
Peptides of a Novel Mycobacterium tuberculosis–Specific Cell
Wall Protein for Immunodiagnosis of Tuberculosis

Krishna K. Singh1, Naresh Sharma1, Diana Vargas1,a, Zhentong Liu4, John T. Belisle4,
Visalakshi Potharaju5, Ajay Wanchu6, Digambar Behera5, and Suman Laal1,2,3
1Department of Pathology, New York University School of Medicine, New York
2Department of Microbiology, New York University School of Medicine, New York
3New York Harbor Health Care System, New York, New York
4Mycobacteria Research Laboratories, Department of Microbiology, Immunology, and Pathology,
Colorado State University, Fort Collins, Colorado
5Lala Ram Sarup Institute of Tuberculosis and Respiratory Diseases, New Delhi
6Department of Internal Medicine, Postgraduate Institute of Medical Education and Research,
Chandigarh, India

Abstract
The sequencing of the Mycobacterium tuberculosis genome revealed the existence of several genes
encoding novel proteins with unknown functions, one of which is the proline-threonine repetitive
protein (PTRP; Rv0538). Genomic studies of various mycobacterial species and M. tuberculosis
clinical isolates demonstrate that ptrp is specific to the M. tuberculosis complex and ubiquitous in
clinical isolates. Enzyme-linked immunosorbent assay, Western blot analysis, and electron
microscopic evaluation of M. tuberculosis subcellular fractions and intact bacteria confirm that PTRP
is a cell wall protein. Antibodies to PTRP are present in serum specimens from human
immunodeficiency virus (HIV)–negative, tuberculosis (TB)–positive and HIV-positive, TB-positive
patients but not purified protein derivative (PPD)–negative or PPD-positive healthy control subjects,
demonstrating its diagnostic potential. Epitope mapping of PTRP delineated 4 peptides that can
identify >80% of sputum smear–positive and >50% of smear-negative, HIV-negative, TB-positive
patients and >80% of HIV-positive, TB-positive patients. These results demonstrate that
immunodominant epitopes of carefully selected M. tuberculosis–specific proteins can be used to
devise a simple peptide-based serodiagnostic test for TB.

Tuberculosis (TB) afflicts ∼9 × 106 new persons and is responsible for ∼2 × 106 deaths
annually. The diagnosis of TB in countries where TB is endemic relies primarily on sputum
smears for acid-fast bacilli, a test that is tedious, requires multiple specimens and patient visits,
and identifies ∼30%–60% of the persons who have the disease [1]. The shortcomings of
microscopy are exacerbated in human immunodeficiency virus (HIV)–positive, TB-positive
patients, among whom there is an increased incidence of smear-negative TB [2]. Rapid point-
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of-care diagnostic tests to replace acid-fast bacilli microscopy and identify a significant
proportion of smear-negative patients are urgently required.

No current commercial serodiagnostic test provides an accurate TB diagnosis [3,4], but the
adaptability of such tests to rapid formats that can be deployed in low-income settings continues
to encourage efforts in this direction. A majority of the recent antigen discovery–related
proteomic studies of Mycobacterium tuberculosis have focused on the culture filtrate or
cytosolic proteins of M. tuberculosis [5–9], and new candidate antigens have been identified
[10,11]. Although we also demonstrated that the cell wall of M. tuberculosis contains highly
immunogenic proteins [12], these studies have been hampered by difficulties in isolation and
purification.

Our previous studies identified a proline-threonine repetitive protein (PTRP; Rv0538) of M.
tuberculosis as a target of humoral responses in aerosol-infected rabbits [13]. PTRP is classified
in the cell wall and cell processes functional category [14]. No proteomic studies of M.
tuberculosis whole-cell lysate (WCL) [7,15,16], culture filtrate [5–9], cytosols [6,17],
membrane [17–20] or cell wall [6,17] have identified PTRP, although ptrp transcripts were
reported in broth-grown M. tuberculosis [21]. In this study, Basic Local Alignment Search
Tool (BLAST) analysis of the mycobacterial sequences suggests the lack of a homologue in
Mycobacterium avium and Mycobacterium leprae.

The immunogenicity of PTRP in rabbits, its probable cell wall localization, and its absence in
2 major pathogenic mycobacterial species prompted studies aimed at its characterization and
diagnostic potential. Results demonstrate that ptrp is indeed specific to the M. tuberculosis
complex, being absent in all 10 nontuberculous mycobacterial species examined. Moreover,
PTRP is a cell wall protein exposed on the surface of intact M. tuberculosis and is highly
immunogenic in persons with TB. Delineation of the immunodominant epitopes of PTRP
demonstrates that these epitopes can form the foundation of a peptide-based diagnostic test for
TB.

