mycobacteria species as well as related species 

Rhodococcus and Pseudonocardia.

Rv3519 contains homology with known acetoacetate decarboxylase proteins, which produce 

CO2 and acetone from acetoacetate(May, et al., 2013). Acetoacetate is produced in the 

human liver from acetyl-CoA and secreted into the blood under conditions of starvation or 

diabetes, metabolized in the brain to CO2 and acetone, both of which are excreted by the 

pulmonary route as gas(Miekisch, et al., 2001). Acetone is utilized by M. smegmatis as both 

a carbon source and an energy source, suggesting MTB could utilize Rv3519 to obtain 

acetone from acetoacetate (Lukins & Foster, 1963). Diabetes is a known risk factor for TB 

(Dooley & Chaisson, 2009). One possible mechanism for this could be that acetone excreted 

into the lungs in diabetic patients provides an additional carbon source for MTB. 

Furthermore, an acetone responsive transcriptional activator, mimR has been found in M. 

smegmatis (Kotani, et al., 2007, Furuya, et al., 2011). Given acetone’s high permeability 

across biological membranes there is a possibility that it could act as the, currently 

uncharacterized, diffusible signaling molecule hypothesized to play a critical role in 

mycobacterial biofilm development (Ojha, et al., 2008). Acetoacetate decarboxylases are not 

unique to mycobacteria and are found in both gram-positive and negative bacteria.

FabG4 (Rv0242c) is one of five FabG proteins in the MTB genome. As part of the critical 

fatty acid synthetase II system (FASII) the protein InhA is transcribed with one FabG 

protein which uses NADPH to reduce β-oxoacyl-ACP to β-hydroxyacyl-ACP (Dutta, et al., 

2013). FabG4 in particular has been shown to be expressed in several minimal media models 

of growth (Beste, et al., 2009, Sharma, et al., 2010). FabG proteins are common components 

of fatty-acid synthesis pathways and are not unique to mycobacteria.

PepC (Rv0800) has been annotated as a probable aminopeptidase but no work has been done 

about its specific cellular function (Ribeiro-Guimaraes & Pessolani, 2007). Aminopeptidases 

are common proteins in both animal and plant cells and cleave proteins from the amino 

terminus. PepC production during long-term pellicle growth could reflect a need to break 

down or cannibalize mycobacterial proteins. Studies in E. coli have demonstrated that 

certain bacterial proteases are induced strongly in late stationary phase and that mutants for 

the clpP and clpX genes had reduced viability after stationary phase demonstrating that a 

subset of bacterial proteases are critical to surviving low-nutrient conditions (Weichart, et 

al., 2003).

Rv2216 is predicted to be a nucleoside diphosphate sugar epimerase, a class of enzymes that 

convert sugars (linked to nucleoside diphosphates such as UDP) between different epimers. 

These enzymes play a crucial role in metabolism and have been shown to be essential 
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virulence factors required for colonization or virulence. They are also critical to the 

formation of important carbohydrate molecules such as the backbone of bacterial 

lipopolysaccharide (LPS) (Allard, et al., 2001).

For this study we performed all of the proteomics work using the MTB strain H37Ra, a 

clinically isolated avirulent strain that produced morphologically identical pellicles to 

previously published H37Rv pellicles. H37Ra is known to exhibit a number of differences 

from its more virulent related strain H37Rv, which we used in the animal infections to 

produce serum for our 2D Western Blots. Chief among these differences are altered 

morphology (Zheng, et al., 2008), apparent loss of TDM production (Gao, et al., 2004), poor 

survival inside macrophages (Mackaness, et al., 1954) and somewhat decreased ability to 

prevent phagosome-lysosome fusion (Hart & Armstrong, 1974). Despite this the two strains 

are genetically highly similar with only 272 significant genetic variations between them over 

a 4.4 mb genome containing over 4000 protein coding sequences (Zheng, et al., 2008). 

While the attenuated strain H37Ra would be improper to use in animal models where it is 

avirulent we found it to be an excellent model strain for in vitro work.

This study represents an original set of results with novel biomarkers through examining the 

immunoproteome of tuberculosis that can be studied for rapid diagnostic technologies in 

subsequent research. A recent high-throughput study examining sera from over 500 patients 

detected 484 antigenic proteins of which 5 were also detected in this study (35kd_ag, 

GroEl2, HbhA, RplE, and RplL) (Kunnath-Velayudhan, et al., 2010). Utilizing these 

proteins in a diagnostic capacity will require further testing using human serum to recognize 

recombinant or native purified pellicle-specific protein to determine whether MTB infection 

in humans produces sufficient antibody titers to recognize these antigens. Furthermore, 

testing of latent vs. active tuberculosis patient serum against these proteins may be useful to 

identify whether any of these antigens would be suitable for diagnosis of latent TB.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) 5 week-old Mycobacterium tuberculosis pellicle grown statically in Sauton’s Minimal 

Media as described in Ojha et al 2008 and (B) a Fluorescence In-Situ Hybridization stain of 

the pellicle for MTB 16s rRNA (100× magnification).
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Figure 2. 
Two-dimensional gel electrophoresis protein-stained gels of (A) 2 week shaken culture, (C) 

3 week pellicle, (E) 5 week pellicle, and (G) 7 week pellicle membrane proteins (Sypro 

Ruby Stain). Two-dimensional Western Blots of (B) 2 week shaken culture, (D), 3 week 

pellicle, (F) 5 week pellicle, and (H) 7 week pellicle membrane proteins probed with 60-day 

MTB infected Guinea Pig serum and visualized with horseradish-peroxidase labeled 

secondary antibody.
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Figure 3. 
Pellicle Specific protein conservation determined by tBLASTn of protein sequences against 

translated genomes. M. tuberculosis bar represents median conservation of the protein 

among 15 sequenced MTB strains.
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