Materials and Methods
Bacterial strains

Stock cultures of the following mycobacterial species were obtained from the American Type
Culture Collection: M. tuberculosis H37Rv, M. bovis, M. bovis bacille Calmette-Guerin, M.
africanum, M. microti, M. avium, M. kansassi, M. scrofulaceum, M. intracellular, M. fortuitum,
M. smegmatis mc2, M. vaccae, M. phlei, M. chelonae, and M. xenopii. The cultures were grown
in Difco Middlebrook 7H9 broth (Becton Dickinson) supplemented with 0.2% glycerol, 0.05%
Tween 80, and 1× albumin dextrose saline (0.5% bovine serum albumin, fraction V [Sigma];
0.2% dextrose; and 0.85% sodium chloride) at 37°C with shaking.

Southern hybridization
Genomic DNA of the mycobacterial species listed above was isolated from mid-log-phase
bacterial cultures (Genomic-tip System; Qiagen). Genomic DNA of M. tuberculosis H37Rv,
M. tuberculosis H37Ra, M. tuberculosis Erdman, and 7 M. tuberculosis clinical isolates was
obtained by means of the National Institutes of Health (NIH)/National Institute of Allergy and
Infectious Diseases (NIAID) TB Research Materials contract (Colorado State University), and
10 additional M. tuberculosis clinical isolates were obtained from Dr. Barry Kreiswirth (Public
Health Research Institute). For each isolate, 4 μg of DNA was digested with XhoI and separated
on a 0.8% agarose gel to prepare Southern blots. The digoxigenin (DIG)–labeled ptrp probe
(1645 bp) was prepared by amplification of the gene, using appropriate primers (forward: 5′-
AGCCAGCCGAAGGAGAGCCCATATGGA-3′; reverse: 5′-
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AGTGAAGCCGCGACCGAAGCTTGAACC-3′) from M. tuberculosis H37Rv genomic
DNA and cloning into pET23b+ vector (PTRP-pET23b+; Novagen [EMD Biosciences]). The
plasmid PTRP-pET23b+ DNA was digested with NdeI and HindIII to release ptrp, which was
labeled with DIG (DIG probe synthesis kit; Roche Diagnostic). The hybridization and
chemiluminescence-based detection was performed according to the manufacturer's protocols
(Roche). The complete ptrp gene (1697 bp) was also amplified from the genomic DNAs, using
appropriate primers (forward: 5′- TGCCGGGACATTGCTGGTTG-3′; reverse: 5′-
TGATCAGAACCCGCCGAATAAG-3′), and the Southern blots were prepared with these
polymerase chain reaction products and probed with the DIG-labeled ptrp gene probe described
above.

Expression and purification of recombinant PTRP
The ptrp was amplified with appropriate primers (forward: 5′-
GGATCCATGGACGTCGCTTTGGGGGTT-3′; reverse: 5′-
CTCGAGTCAGAACCCGCCGAATCCGTC-3′) containing BamHI and XhoI sites
(underlined sequences). The 1659-bp gel-purified polymerase chain reaction product was
cloned into pCR4Blunt-TOPO vector (Invitrogen), the resulting plasmid was digested with
BamHI and XhoI, and the released fragment was cloned into the glutathione S–transferase
(GST) fusion vector pGEX-6P-1 (pGEX-6P-1–PTRP; GE Healthcare). Escherichia coli BL21
(DE3) pLysS (Invitrogen) harboring pGEX-6P-1-PTRP was grown in 2YT broth (Difco) at
37°C for 12 h, followed by induction of GST-PTRP expression with isopropyl thiogalactoside
(concentration, 0.5 mmol/L) overnight at 25°C. The harvested cells were resuspended in
phosphate-buffered saline (PBS) containing DNAse (0.6 μg/mL), lysed by sonication (model
4710; Cole-Parmer), and centrifuged, and the supernatant was incubated with 1 mL of PBS-
equilibrated Glutathione Sepharose 4 Fast Flow (GE Healthcare) at 4°C for 2 h. The protein-
bearing resin was washed once each with PBS and PreScission Protease cleavage buffer (Tris-
chloride [concentration, 50 mmol/L], sodium chloride [10 mmol/L],
ethylenediaminetetraacetic acid [1 mmol/L], and dithiothreitol [1 mmol/L]; pH 7.0), incubated
with PreScission protease (100 U; GE Healthcare) overnight at 4°C for cleavage of the GST
tag, and loaded on a column from which the recombinant PTRP (rPTRP) was eluted with cold
cleavage buffer. The rPTRP was further purified by anion exchange chromatography, using Q
Sepharose resin (Amersham Biosciences). Pooled fractions containing rPTRP were dialyzed
against 10 mmol/L ammonium bicarbonate, and the rPTRP was sequenced by quadrupole time-
of-flight mass spectrometry (New York University Protein Analysis Facility).

Localization of PTRP
Rabbit anti-PTRP antibodies were elicited by immunization with rPTRP in incomplete
Freund's adjuvant (Sigma) [22], and immunoglobulin (Ig) G from serum specimens obtained
before and after immunization was purified (protein A–Sepharose 4B columns; Amersham
Biosciences). Western blots of M. tuberculosis H37Rv subcellular protein fractions (NIH/
NIAID TB Research Materials), total cell wall (TCW) proteins, sodium dodecyl sulfate (SDS)–
extracted cell wall (SDS-CW) proteins, WCLs, and culture filtrate were probed with rabbit
anti-PTRP IgG (1:1000) or anti–malate synthase (MS) IgG (1:5000) and respective preimmune
IgG, followed by alkaline phosphatase (AP)–conjugated anti-rabbit IgG (1:2000) and 5-
bromo-4-chloro-3-indolyl phosphate–nitro blue tetrazolium chloride substrate (KPL). The
band density was calculated by ImageJ software (available at:
http://rsb.info.nih.gov/ij/index.html).

M. tuberculosis subcellular fractions (concentration, 2.5–10 μg/mL in PBS) were coated in
triplicate in enzyme-linked immunosorbent assay (ELISA) plates, washed with PBS, blocked
with 1% bovine serum albumin (BSA; Sigma), washed with PBS containing 0.05% Tween 20
(PBST), and exposed to anti-PTRP IgG or preimmune IgG (1:1000) for 1.5 h at 37°C. After
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the plates were washed with PBST, the bound antibodies were detected with anti-rabbit AP
(1:2000) and the amplification system (Invitrogen). Fifty microliters of serially diluted single-
cell suspension of γ-irradiated M. tuberculosis H37Rv or CDC1551 was coated (triplicate
wells) in ELISA plates, and the surface-exposed PTRP was detected as already described.

Log-phase M. tuberculosis bacilli were fixed with 3% paraformaldehyde in sodium cacodylate
buffer (concentration, 0.1 mol/L) containing 0.1% glutaraldehyde and 4% sucrose, washed,
and dehydrated before being embedded in Lowicryl K4M (Polysciences) and polymerized
under UV light (360 nm) at −35°C. Ultrathin sections (70 nm) were incubated with anti-PTRP
IgG (1:10) or preimmune IgG (1:10) at 4°C overnight, exposed to gold-conjugated protein A
(Cell Microscopy Center), stained with uranyl acetate and lead citrate, and examined under a
Philips CM12 electron microscope at the New York University Image Core Facility

Serum specimens
The immunogenicity studies were performed with serum specimens obtained with informed
consent from 42 purified protein derivative (PPD)–negative and PPD-positive healthy subjects;
80 HIV-negative, TB-positive patients; 45 HIV-positive, TB-positive patients; and 46
asymptomatic HIV-positive, TB-negative patients (table 1).

Detection of anti-PTRP antibodies in serum specimens from patients with TB
Western blots of purified rPTRP (40 ng per lane) were blocked with 3% BSA, washed with
PBST, and probed with serum specimens from HIV-negative, TB-positive patients or PPD-
positive healthy control subjects (1:50). Similar blots were probed with serum specimens from
HIV-positive, TB-positive patients; HIV-positive, TB-negative patients; HIV-negative, PPD-
negative subjects; and HIV-negative, PPD-positive subjects (1:100). A mixture of protein A–
AP (1:2000; Sigma) and anti–human IgA–AP (1:1000; Sigma) was used to detect bound anti-
PTRP antibodies.

Mapping immunodominant regions of PTRP
Fifty-four overlapping peptides (20 aa in length with a 10-aa overlap; PT1–PT54) covering the
entire PTRP sequence, each linked with a biotin residue at the N-terminal, were synthesized
in PEPscreen format (Sigma Genosys). The reactivity of each peptide was tested with serum
specimens from 13 PPD-negative healthy subjects, 23 PPD-positive healthy subjects, and 60
smear-positive, HIV-negative, TB-positive patients. For this, 50 μL of each peptide
(concentration, 2.5 μg/mL) diluted in blocking buffer (7.5% fetal bovine serum [HyClone] and
2.5% BSA in PBS) was added to wells of streptavidin-coated ELISA plates (Roche) for 1 h at
37°C. The capture of peptides onto streptavidin-coated wells via the biotin residue ensures
equal binding of the peptides. Subsequently, 50 μL of diluted serum (1:20 in 0.1× blocking
buffer) from healthy subjects and patients was added for 1 h at 37°C. After 4 washes with
PBST, a mixture of protein A–AP (1:2000; Sigma) and anti–human IgA–AP (1: 1000; Sigma)
was added to each well for 1 h at 37°C. After 6 washes with PBST, color was developed with
p-nitrophenyl phosphate (pNPP) (pNPP [concentration, 1 mg/mL] in diethanolamine buffer [1
mol/L] containing magnesium chloride [0.5 mmol/L]; pH 9.8) and read at 405 nm. The cutoff
used to determine positive responses in patients with TB was the mean optical density (OD)
plus 3 standard deviations (SDs) for the serum specimens from PPD-positive and PPD-negative
individuals. Peptides that were recognized by antibodies in serum specimens from >40% of
the 60 HIV-negative, TB-positive patients were retested for reactivity on 2 additional
occasions. Selected immunodominant peptides were tested for reactivity with serum specimens
from smear-negative, HIV-negative, TB-positive patients; HIV-positive, TB-positive patients;
and HIV-positive, TB-negative patients. Serum specimens showing positive reactivity at least
2 of 3 times were considered positive.
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Bioinformatics and statistical analysis
BLAST searches were performed on the National Center for Biotechnology Information Web
site (available at: http://www.ncbi.nlm.nih.gov/). The reactivity of serum specimens from PPD-
negative and PPD-positive healthy control subjects was compared, as was the reactivity of
serum specimens from PPD-positive and PPD-negative healthy control subjects and patients
with TB. P values were calculated with the nonparametric Mann-Whitney test using GraphPad
Prism software (version 5; GraphPad Software), and differences were considered statistically
significant at P < .05.

Results
ptrp is specific for M. tuberculosis(complex)

Protein BLAST analysis of PTRP showed the presence of homologous (∼100% identity)
protein in M. tuberculosis CDC1551, M. tuberculosis F11, M. tuberculosis C, M.
tuberculosis H37Ra, M. bovis AF2122/97, and M. bovis bacille Calmette-Guérin strain Pasteur
1173P2 but not in the sequenced pathogenic nontuberculous mycobacterial species (M.
avium paratuberculosis K-10, M. avium 104, and M. ulcerans Agy99); 1 hypothetical protein
with ∼55%–60% identity was identified in each of these nontuberculous mycobacterial species.
Nucleotide BLAST analysis of ptrp identified an ∼100% identical gene in M. tuberculosis
complex species and clinical isolates but not in the listed nontuberculous mycobacterial
species. In M. leprae TN, the corresponding gene is predicted to be a pseudogene. To determine
the distribution of ptrp in additional nontuberculous mycobacterial species, Southern
hybridization with genomic DNA was performed. The DIG-labeled M. tuberculosis ptrp probe
hybridized with a single ∼9.5-kb band in the fractionated genomic DNA from M.
tuberculosis complex species but not from any of the nontuberculous mycobacterial species
tested (figure 1A). Restriction of ptrp to M. tuberculosis complex and 17 M. tuberculosis
clinical isolates tested was further confirmed when the ∼1.7-kb ptrp was amplified only from
them and not from any nontuberculous mycobacterial species tested (figure 1B and 1C).

Expression and purification of rPTRP
The purified rPTRP appeared as an ∼52-kD band on SDS-polyacrylamide gel (figure 2A),
which is similar to the theoretical molecular weight of 55 kD. Protein sequencing of this band
confirmed its identity (table 2).

PTRP is a cell wall protein of M. tuberculosis
The anti-PTRP IgG identified an ∼52-kD protein in the TCW and the SDS-CW preparations
of M. tuberculosis; weak reactivity with this protein was detectable in the WCL preparation,
and no similar protein was detected in the culture filtrate (figure 2B). To confirm the integrity
of the preparations and estimate the relative abundance of PTRP in them, MS detection and
density analysis of each protein band on Western blots was performed [22] (figure 2C). With
the quantity of MS in each fraction considered 100%, the WCLs contained less PTRP (∼20%),
and the TCW and the SDS-CW contained more (∼140% and ∼320%, respectively). In contrast
to MS, no PTRP was detected in the culture filtrate. Anti-PTRP antibodies demonstrated a
dose-dependent reactivity with different concentrations of TCW and SDS-CW preparations
(figure 2D). Anti-PTRP antibodies also bound to intact M. tuberculosis H37Rv and M.
tuberculosis CDC1551 bacterial cells in a dose-dependent manner (figure 2E). Finally,
immunoelectron microscopy confirmed the presence of PTRP on the cell wall (figure 2F).
Together, these results conclusively demonstrate that PTRP is a cell wall protein of M.
tuberculosis.
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Immunogenicity of PTRP in patients with TB
Serum antibodies from 4 of 6 HIV-negative, TB-positive and 5 of 6 HIV-positive, TB-positive
patients showed strong reactivity with the ∼52-kDa rPTRP (figure 3). In contrast, serum
specimens from none of the 6 HIV-negative, PPD-positive subjects, 6 HIV-negative, PPD-
negative subjects, or 6 HIV-positive, TB-negative patients showed strong reactivity (figure 3),
demonstrating that PTRP is immunogenic in both HIV-negative, TB-positive and HIV-
positive, TB-positive patients.

Identification of immunogenic epitopes of PTRP
The specificity of PTRP to M. tuberculosis, its ubiquitous presence in clinical isolates, and its
immunogenicity in patients with TB encouraged evaluation of its diagnostic potential. When
serum specimens from 13 PPD-negative and 23 PPD-positive healthy control subjects were
compared for reactivity to 53 overlapping peptides (1 peptide was insoluble), there was no
significant difference in reactivity for 49 peptides (P = .561−.986). For the 4 remaining
peptides, the ODs for the individual serum specimens were higher in the PPD-positive group
for 3 and in the PPD-negative group for 1 (data not shown). By use of the mean OD plus 3 SDs
for all 36 control subjects as the cutoff, no control serum tested positive with 22 of 53 peptides,
and the remaining peptides were recognized by antibodies in only 1 or 2 serum specimens
(figure 4A). In contrast, 37 of 53 peptides were recognized by antibodies in serum specimens
from 20%–68% of the smear-positive, HIV-negative, TB-positive patients (figure 4A); 16 of
53 were recognized by antibodies from >40% of the patients with TB. Antibodies to ≥1 of
these 16 peptides were present in 57 (95%) of 60 HIV-negative, TB-positive patients,
demonstrating universal recognition of the protein in patients with TB. Of these 16 peptides,
12 were reproducibly recognized by antibodies in serum specimens from ≥40% of the patients
with TB (figure 4A; data not shown). Together, these 12 peptides were recognized by serum
specimens from 87% of HIV-negative, TB-positive patients. The following 4 peptides were
recognized by antibodies in specimens from >50% of patients with TB: PT9
(LQDSGVHDVAVISEAQAATA; recognized by specimens from 58%), PT13
(LSVVGDPDAPPTMVAVAPVA; 53%), PT40 (PIPVPIIIPPFPGWQPGMPT; 52%), and
PT41 (FPGWQPGMPTIPTAPPTTPV; 55%) (figure 4B); 82% of the HIV-negative, TB-
positive patients had antibodies to ≥1 of these 4 peptides (data not shown).

Reactivity of immunodominant PTRP peptides with serum specimens from other classes of
patients with TB

Antibodies to the 4 immunodominant peptides were demonstrated in serum specimens from
25%–45% of 20 smear-negative, HIV-negative, TB-positive patients tested; together, they
were recognized by serum specimens from 55% (11 of 20) of these patients (figure 5A). The
4 peptides were also recognized by serum specimens from 60%–76% of the HIV-positive, TB-
positive patients; together, they identified 87% (39 of 45) of the HIV-positive, TB-positive
patients (figure 5B). However, in contrast to specimens from the PPD-positive and PPD-
negative healthy subjects, serum specimens from 4%–13% of the HIV-positive, TB-negative
subjects reacted with the 4 peptides (figure 5B). PT9 and PT41 were less cross-reactive, being
recognized by serum specimens from 7% (3 of 46) of the HIV-positive, TB-negative subjects;
>70% of the HIV-positive, TB-positive patients had antibodies to PT9 and/or PT41 (figure
5B).

Discussion
The sequencing of the M. tuberculosis genome revealed the existence of several genes encoding
novel proteins with unknown function [14], one of which is PTRP. Our studies demonstrate
that PTRP is a highly immunogenic bona fide M. tuberculosis-specific cell wall protein. The
cell wall location and the absence of a homologue among common (M. leprae and M. avium)
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and occasional human pathogens (M. kansassi, M. ulcerans, and M. chelonae) implicates PTRP
as playing an important role in host-pathogen interaction during clinical TB. Furthermore, the
ubiquitous presence of ptrp in clinical isolates and the association of anti-PTRP antibodies
with active TB merits investigation into its potential as a vaccine and diagnostic candidate for
TB.

PTRP was predicted to be a cell wall protein [14], and, consistent with this prediction, it was
identified in the TCW and SDS-CW preparations of M. tuberculosis and on the surface of intact
bacteria. Neither earlier proteomic studies nor our current investigation identified PTRP in the
M. tuberculosis culture filtrate [5–9], and the relative paucity of PTRP in the WCLs explains
the lack of detection in proteomic studies of M. tuberculosis cytosol [6,17]. Considering that
the SDS-CW and TCW preparations contain ample PTRP, it is surprising that it was not
identified in earlier studies in the M. tuberculosis cell wall [6,17] or, despite the predicted
presence of 4 transmembrane regions, in the membrane fraction [17–20]. In our experience,
although PTRP-GST could be expressed and the GST tag cleaved to obtain small quantities of
PTRP, all attempts to scale up production were unsuccessful owing to rapid precipitation of
the recombinant protein (data not shown). Possibly, like other putative cell wall proteins of M.
tuberculosis, PTRP requires association with other proteins or chaperones for stabilization
[23].

In recent years, peptide-based diagnostic tests have been devised for other bacterial, viral, and
parasitic diseases [24–26]. Besides easy production at relatively low cost, peptides offer the
advantage of increased specificity by eliminating nonspecific regions of the protein [24,26].
Considering the difficulties encountered in obtaining purified PTRP, and in view of the
instability, misfolding, degradability, batch-to-batch variation, and expense involved in
producing high-quality recombinant proteins, we sought to identify the immunodominant
epitopes of PTRP. As expected, the protein has both immunogenic and immunosilent regions.
Antibodies to ≥1 PTRP peptide were present in 95% of smear-positive, HIV-negative, TB-
positive patients; the high immunogenicity of PTRP may be attributed to its presentation to
the immune system in the context of the mycobacterial cell wall, a strong adjuvant. Although
the presence of antibodies in a vast majority of patients with TB suggests that the major
histocompatibility complex haplotype does not affect recognition of the PTRP peptides, all
patients with TB in this study were from the same geographical setting, and the recognition of
these peptides in patients from other parts of the world is the subject of ongoing study.

Interestingly, 4 immunodominant peptides were sufficient to identify >80% of smear-positive
and >50% of smear-negative, HIV-negative, TB-positive patients; however, the titers in the
latter patients were low. Although the parent protein or fragments thereof that present
conformational epitopes may provide higher sensitivity than the linear peptides delineated,
obtaining sufficient quantities of pure recombinant stable proteins is likely to be challenging,
considering that >80 million TB tests are performed every year. The absence of anti-PTRP
antibodies in PPD-positive subjects demonstrates that individuals with latent M. tuberculosis
infection and/or bacille Calmette-Guérin vaccination lack these antibodies. Because ∼2 billion
individuals are probably latently infected with M. tuberculosis and bacille Calmette-Guérin
vaccination is routine in TB-endemic countries, the ability of these peptides to discriminate
latent from active TB is important.

Rapid diagnosis of TB is especially critical for HIV-positive, TB-positive patients, in whom
coinfection accelerates the progression of both diseases [2,27]. It is encouraging that the 4
immunodominant peptides were also recognized by serum specimens from >80% of HIV-
positive, TB-positive patients. Moreover, although PT13 and PT40 were somewhat cross-
reactive with serum specimens from asymptomatic HIV-positive, TB-negative individuals,
PT9 and PT41 were sufficient to identify >70% of HIV-positive, TB-positive patients. The
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reasons underlying this cross-reactivity are unclear, because all the HIV-positive, TB-negative
patients were at very low risk for TB, being from United States and receiving highly active
antiretroviral therapy. The presence of anti-HIV antibodies has been reported in HIV-negative,
TB-positive patients and HIV-negative, leprosy-positive patients, suggesting possible
similarities between some mycobacterial and HIV epitopes [28,29]. It is also possible that our
20-mer PTRP peptides contain amino acids that are not relevant to the core epitope [30]; further
dissection of the 4 immunodominant peptides and identification of additional
immunodominant epitopes from other highly antigenic proteins are being performed [13,31–
34]. Moreover, to devise a commercial test, multiple peptides, derived from a single or from
multiple immunogenic proteins, will have to be used in combination or as a single entity
(multiepitope peptide).

Although the function of PTRP is unknown, it shows structural similarity with heparin-binding
hemagglutinin (HBHA; Rv0475) of M. tuberculosis and the laminin-binding protein (ML-
LBP21; ML1683) of M. leprae, in that all 3 have multiple tandem repeats of specific amino
acid motifs at the C-terminal [13,35,36]. Both HBHA and laminin-binding protein are adhesins
of mycobacteria that promote adherence and entry into nonphagocytic cells, and HBHA also
contributes to dissemination of M. tuberculosis from the lungs to spleen in vivo [35–40].
Whether PTRP is also an M. tuberculosis adhesin that contributes to the host-pathogen
interaction is under investigation.

In summary, PTRP is an M. tuberculosis complex–specific cell wall protein of M.
tuberculosis that is highly immunogenic in HIV-negative, TB-positive and HIV-positive, TB-
positive patients. Four immunodominant peptides of PTRP have been delineated that can
identify >80% of the smear-positive and >50% of the smear-negative patients with TB.
Although the core epitopes in these 4 peptides need to be defined, and additional epitopes will
be needed to devise an accurate diagnostic test for TB, these results demonstrate that dominant
epitopes of carefully selected M. tuberculosis–specific proteins can be used to devise a peptide-
based diagnostic test for TB. Further studies to evaluate these peptides in larger patient cohorts
from different geographical regions are also ongoing.
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Figure 1.
Distribution of ptrp in various mycobacterial species. A, Southern blot prepared from XhoI-
digested genomic DNA of mycobacterial species was probed with digoxigenin (DIG)–labeled
ptrp (1645 bp). Lane 1, Mycobacterium tuberculosis H37Rv; 2, M. tuberculosis Erdman; 3,
M. tuberculosis CDC1551; 4, M. tuberculosis H37Ra; 5, M. bovis; 6, M. bovis bacille Calmette-
Guérin; 7, M. microti; 8, M. africanum; 9, M. avium; 10, M. xenopi; 11, M. kansassi; 12, M.
scrofulaceum; 13, M. vaccae; 14, M. intracellulare; 15, M. phlei; 16, M. fortuitum; 17, M.
smegmatis mc2 155; and 18, M. chelonae. B, and C, Southern blots prepared from ptrp
amplified from genomic DNA of mycobacterial species. M. tuberculosis clinical isolates were
probed with DIG-labeled ptrp (1697 bp) amplified from M. tuberculosis H37Rv genomic DNA.
B, Lanes have the same contents as those in A. C, Lane 1, M. tuberculosis H37Rv; 2, M.
tuberculosis CSU11; 3, M. tuberculosis CSU17; 4, M. tuberculosis CSU19; 5, M.
tuberculosis CSU22; 6, M. tuberculosis CSU25; 7, M. tuberculosis CSU26; 8, M.
tuberculosis CSU 27; 9, M. tuberculosis 10738 (W200); 10, M. tuberculosis 10591 (W187);
11, M. tuberculosis 10813 (W148); 12, M. tuberculosis AI10 (TN10692); 13, M.
tuberculosis AI46 (TN11533); 14, M. tuberculosis 11159 (BE); 15, M. tuberculosis 11164
(H17); 16, M. tuberculosis 11165 (MB2); 17, M. tuberculosis 11168 (001); and 18, M.
tuberculosis 11177 (001). Arrows indicate position of hybridizing fragments.
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Figure 2.
Expression of recombinant (r) proline-threonine repetitive protein (PTRP) and localization of
PTRP in Mycobacterium tuberculosis. A, Purified rPTRP was fractionated on sodium dodecyl
sulfate (SDS)–polyacrylamide gel and stained with Coomassie blue. Lane 1, molecular weight
markers; 2, rPTRP. B, C, Western blots of M. tuberculosis subcellular protein fractions (10
μg per lane) were probed with preimmune immunoglobulin (Ig) G (lanes 1–5), anti-PTRP IgG
(B; lanes 6–10), or anti–malate synthase (MS) IgG (C; lanes 6–10). Lanes 1 and 6 contain SDS-
extracted cell wall proteins; lanes 2 and 7, total cell wall; lanes 3 and 8, whole-cell lysate; lanes
4 and 9, culture filtrate; and lanes 5 and 10, rPTRP (B), or recombinant MS (C). D, Detection
of PTRP by enzyme-linked immunosorbent assay (ELISA) in M. tuberculosis total cell wall
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(squares), SDS-extracted cell wall (triangles), whole-cell lysate (diamonds), and culture
filtrate protein (circles) preparations. Plotted values represent means ± standard deviations
(SDs) for the delta optical density (OD; calculated as the OD with anti-PTRP IgG minus the
OD with preimmune IgG) at various concentrations (Conc.) of the subcellular preparations.
E, Presence of PTRP on the surface of M. tuberculosis H37Rv (squares) and M. tuberculosis
CDC1551 (triangles) bacilli, as demonstrated by bacterial ELISA. Values represent means ±
SDs for the difference in OD (OD for anti-PTRP IgG minus OD for preimmune IgG) obtained
with different numbers of bacilli. F Immunoelectron microscopy of ultrathin sections of M.
tuberculosis probed with anti-PTRP IgG (a, b) and preimmune IgG (c, d).
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Figure 3.
Reactivity of recombinant (r) proline-threonine repetitive protein (PTRP) with serum
specimens from patients with tuberculosis (TB) and healthy control individuals. A, Western
blots of rPTRP were probed with serum specimens from 6 human immunodeficiency virus
(HIV)–negative, TB-positive patients (lanes 2–7) or 4 purified protein derivative (PPD)–
positive healthy control subjects (lanes 8–11) or anti-PTRP immunoglobulin (Ig) G (lane 12).
Lane 1 contains molecular weight markers. B, Blots of rPTRP were probed with serum
specimens from 6 HIV-positive, TB-positive patients (lanes 2–7), 6 HIV-positive, TB-negative
patients (lanes 8–13), 6 PPD-negative healthy subjects (lanes 14–19), or 6 PPD-positive healthy
subjects (lanes 20–25). Anti-PTRP IgG was used to probe lane 26. Lane 1 contains molecular
weight markers.
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Figure 4.
Reactivity of overlapping peptides of proline-threonine repetitive protein (PTRP) with serum
specimens from patients with tuberculosis (TB) and healthy control subjects. A, PTRP peptides
were probed with serum specimens from 60 smear-positive, human immunodeficiency virus
(HIV)– negative, TB-positive patients and 36 purified protein derivative (PPD)–positive or
PPD-negative healthy control subjects. The cutoff for identifying positive responses was the
mean optical density (OD) at 405 nm plus 3 standard deviations for serum specimens from
PPD-positive or PPD-negative subjects. Plotted values represent percentages of serum
specimens from HIV-negative, TB-positive patients (black bars) and PPD-positive or PPD-
negative healthy control subjects (gray bars) showing positive reactivity with each PTRP
peptide. Arrows indicate PTRP peptides that demonstrated reactivity with serum specimens
from ≥40% of HIV-negative, TB-positive patients when tested 3 times. B, Reactivity of
immunodominant PTRP peptides PT9, PT13, PT40, and PT41 with serum specimens from 60
smear-positive, HIV-negative, TB-positive patients and 13 PPD-negative and 23 PPD-positive
healthy control subjects. The cutoff was the same as that described in A (dashed line). Values
represent ODs for reactivity of each peptide with individual serum specimens from PPD-
negative (closed circles) and PPD-positive (open circles) healthy subjects and HIV-negative,
TB-positive patients (closed triangles) in 1 representative experiment. ODs of >1.0 are depicted
as 1.0. There was no significant difference between ODs obtained with the serum specimens
from PPD-negative and PPD-positive healthy subjects for any of these peptides (P = .24–.99).
Compared with ODs for PPD-negative or PPD-positive healthy subjects, those for HIV-
negative, TB-positive patients were significantly higher (P < .001 for all 4 peptides).
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Figure 5.
Reactivity of immunodominant proline-threonine repetitive protein (PTRP) peptides with
serum specimens from different groups of patients with tuberculosis (TB) and control subjects.
A, Reactivity with serum specimens from smear-negative, human immunodeficiency virus
(HIV)–negative, TB-positive patients. The cutoff for identifying positive responses was the
mean optical density (OD) at 405 nm plus 3 standard deviations for serum specimens from
PPD-positive or PPD-negative subjects (dashed line). Values represent ODs for reactivity of
each peptide with individual serum specimens from PPD-negative (closed circles) or PPD-
positive (open circles) healthy subjects or smear-negative, HIV-negative, TB-positive patients
(closed triangles) in 1 representative experiment. B, Reactivity with the 4 immunodominant
peptides of serum specimens from PPD-positive (black bars) and PPD-negative (checked
bars) healthy control subjects, asymptomatic HIV-positive, TB-negative patients (dotted
bars), and HIV-positive, TB-positive patients (striped bars). The cutoff was the same as that
described in A. C1 indicates the additive reactivity of all 4 peptides, and C2 indicates the
additive reactivity of 2 peptides (PT9 and PT41) showing minimal cross-reactivity with serum
specimens from HIV-positive, TB-negative patients.
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Table 2
Sequencing of Recombinant Proline-Threonine Repetitive Protein (PTRP) by Quadrupole
Time-of-Flight Mass Spectrometry

PTRP peptide fragments mapped Peptides identified, no.
PTRP amino
acid position

LGDQALAPGDVFLVGR 27 155–170

SAEHTTVLADQLR 7 171–183

VQTPDDPTFALAR 21 190–202

GAAMAAGAATMAHPALVADATTSLPR 9 203–228

AEAGQSGSEGEQLAYSQASDYELLPVDEYEEHDEYGAAADR 1 229–269
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